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Preface

Linear system theory and optimal estimation and control are taught at the graduate
level in many universities. This book is written primarily for graduate students
in electrical engineering who specialize in control. Yet, the mathematical theory
applies not only to feedback control systems but also to communication and signal
processing. Indeed, from two decades of my teaching in the advanced digital
control class at LSU, I found that whenever I introduced applications to digital
communications and signal processing such as equalization and precoding, more
graduate students came to attend my class. Teaching of this new application
stimulated more interests from students. Control students were eager to learn
applications of control theory to communications that had more actions in the high-
tech boom time, while students from communication and signal processing saw
the new prosect of the mathematical system theory in their specialized area. These
observations motivated me to seriously consider expansion of my teaching material
to include new applications other than feedback control. However, it is also true that
control and communication seldom interact in the last century, in spite of being two
of the most successful areas in engineering system design. The two areas are more
or less isolated from each other in terms of teaching and research.

Two major technological developments, namely, wireless communications and
the Internet, in the last decade have changed the aforementioned isolatory phe-
nomenon. Because of the existence of multipath and fading, the dynamic and
random behaviors of the wireless channel cannot be ignored. And because of the
multiuser nature for Internet, the communication channel is shared by more than one
user. As such, the emergence of the wireless Internet has brought in design issues
for dynamic multivariable communication systems. On the other hand, wireless
communications and Internet have made remote and networked control systems
possible, in which feedback controllers and physical processes are situated in two
different locations and connected via wireless channels or Internet. Therefore,
communication issues also need be addressed in control system design. It is felt
strongly by this author that a unified approach is necessary to design of optimal
MIMO dynamic systems in both control and communications. This text provides
a platform for graduate students and researchers in these two different areas to
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viii Preface

study and work together. Such multidisciplinary interactions will greatly benefit
each other and further advance the research frontier in engineering system design.

This text is focused on system and control theory with applications to design
of feedback control systems and the signal processing aspect of the design issues.
It is written for the first or second year graduate students, who are interested in
general areas of control, or communications, and signal processing. The readers are
assumed to have some basic knowledge on random processes and linear algebra,
and have taken some basic undergraduate courses in discrete-time control, or
digital communications and digital signal processing from electrical engineering.
The appendices provide a quick review for the required mathematical background
materials. Students are encouraged to read the related texts to strengthen their
background knowledge.

This book consists of two parts. The first part presents linear system theory and
theory of optimal estimation and optimal control for linear systems. State space is
the main subject that provides not only the mathematical insight into the structure of
linear systems but also the computational tool for obtaining the solution to optimal
estimation and optimal control. The second part presents the design methodology for
linear systems with feedback control and data communications as application areas.
The design issues in modeling, system identification, channel estimation, symbol
detection in data communications, and disturbance rejection in feedback control are
addressed based on the theories from the first part.

It is observed by this author that design has been overlooked for the past two
decades in engineering curricula at the graduate level. While courses on advanced
research topics are important in training graduate students, the lack of design
experience for graduate students may weaken the quality of our research programs.
This text represents an effort to teach engineering system design at the graduate
level, in hope to bring design into the graduate curriculum. The author welcomes
any comments and suggestions regarding the materials in this text.

Baton Rouge, LA Guoxiang Gu
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Chapter 1
Introduction

Digital technology has taken over many aspects of our society. From iPod to iPhone,
and from eCommerce to eBook, such a digital take over has been one of the most
fundamental changes in our time. Although digital take over began at the birth of
digital computer, it has been accelerated in the past a few decades by the invention
of personal computer (PC) and the development of Internet. Digital technology has
conquered us all and changed not only our industry but also our daily life.

This textbook is aimed at covering both the theory and design for linear discrete-
time systems built upon the digital technology with applications focusing on
feedback control and wireless communications. The material of the book covers
from mathematical models of discrete-time signals and systems to design of
feedback control systems and wireless transceivers which are fairly extensive and
are organized into eight different chapters. In order to help readers’ mathematical
background, three additional appendix chapters are prepared which make this text
quite self-contained. While different opinions exist, it is believed that mathematics
can and should be learned together with application examples for at least students
in engineering.

Discrete-time/digital systems are originated from the continuous-time/analog
world, the world we live in. It is the digital technology that transforms analog
systems in continuous time into the digital ones in discrete time with the offer of
unprecedented reliability and efficiency in large economic scale. We are compelled
to get into the digital world without which we will not be able to compete in the
global economy. For this reason, every college student in engineering needs to have
some knowledge on linear discrete-time/digital systems. However, this textbook is
not for every one. It is prepared for those readers who wish to have more solid
theoretical understanding and more advanced design techniques than what they
learned in their undergraduate studies. Even though this book can also be used as
a text for senior undergraduate students specialized in control or communications,
more suitable readers are first and second year graduate students. Because of the
technological advances in the past half century, physical systems from controls
and communications become increasingly multivariable and involve multi-input and
multi-output (MIMO). MIMO systems are more difficult to analyze, and their design

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 1
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2 1 Introduction

poses considerable more challenges than single-input/single-output (SISO) systems.
This textbook studies MIMO discrete-time systems, their mathematical properties,
and various design issues. This introductive chapter presents some MIMO examples
arising from controls and communications, and discretization of continuous-time
systems.

1.1 Control Systems

Control is essential to modern technologies. Without it, there would be no running
transportation vehicles in air or on ground or under water and no operating industrial
machines, power plants, etc. In one word, no modern technology would function
properly without control.

A physical system is a man-made device or machine. Control of the system
requires understanding of its properties, its purpose, and its environment. In
addition, sensors capable of measuring its state will have to be employed, and
actuators capable of adjusting its state will have to be installed. These rough
descriptions can all be made precise using mathematics. This section will present
several physical processes. Moreover, discretization of continuous-time systems will
be investigated in order that digital control can be applied.

1.1.1 MIMO Dynamic Systems

SISO control systems are abundant which can be traced back to ancient Greeks
of 2,000 years ago who invented float regulators of water clocks. MIMO feedback
control systems have a much shorter history which are the result of insatiable needs
of our industry and ultimately our society. Consider an inverted pendulum mounted
on a cart that is driven by a motor. See the schematic diagram in Fig. 1.1. The system
shares similar dynamics to those of cranes in construction sites and rocket vehicles
used in space exploration. Initially, the objective is confined to stabilization of the
inverted pendulum by regulating the angle variable 0(¢) to near zero. Later, people
began to consider control of the position of the cart in addition to stabilization of
the inverted pendulum which makes it a special MIMO system with one input/two
output.

Fig. 1.1 Inverted pendulum
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How can the inverted pendulum be controlled? Our past experience of education
and practice in control indicates the necessity of the mathematical model that
describes the pendulum-cart dynamics. A commonly adopted approach employs
the Lagrange mechanics in modeling that is illustrated with a step by step
procedure next.

Step 1 involves computation of the total kinetic energy (KE) of the system.
Because of no vertical or rotational movement for the cart,

KEcur = %Mp2
with p the position of the cart. The KE for the pendulum is found to be
KEpen = lm (vf, + vg) .
2

In light of the schematic diagram in Fig. 1.1,

v.=Lsin(0)0, v =p*>+L*cos*(6)67,
due to both rotational and translational movement in p direction. Thus

KEpen = %m (p*+L*6* —2pLcos(6)0).
Since the total KE is the sum of KEc, and KE,ey, there holds

KE = 2 {Mp? +-m (5 + 126" - 2pLeos(6)9) }.

Step 2 computes the total potential energy (PE). Clearly, only the pendulum
admits the PE, and thus, PE = mgLcos(0).
Step 3 forms Lg = KE — PE, the Lagrange of the system, as

Lp = % {Mp* +m (p* + 1767 — 2pLcos(6)8) } — mgLcos(6),

and then computes the equations of motion in accordance with the following general
principle:

d [JdLg JLg _
alop | o | T (.1
d [JdLg JLg -
@l 96| %] =0 (1.2)
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The right-hand side consists of “generalized forces” or external forces correspond-
ing to each degree of freedom: 6 and p. The only external force is u(r) applied in

direction of p. By direct calculations,

%LGE = mLsin(0)p6 + mgLsin(0),
%LG'E = mL?0 —mLcos(0)p,
JdLg . JdLg . . ;
5 0, i (M +m)p—mLcos(0)6,
d [OLe] o Y
5 {%] = mL"0 —mLcos(0)p+mLsin(0)0p,
d 8LE - .. O . A2
T {a—p] = (M +m)p—mLcos(0)0 +mLsin(0)0°.

Substituting the above into (1.1) and (1.2) gives
(M +m)j—mLcos(8)6 = u—mLsin(6)6?,
mL?6 —mLcos(0)j = mgLsin(),
which can be written into the matrix form:

) [ [

The matrix on left is called inertial matrix, and its determinant is given by
A = (M+m)mL* —m*L*cos?(0) = (M + msin(0))mL>.

Solving 6 and j in (1.3) yields

0= mXL (cos(8)u —mLsin(6)cos(8)0* + (M +m)gsin(6)),

. mL? . 32 :
B = =~ (u—mLsin(6)8% + mgsin(8) cos(6)) .

(1.3)

(1.4)

(1.5)

(1.6)

The three steps as described above are very general that applies not only to
modeling of the inverted pendulum but also to modeling of other mechanical
systems. The example of inverted pendulum alludes the ordinary different equations
(ODE?s) in describing the dynamic motions of physical systems. For the inverted
pendulum, the ODEs are nonlinear functions of 6 and p, but independent of time.
For other mechanical systems, the ODE model may depend on time as well. More
complex systems may have to be described by partial different equations (PDEs)

which are beyond the scope of this text.
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In design of MIMO control systems, state-space form of the mathematical model
is more convenient. Denote vector by boldfaced letter and = for “imply.” The state
vector for the inverted pendulum can be defined as

x1 (1) 0(t)

= | = | o =t e A
w0 |~ [ e
x4(1) pt)

Let f;(x) and g;(x,u) be the ith element of f(-) and g(-), respectively. It is easy to
verify that f>(x) and f1(x) are given in (1.6) and (1.5), respectively,

fl (X) = X2, f3(X) = X4, gl(X,M) :g3(X,M) = 07

and g (x,u) = mLucos(x;)/A, g4(x,u) = mL?u/A with A in (1.4).
In the general case, a MIMO system is described by state-space model of

x =f(¢,x,u), y =h(z,x,u), (1.8)

where u and y are input and output vectors, respectively. For the inverted pendulum,
input is scalar and output is a vector consisting of 6 and p. The argument of ¢
indicates the possible dependence of f(-) and h(-) on time.

Control of general nonlinear systems in form of (1.8) is extremely difficult.
A tractable approach employs small signal analysis to obtain an approximate
linear system prior to design of feedback controllers. This method computes the
equilibrium points of f(z,xe,u.) = 0 first and then chooses some pair of the
roots (Xe,U.) as the desired operating point. Selection of (Xe, ue ) depends on control
objectives, system properties and other possible factors. A first-order approximation
can be applied to linearize the system in (1.8). Define

of of

A=K ‘= 5u
X X=X¢,U=Ue, u X=X¢,U=Ue

Jh Jh

C[ — a— Dl = a—
X X=X¢,U=Ue, u X=X¢,U=Ue.

Let 0x = x — X, and 6u = u — u.. Then the linear state-space system
0x =A;0x+ B;6u, y = C,0x+ D,06u (1.9)
represents a first-order approximation or linearization to the nonlinear system in

(1.8). Such an approximation works well for small perturbations. The quadruplet
(A, B;,Cy,Dy) is called realization of the linearized system.
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Fig. 1.2 Feedback control system for inverted pendulum

For inverted pendulum, the equilibrium point of X, = 0 and u. = 0 is the
meaningful one. Carrying out the linearization about the equilibrium point shows
that the realization matrices are time invariant given by

0 100 [0
(M+m)g 1
—=000 —

A= ML : _ | ML

0 001 0

mE 500 1
L M L M
(1000 [0

= D:
“=looto] 0]’

by output measurements x; = 6 and x3 = p. The inverted pendulum tends to
fall down in the case of large signal sizes of x(z) which is captured by unstable
eigenvalues of A. The linearized model works well for controlled pendulum in both
Matlab simulations and in laboratory experiments.

Example 1.1. If the motor dynamics are included, the linearized state-space model
has realization matrices given in Problem 1.2 of Exercises. The transfer functions
from uj, to O and to p can be obtained, respectively, as

e (2= 4)

G (s) — MRr L
W) =R 5 e, $GRTY
MRr? ML MLRr?
Ky
Guols) = MLRr '
WO =R S G, 9K
MRr? ML MLRr?

The block diagram of the pendulum control system is shown in Fig. 1.2. For the
laboratory setup of the inverted pendulum system by the Quanzer Inc., the two
transfer functions are given, respectively, by

2.4805(s -+ 5.4506) (s — 5.4506)
s+ 12.2382)(s— 5.7441) (s +4.7535)’

Gup(s) = i (1.10)
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7.512s

Gy = . 1.11
00) = 1122380 5.7441) (s 7 4.7533) (11D
If the following two simple dynamic compensators
S+2zy S+2o
D, (s) =K, , Dgyu(s) =K, , 1.12
pu(s) Sy P (s) Ly (1.12)

are implemented in feedback block diagram of Fig. 1.2 with parameters specified
in Problem 1.3 of Exercises, then the inverted pendulum is stabilized. This example
exhibits the resilience of the linearization method. In fact, it is difficult to push down
the inverted pendulum by hands in the lab experiment unless excessive forces are
exerted to the pendulum.

While the linearization method works well for the control system of the inverted
pendulum, it may not work well for other nonlinear control systems because of the
large dynamic ranges of the equilibrium points. In this case, a set of linear feedback
controllers can be designed for linearized systems at a number of equilibrium points
which are then scheduled in operation. The actual controller is an interpolation of
several controllers designed for equilibrium points close to the operating point.
Such a method is often referred to as gain schedule which is widely used. The
performance of the gain scheduled system is clearly hinged to that of each linear
feedback control system. For this reason, linear systems play a fundamental role in
feedback control design that is the focus of this text.

1.1.2 System Discretization

By definition, a discrete-time signal takes its values at only a set of discrete-time
samples and is undefined elsewhere. This text considers signal samples taken at only
equally spaced time instants. While continuous-time signals are abundant, discrete-
time signals are often obtained from discretization of continuous-time ones. The
ideal sampler is employed to take samples of the continuous-time signal s¢(¢) in
accordance with

s(k) = se(kTy), k=0, +T,, +2T;,..., (1.13)

where T; > 0 is the sampling period. Discrete-time signals in practice involve
quantization as well that is not addressed in this text.

For a given discrete-time signal s(k) = s¢(kTy), its frequency response is defined
as the discrete-time Fourier transform (DTFT) given by

oo

S(e/®) = Zyls(k)] =Y, s(k)e /*e. (1.14)
k=—c0
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A natural question is the relationship between the DTFT and continuous-time
Fourier transform (CTFT) defined by

oo

Se(j@) = Folse()] i= / se(t)e7® do. (1.15)

—oo

The Dirac delta function, denoted by 8p(¢), turns out to be useful. This special
function satisfies the following two properties:

() 8p() =0 V140, (i) /:osp(t) dr=1. (1.16)

Itis a continuous-time signal but has some discrete-time flavor by noting that it takes
zero value everywhere except at the origin. More importantly, it helps to connect the
DTFT and CTFT as shown in the next result.

Lemma 1.1. Denote ws =271t/ T; as the sampling frequency. The DTFT as defined
in (1.14) is related to the CTFT as defined in (1.15) according to

SEB)=— % S(jo— jkaoy). (1.17)

Proof. Consider the periodic extension of the Dirac delta function

ps(t)= Y, Op(t—kTy). (1.18)
k=—o0

Its Fourier series expansion is given by

ps(t) == > e /. (1.19)

spt) == > se(t)e /o (1.20)

by (1.19). Applying the CTFT to s,() yields

1 & . 1
== ¥ Fe[ee o] =
I =,

i Se (jo — jkay) (1.21)

Felsy 1) i

by Problem 1.5 in Exercises. On the other hand, there holds

oo =3

sp(t) = Y, sc(kT)p(t —kTy) = Y s(k)dp(r —kTy). (1.22)

k=—oo k=—oo
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u(k) uc(r) Ye(?) y(k)
— Holder System Sampler ——

Fig. 1.3 Discretization with zero-order holder and ideal sampler

Hence applying the CTFT to s,(¢) yields

oo

Felspt)] = Y, s(k)e M0 =g (&), (1.23)
k=—oo

The proof is complete. O

The well-known sampling theorem can be derived based on Lemma 1.1 by noting
that S(e/5s?) consists of a train of shifted images of S (j®). Hence, if S (j) admits
low-pass characteristic, i.e., |Sc(jw)| is symmetric about @ = 0 and admits finite
cut-off frequency . < @s/2, then the train of shifted images of Sc(j®) in (1.17)
does not overlap. In practice, @ is taken as the first frequency beyond which the
magnitude response |S¢(j)| falls within 3% of its peak.

Discretization of the continuous-time system takes more than the ideal sampler
at the plant output. A zero-order holder is often employed at the plant input to
convert the discrete-time signal into the continuous-time one. See the block diagram
in Fig. 1.3. The zero-order holder is mathematically defined by

ue(t) = u(k), KTy <t < (k+ 1)T;, (1.24)
where k = 0,£1,42,.... The above can also be written as
uc(t) = Y, u(k)[L(t —kTy) = 1(t — Ty — kTy)] (1.25)
k=—o0

where 1(¢) is the unit step function specified by

1, t>0
16)=<¢ ' =7 1.26
®) {0, t <0. ( )

Hence, the continuous-time signal at the output of the holder consists of piecewise
constants and may have discontinuity at each sampling instant. The following result
presents characterization of the zero-order holder. The proof is left as an exercise
(Problem 1.6).

Lemma 1.2. For the ideal holder defined in (1.24), there holds

T 1—e /B
Ujo) =R (€7°)  Rij0) = (1= ). a2
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The discretization shown in Fig. 1.3 is also referred to as step-invariant transform
(SIT), because it preserves the step response in the sense that its step response is
sampling of the step response of the corresponding continuous-time system. This is
shown in the next result.

Theorem 1.2. Let G(s) be the transfer function of the continuous-time system and
G4(2) be the transfer function for the corresponding discretized system in Fig. 1.3.
Then there holds

Gy (e/®) = Y G(jo+ jkog)R(jo + jka). (1.28)
fk=—oc0

Proof. In reference to Fig. 1.3 and in light of Lemma 1.2, there holds
Ye(jo) = G(jo)Ue(jo) = G(jo)R(jo)U (/7).

The discretized signal after the ideal sampler is y(k) = y.(kTs), and thus

YY) = Y Y(jo+jko)= Y G(jo+ jko)R(jo+ jka)U (/)
oo oo

by the periodicity of U (e-iTS“’) with @s = 27 /T, as the period and in light of
Lemma 1.1. Hence, (1.28) holds that concludes the proof. O

Again, by the periodicity of e/ with @y as the period, the step response of the
discretized system in frequency domain is given by

o Gy (e/59 & G(jo+ jko
Y; (eij) = 1—(3*-/75“)’ = kgw ;—QH—jiws ) (1.29)
The right-hand side is the step response of the continuous-time system after the
ideal sampling by Lemma 1.1. Hence, the discretization in Fig. 1.3 is indeed SIT and
preserves the step response. Next, a numerical procedure is presented for computing
the discretized system in Fig. 1.3 based on state-space models.
Consider the MIMO continuous-time state—space system described by

x(t) = Ax(t) + Bu(t), y(t) = Cx(t) + Du(r).
It is known that for any #, > #1, there holds
(5]
x(t2) = A x(r) + / A1) Bu(1) dr.
n

Taking f; = kT, and t, = (k+ 1)T yields

(k+1)Ts
x[(k+1)T;] = Mx(KTs) + / ATt gy () dr.
Jk

T
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If a zero-order holder is employed at the input, then u(z) = u(k7T;) for kTy <1 <
(k+ 1)T;, and thus

x[(k+1)T] = *Bx(kTy) + /OT et dtBu(kT,)
= Agx(kT;) + Byu(kTy).
The ideal sampling at the output yields
¥(KT,) = CX(KT;) + Du(KTy).

Hence, under SIT, a realization of the continuous-time system is mapped to a
realization (A4, By4,C, D) for the discretized state-space system where

Ts
Ag=e"5, B, = / 7 d1B. (1.30)
0

If |A| # 0, then By = A~!(eATs — I)B. Although discretization was discussed for
SISO systems earlier, the above shows that SIT is applicable to MIMO systems by
employing the zero-order holder in each of the input channels and the ideal sampler
in each of the output channels.
Example 1.3. Consider G(s) = S% It admits a realization (A,B,C,D) with C =
[100],D=0,and

010 0

A=1001|, B=1{0
000 1

Since A3 =0, it is nilpotent. So for Ty = h > 0,

2
2 Lhh=/2
Ag = eAh:I+Ah—|—T =01 hn |,
00 1
3
h A272 /3!
By — / <I+AT+T> dtB = | 122!
0
h
Via direct calculations, it can be verified that
(2 +4z+1
Gu(z) =C(zl —Ag) 'By = (1—13) (1.31)
3l(z—1)

Matlab command [A4, By] = c2d(A, B, h) can be used to obtain numerical values of
(Ay,By) for a given h > 0.
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Discretization under SIT can also be carried out directly for transfer function
models that is given in the following result.

Corollary 1.1. Assume that G(s) is strictly proper. Then under the same hypothesis
of Theorem 1.2, there holds

sTs —1
etlsz G(s)}, (132)

_ -1
Gd(Z) - (1 —Z )RCS {m B

where Res| -] denotes operation of residues computed at poles of%G(s).

Proof. In light of (1.29), the proof amounts to showing

iT. it G(]a)—i—]ka)s) eSTszfl G(S)
() = ot ko RS T am Ty 1.33
() k:zlw Jjo + jkog STz loh g (1.33)

at z = e/55?_ By the inverse Laplace transform,

1 (9= G(s) ar
k)= — D) s g
»s(k) znj/o_fjoo s ¢ s

for k > 1 by strict proper G(s). Hence, for |e"TSZ*1 | < 1, there holds

27(] O — joo

1 o+j G(s) &
Zys / G(s) zeskTstkds
S k=1

1 /"ﬂ“"’ Bz G(s)

- ds. 1.34
2. g (1.349)

o—jeo 1—z71esT s

The relative degree of at least two for %G(s) implies that

1 et Gls)
Y. —_— d 1.35
D=5 Ty de (135)

where I is the closed contour consisting of the vertical line s = 6+ jo for o €
(—oo, o) and the semicircle to the left of the vertical line. Hence, (1.33) holds that
completes the proof. a

Example 1.4. Consider discretization of G(s) = S% using Corollary 1.1 with Ty =
h > 0. Then @ = S%, and thus
z—1

e o1
Gd(Z) = . Res |:Z—7s_4:| (136)
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where the residue is computed at s = 0 with multiplicity 4. It follows that

_ 3 5 esh
LI

3z dsd | _ T z—eth
s=0

Ga(z) = (1.37)

Direct calculation shows that

df(s) = h? hz
ds (Z_esh)Z 7 —esh’
d2f(s)  2n%2 h2e'z
ds2 (Z_ esh)3 (Z _ exh)Z ’
d3f(s) 6h°7 6h37> Wz

= + .
ds® foo (=D (=17 (z—1)
After substituting the above into (1.37) yields

32
Ga(z) = }1(31,(;—_4?;;1)

that is identical to the expression in (1.31).

A consequence of the SIT discretization is the nonminimum phase system under
the high sampling frequency as shown next.

Corollary 1.2. Consider SIT discretization for the continuous-time system repre-
sented by its transfer function G(s) that has relative degree { > 2. Then as the
sampling period Ty — 0, (£ — 1) zeros of G4(z) tend to be unstable.

Proof. Under the SIT, the & transform of the discretized step response is given
in (1.34). Instead of closing the contour to the left as in the proof of Corollary 1.1,
consider closing contour to the right of s = ¢, where o is real and all poles of %G(s)
locate on left of s = 0. Recall that the relative degree ¢ > 2. Hence, (1.35) is now

replaced by
1 eTz7l Gs)
() =—¢ —————=d 1.38
(2) 27rj7§+1—z*1e57s as, (1.38)

where I} is the closed contour consisting of the vertical line s = 0 + jo for ® €
(—oo, o) and the semicircle to the right of the vertical line. As a result, the residues
associated with the above contour integral are those due to roots of z = &F e,

sr = (log(z) + j2km)/Ts, k=0,£1,....
Hence, in this case, by employing the L’Hospital’s rule,

Gale) = 1—-z71 i G(sk)'
k= Sk
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Note that if 7 & 0, then sy, & oo. For the given G(s), it has the form

(s—z1) (5 —2m)

Gls) = (s=p1)-(s—pn)’

14

with relative degree { =n—m > 2. Let G1(s) = s~ and

~sls—z) - (s—zm)
Gals) = (s—p1)---(s—pn)

— Gz(oo) =1.

Now take |z — 1| > & > 0 with § ~ 0, and |z| > 1. Then

1-z7' & Gi(sk)Galsk)
TS k=—o0 Sk

Ga(z) =

1-z7' & Gi(sx)
=~ = G
L~ s 1a(2),
where G (si) & Ga(e0) = 1 for each k. Since Gy4(z) is discretization of 57, it has
the form

Tz oy(2)

Gi(z) = =z 1)

¢
,oy(z) =Y oz,
i=0

which has unstable roots for £ > 2. The case with £ = 3 is given in Example 1.3 in
which oy(z) indeed has unstable roots. O

Traditionally, SIT is associated with discretization of continuous-time systems
based on which discrete-time feedback controllers are designed and implemented.
However, continuous-time controllers are sometime designed first and discretized
later prior to their implementation. Although SIT can be used, one may wish
to preserve the frequency response, rather than step response, of the feedback
controller. This gives rise to the bilinear transform (BT) method for discretization.

Let T; be the sampling period. Consider approximation of integral %:

(k+1)T;
YT AT) = () + [ () dr
— V(T3 +0.5h[u(KTy) + u(kT; + T,)].

Applying the 2 transform to the above difference equation yields

ooz (1) = =2 (51)
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The above leads to the BT for discretization:

—1 2
Ginl2) = (yz—> v=7 (1.39)

If G(s) has realization (A, B,C, D) and 7 is not an eigenvalue of A, then
A = (YI+A)(YI—A) ' By = /2¥(y B,
Cou = /2YC(yI —A) ™!, Dy = D+C(w—A>*lB, (1.40)

are realization matrices for Gy(z). The verification of the above expressions is left
as an exercise (Problem 1.7).

Example 1.5. Consider first G(s) = % Then the discretized transfer function
based on BT is given by
1 z+1
G‘b Z = =
S =) Ry ey
z+1 I z+ 1

r+De=(r=1)  y+iz-1

Substituting the relation y = % yields

T, z+1
Gui(z) = —2+ST — 5 (1.41)
! 2+T

If the SIT method is used to discretize G(s), then by noting the poles of %G(s) at
0,—1, and in light of Corollary 1.1, there holds

Tz 1 G(s)
1—z 1T

Ga(z) = (1—2")Res {

s=0,—1
o —z etz ! (1—zNeTsz!
s+ D)(1—eTz )| Ly s(1—eBz )

1 (1—271)87T5271 1—e k5
=2z — =

s=—1

l—e Bzl z—e 5
Clearly, Gy (z) and G,4(z) are very different from each other.

While SIT-based discretization involves frequency distortion, it preserves step
response. On the other hand, the BT-based discretization involves both frequency
distortion and step response distortion. Specifically under the BT, the discretized
frequency response is given by
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O K(s) " P(s)

Fig. 1.4 Feedback control system in continuous time

: 2 T,
Gt (elw) =G <j7tan wzs) .
S

The distortion is caused by the nonlinear map in frequency termed as frequency
warping. It is interesting to note that if w. = %S tan wTTS were the continuous-time

frequency, then there would be no error in frequency domain. The error in frequency

response is given by
2 T
G(jo)—G| j=t -
‘ ve) <’Ts "2 )‘

which is zero at @ = 0. The error at other frequencies is caused by frequency
warping. The frequency warping can be avoided at @ = @y # 0, if

Ty 'z -1
2 z+1

S = Wy (tan

is used for BT-based discretization, in which case the frequency response at @ = @y
is preserved. This is the so-called frequency-prewarping BT.

Although the BT is different from the SIT in discretizing the continuous-time
system, its implementation can be the same in the sense of the block diagram in
Fig. 1.3 by using the zero-order holder and ideal sampler for the plant model. That
is, the discrete-time controller is obtained via the BT based on the continuous-
time controller and is implemented to control the discretized plant in Fig. 1.3.
Since in this case the continuous-time controllers are often designed using the
frequency domain technique, caution needs to be taken in frequency prewarping.
For instance, one may wish to preserve the phase margin or gain margin of
the continuous-time feedback system at certain critical frequency by using the
frequency prewarping. However, because the frequency response of the discretized
plant in Fig. 1.4 is altered (see Problem 1.8 in Exercises for the ideal case), the
design of the continuous-time controller in frequency domain needs to take the
frequency response error of the plant into consideration so that the phase margin or
gain margin of the continuous-time feedback system at the chosen critical frequency
can indeed be preserved.

Example 1.6. Consider the same transfer function P(s) = HLI as in Example 1.5
for the plant model. An integral controller with K(s) = \/Ti in continuous time
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is designed that achieves the phase margin of 45° at the crossover frequency
@y = 1radian per second. The feedback control system in continuous time is shown
in Fig. 1.4. The BT is used to discretize the continuous-time controller for its
implementation in discrete time, while the SIT is employed to discretize the plant
yielding

l—e B T\ z+1
Pd(Z): TsuKd(Z):(tanEs>z__la

—e

where the frequency prewarping at wy = 1 is employed. If 7y = 0.25 is taken,
i.e., the sampling frequency is 4 Hz, then the gain of |P(jws/2)| is —22dB at
half the sampling frequency. Hence, possible aliasing due to sampling of the
plant is suppressed significantly. However, |K; (e-f‘“) Py (ej “’)‘ =1 takes place at
@, = 0.786 rather than at wy = 1. If the gain of K,;(z) is increased to assure the
crossover frequency at 1 for the discretized feedback system, then the phase margin
will be reduced to 37.54°. On the other hand, if 45° phase margin is required for the
discretized feedback system, then the crossover frequency has to be smaller than 1,
unless a more complicated controller is used.

Before ending this subsection, let us briefly discuss the pathological sampling as
illustrated in the following example.

Example 1.7. Let T; be the sampling period. Consider

Wss 2r
(S) S2+ wsza S 715
With step input U (s) = 1/s, the output of the plant is
0 .
Y(5)=G)U(s) = 5—= = y(t) = 1).
() =G () = 7+ e y(t) = sin(axr)

Hence, the sampling yields y(kh) = O for all integer-valued k. This is so-called
pathological sampling. Note that G(s) admits a realization:

0 110
G(s)_[%\%}_ —o? 0|1/,
0 w0

and thus, A has eigenvalues at & j@;. It can be verified that

Ay = M= cos(Zn) o, sin(2m) | I,
—ssin(2w)  cos(27)

B, = /heA’Bdt:A’l[eAh—I] =0
d o .

Hence, sampling destroys the controllability.
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Definition 1.1. The sampling frequency s is pathological, if A or poles of the
plant model has two eigenvalues with equal real parts and imaginary parts that
differ an integral multiple of ;. Otherwise, the sampling frequency ;s is called
nonpathological.

The pathological can be easily avoided by taking the sampling frequency strictly
greater than p(A), the spectral radius of A. In fact, the sampling frequency smaller
or equal to p(A) causes the aliasing which should be avoided.

1.2 Communication Systems

Communication has enjoyed tremendous growth in the past century. The telephones
invented by Bell have grown into communication networks and are now transformed
into wireless handheld devices which can surf internet, play videos, and connect to
computer networks. An important application content of this text focuses on design
of wireless transceivers which are the building block and the physical layer of the
wireless networks.

A digital communication system is linear and operates in discrete time. Its
purpose lies in communication of digital data or symbols which have finite alphabet
table. These data cannot be transmitted and received directly. They have to be
modulated with continuous-time waveforms and converted to radio frequency (RF)
signals prior to transmission and reception, leading to linear discrete-time systems
for wireless data communications. A mathematical description is outlined next
without providing the full detail.

1.2.1 Channel Models

Let §(¢) be the continuous-time waveforms carrying the data information. Its
frequency response exhibits low-pass property normally which is often referred to
as baseband signal. The RF signal to be transmitted has the form

s(t) = Real [e/™'5(1)], (1.42)
where () is the carrier frequency and §(¢) is the complex envelope of the transmitted
signal. Thus, the RF signal s(¢) admits bandpass property. Let §(t) = §;(t) + jSo (1)

with §;(¢) the real or in-phase part and §y(¢) the imaginary or quadrature part of the
envelope signal. Simple calculation shows

s(t) = cos(ct)$i(t) — sin(@ct)Sp(t).
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Noise

5(t) #(t)
— Tx Ch Rx ——

Fig. 1.5 Baseband signal model with Tx for transmitter and Rx for receiver antennas

Since cos(wct) and sin(ct) are orthogonal over the period T, = £%, §(r) can be
reconstructed uniquely based on s(¢). Indeed, the in-phase component of §(¢) can be
obtained by multiplying s(z) with cos(c?) and by integration over [0, T¢] in light
of the fact that §(r) is almost constant over [0, 7] due to the low-pass property
of §(t) and very high value of @.. Similarly, the quadrature component of §(¢)
can be obtained by multiplying s(¢) with —sin(cw.?) and by the same integration.
Consequently, s(z) and §(¢) are equivalent in terms of communication.

Assume vertical polarization, plane waves, and N propagation paths for the RF
signal transmitted over the space. The received signal in the kth path may experience
magnitude distortion Cy, time delay dy, and Doppler shift wp ; (that is positive if the
motion is in the direction of the plane waves). Hence, the RF signal at the receiver
in absence of the noise is specified by

N
r(r) = Y Real [Ckeﬂ“’c*“’ak)(’*dk)f(t - dk)} . (1.43)
k=1

Let ¢y (t) = @cdy — 0p (t — d). Then r(r) = Real [¢/®'F(z)] is in the same form of
(1.42). The received complex envelope can find to be

N
(1) =Y Cre 1% U5(t — ay). (1.44)
k=1

The above baseband signal can be obtained by first multiplying e /%' to the RF
signal r(¢) in the receiver’s antenna and then by filtering with a low-pass analog
filter tailored to 7(¢). The aforementioned discussions lead to the conclusion that
there is no loss of generality to consider data communications in baseband with
complex envelope signals as illustrated in Fig. 1.5 next.

The expression in (1.44) shows that the channel can be modeled by a linear time-
varying (LTV) system with the complex impulse response:

N
g(1:7) = ZCke*m"(I)SD(T—dk)- (1.45)
k=1
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See Problem 1.12 in Exercises. Recall that dp(-) is the Dirac delta function
satisfying (1.16). Under the impulse response in (1.45), the output y() due to input
5(r) has the following expression:

y(t) = /:Og(t;t—r)f(r) dr. (1.46)

Hence, g(7;7) is interpreted as the impulse response at time ¢ due to the impulse
input applied at time 0.

A channel represented by its impulse response in (1.45) suffers from both
magnitude attenuation and phase distortion which are generally referred to as
channel fading. Denote the duration of a modulated symbol by Tg. If Ty>>|d; — dy|
for each pair of (i,k), then all frequency components of the transmitted signal
experience the same random attenuation and phase shift due to multipath fading.
Let iy be the mean of {d;}. Then multipath delay spreads fluctuate about p, and

N
g(t:7) ~ Y, Cre %1 8p(T— ) = g(1)8p (T — pa). (1.47)

In this case, the channel experiences flat fading and can be characterized by
transmission of an unmodulated carrier. For this reason, §(¢) = 1 can be assumed
for (1.42), and r(¢) in (1.43) can be expressed as

r(r) = gi(t) cos(wet) — go(t) sin(wcr), (1.48)

where g;(t) and go(r) are the in-phase and quadrature components of the received
signal, respectively, specified by

2 Cycos[dy(1)], 2 Cy sin[¢y (1)) (1.49)

The carrier frequency is often very high for data communications. Hence, small
changes of the path delays {d;} will cause large variations in the phases {¢(¢)}
due to the terms w.d;>>1. At each time instant ¢, the random phases may result in
constructive or destructive addition of the N multipath components. Consequently,
¢;(¢) and ¢ (7) can be treated as uncorrelated random variables whenever i # k. It
follows that for large N, g;(¢) and go(¢) are independent and approximately Gauss
distributed with the same mean and variance in light of the central limit theorem.
In the case of mean zero and variance 62, the magnitude G = |g(¢)| has a Rayleigh
distribution with the probability density function (PDF) given by

2
pG(X)=ieXp{—x—},x20. (1.50)

o? 20?2
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Denote E{-} as the expectation. The average envelope power is given by
Cp=E{G*} =E 2 2\ _ 2
p=E{G*} =E{|g1(1)]* +|g0(t)]*} = 25 (1.51)

This type of fading with PDF in (1.50) is called Rayleigh fading. If the means of
gi(t) or go(t) are nonzero and denoted by t; and g, respectively, then G is Ricean
distributed or

X x? —i—uz ux
pelx) = eXP{——262 }Io (_02) (1.52)
22442
forx > 0 where U= = u; + g and
1 2
Io(x) := — xeos(9) g 1.
o) i= 5 /O ¢ o (1.53)

is the zero-order modified Bessel function of the first kind. The type of fading as
described in (1.52) is called Ricean fading.

Rayleigh and Ricean fading channels are common when line of sight (LoS) exists
between the transmitter and receiver. On the other hand, complete obstructions often
result in log-normal fading channels in which In(G) is normal distributed. Another
widely used channel is Nakagami fading in which the magnitude of the received
envelope is described by the PDF

2m" 1 mx? 1
=Y expd T > 1.54
rols) = e { e | m> (1.54)
where I'(+) is the Gamma function satisfying
I'x) = / u e du (1.55)
0

that reduces to n!, if x = n is an integer.

Nakagami fading is more versatile. In the case of m = 1, Nakagami distribution
becomes Rayleigh distribution. For m > 1, it provides a close approximation to
Ricean fading by taking

(K+1)? m2 —m
= = K=—"—"- 1.56
" KT m—vm2—m’ (130

where K = % is called Rice factor and <= stands for “equivalence.” In the case of
m — oo or K — oo, the PDF approaches an impulse, and thus, the channel experiences
no fading at all.

Recall that flat fading is associated with large 7y that is the duration of the
modulated symbol. Since continuous-time waveforms are low-pass, the transmitted
signal has narrowband if 7 is considerably greater than multipath delay spreads.
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However, as T; decreases, signal bandwidth increases. In the case of wide band
signals, the frequency components in the transmitted signal experiences different
phase shifts along the different paths. Under this condition, the channel introduces
both magnitude and phase distortion into the message waveform. Such a channel
exhibits frequency-selective fading.

When delay spreads are considerable greater than the symbol duration, the
impulse response in (1.45) cannot be approximated as in (1.47). Instead, it is more
conveniently represented by

g(t:t) = ), gk(t)dp(t—dy), (1.57)

M=

k

1

where g(r) = Cre/[@padi—e(t=di)] 'Experimental tests show uncorrelated scatter-
ing (US) in the sense that {g,(7)} are uncorrelated for all time 7. In addition, each
path gain g, () is wide-sense stationary (WSS), i.e.,

ng(tv T) = E{gk(t)gk(r)} = ng(t - T)u (1.58)

with = for complex conjugation. While wide-sense stationary and uncorrelated
scattering (WSSUS) channels are very special, many radio channels satisfy the
WSSUS assumption.

The wireless channels discussed thus far involve only single transmit/receive
antenna. More and more mobile radio systems nowadays begin to employ antenna
diversity by using multiple spatially separated antennas at both the transmitter and
the receiver which result in MIMO channels. These antennas provide multiple
faded replica of the same information bearing signal thereby increasing the channel
capacity. The impulse response for the MIMO channel has the similar form as in
(1.57), but the scalar path gain g, () is now replaced by the matrix function Gy (r) of
size P x M, assuming M antennas at the transmitter and P antennas at the receiver,
yielding the impulse response

M=

G(I;T) = Gk(l)5D(T—dk). (1.59)

k=1

It is important to note that the impulse responses in (1.57) and (1.59) describe the
channels in continuous time. Channel discretization will have to be carried out prior
to processing the digital data which will be studied in the next subsection.

1.2.2 Channel Discretization

One of the fundamental issues in data communications is retrieval of the transmitted
data at the receiver. Consider the schematic block diagram shown in Fig. 1.5.
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Fig. 1.6 A typical binary 5 (1)
data signal and its associated L-% L\ L\
waveform l\/ l\-/l\J t

At the transmitter site, the data are coded, modulated, and frequency shaped by
the continuous-time waveform, and then sent through the channel. The transmitted
signal experiences random distortion in the channel Ch due to various fading phe-
nomena. At the receiver site, the observed noisy signal is processed, demodulated,
and decoded by the receiver, in hope of recovering the original data.

The channel is a physical entity that cannot be altered by designers, even though
no physical devices exist for channels in the case of wireless communications. In
the case of wide band signals, the channel experiences frequency-selective fading. If
channel distortions are function of time, then the channel experiences time-selective
fading. Channel fading is one of the main impediments to data communications. In
contrast to the channel, the transmitter and receiver can be altered by designers. For
simplicity, it is assumed that both the transmitter and the receiver are linear. The
nonlinear effects of modulation and codings are omitted, in order for us to focus
on the basic issues in data communication. An objective of this text is design of
wireless transceivers, i.e., the transmitters and receivers, to detect the transmitted
data at the output of the receiver with the minimum achievable error probability.

The simplest data set consists of binary symbol of +1. Let {b(k)} be coded and
binary valued data. The transmitted signal shown in Fig. 1.5 is continuous and has
the form of:

oo

§(t) =Y, blk)y(r—kTy), (1.60)

k=—oo

where y/(-) is the continuous-time waveform with support [0, T3] and 7y > 0 is
the symbol period. Typical y(-) includes sinusoidal and rectangular functions (see
Fig. 1.6).

Let g(#;7) be the channel impulse response (CIR) in (1.45). The physical nature
of the channel implies causality of g(#;7), i.e., g(¢;7) = 0 for T < 0. It follows that

!
= X b0 [ _gl—nw(e—kT) de+n) (1.61)
is the signal at the receiver with 1(¢) additive noises. For wireless communication
systems with high data rate, T; is rather small, and thus,

Ly—1

gt:t)~ Y hi(t)dp(t— ), (1.62)
i=0
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where 0 < 79 < 71 < -++ < 17, 1. The change of notation from (1.57) is due to
possible regrouping of those terms with delay spreads close to each other.
It is easy to see that 7; = (¢; + &)T; for some integer ¢; and & € [0, 1). Upon
substituting (1.62) into (1.61) yields:
o Lh 1
Fr)= Y, bk Zh v(t— i+ k)T — &T) +n(t). (1.63)
f=—oo

In order to recover the digital data {b(k)}, a common approach applies the matched
filter to 7(r). Assume that h;(t) = h;(n) over [nT;, (n+ 1)T;), by an abuse of notation
and the fact of small 7; due to high data rate. Thus

(n+1)Ty Lh -1
vy = [ HOw ) dr= 3 b0) 3 mai) +rin) (L64)
nT k=—co i=0

with J;(n) the ith integral given by

(n+1)Ty
Ji(n) = /T Wi — (64 K)Ts — &T) w(t —nTy) di,

and v(n) the integral of y(t —nTy)n(t) over [nT, (n+ 1)Ty].
Denote §; as the Kroneker delta function specified by

5 — 1, if k=0,
ke 0, otherwise.

It can be verified that the integral J;(n) admits the expression

Ts
Ji(n) = Op——y, . y(T—&T)y(r) dT

T
Foig [ wEH(—a)T)w(E) dr

= 0i(n)8y—k—; + Bi(n)8p—s—,-1-
Substituting the above into (1.64) yields

ib zh 18—kt + Bi(n) Oyt 1] +v(n)

k=—o0

= Z hi(n)[og(n)b(n—¢;) + Bi(n)b(n — £; — 1)] + v(n).
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Let L =1+ max{¢{;: 0 <i<L}. Then

L

y(n) =" o(n:k)b(n—k)+v(n), (1.65)

k=0

where ¢ (n;k) is the impulse response of the discretized channel at time index n and
depends on {o;(n)}, {Bi(n)}, and {h;(n)}. See Problem 1.16 in Exercises. In the
MIMO case, the discretized CIR consists of matrices @(n;k). Both input and output
are vector-valued, denoted by b(n), v(n), and y(n), respectively, leading to dynamic

equation of
L

y(n) = ®(n;k)b(n—k)+v(n).
k=0
Generically, the wireless channel has the form of transversal filters. This fact is
attributed to the finite duration of the CIR for wireless channels, contrast to the
plant model in control systems.

1.3 Organization of the Book

This textbook is aimed at presentation of theory and design of linear discrete-time
systems with applications to feedback control systems and wireless transceivers, al-
though the primary audience is from the control area. This book probably represents
the first attempt to present feedback control systems and wireless communication
systems together, motivated by MIMO and linearity of the underlying dynamic
systems. The author believes that readers from these two different areas will learn
more by showing them new perspectives in linear systems. The book begins with
warm-up examples and discretization in Chap. 1. Various signal and system models
are introduced in Chap. 2. The core materials are Chaps. 3 and 5 in which the main
results in linear system theory and optimal control/filtering are presented. These
two are the most important chapters and are also the most theoretic part of this
text. Chapter 4 is concerned with model reduction that is more oriented to feedback
control systems. Compared with undergraduate control textbooks, this text clearly
has more mathematical depth. The main reason lies in the MIMO nature of the
modern control systems that are difficult to analyze and control. Chapters 3 and 5
provide mathematical notions and theory for us to understand MIMO linear systems.

While most textbooks on linear systems are focused on theory, this textbook
makes an effort to present design, that is a tremendous challenge. Chapter 6
considers design of feedback control systems, while Chap. 7 is focused on design
of wireless transceivers in data communications. Although the author wishes to
present the state-of-art design techniques, these two chapters may not fulfill this
wish. Design is not science. Various objectives arising from engineering practice
are difficult to be modeled by a single performance index, and minimization of



26 1 Introduction

some mathematical functional may not lead to the desired feedback control system.
However, the author hopes that Chap. 6 provides some guidelines for readers
to learn design of MIMO feedback control systems, and Chap. 7 provides some
mathematical tools for design of wireless transceivers. Chapter 8 is the final chapter
that is aimed at modeling and identification of linear systems. It helps readers to
know where the linear models come from and how to obtain them given input
and output measurements of the MIMO systems. The textbook also includes three
appendix chapters that are aimed at helping readers to prepare their mathematical
background.

This book can be used as a textbook for the first and second year graduate
students, although sophisticated senior students can also be the audience. It can be
used either for one semester or for two semesters, dependent on the curriculum.
If the book is used as a textbook for one semester, then the author suggests to
focus on Chaps. 1-3, and 5. The instructors can use related material from other
chapters as supplements. For instance, a class oriented to control may wish to use
the control system design material from Chaps. 4 and 6, while a class oriented to
DSP may wish to use the wireless transceiver design material from Chaps. 7 and 8.
However, if a second semester is needed, then Chaps. 4, 68 can be taught together
with suitable design projects. The author has taught several times at LSU as a one
semester course, tested with different focuses, which result in this textbook. Many
control students like the course that helps to diversify their background and to seek
jobs in wireless communications and DSP. Indeed, many of them, including my own
students, have taken other courses in digital and wireless communications afterward,
and are currently working in high-tech companies such as Qualcomm, Broadcom,
etc. Their control background actually helps them to do well in their new careers
which is also one of the motivations for the author to write this textbook.

Each chapter of this book has a section of exercises. Problems in these exercise
sections are carefully designed to help readers get familiar with the new concepts
and knowledge presented in the main text. Some of the problems are part of the
topics studied in different chapters. The author hopes that this will help readers
study the material more actively. Some of the problems can be very hard. A solution
manual will be worked out to aid instructors and readers in the future.

Notes and References

Discretization of continuous-time signals and systems are covered by many books.
See for instance [23, 73, 90] and [64, 83—-85]. The flight control example can be
found in [80, 81]. The modeling of inverted pendulum employs the principle from
Lagrange mechanics [17, 108]. For discretization and modeling of wireless commu-
nication channels, many papers and books are available. The books [19,98,107,111]
are recommended for further reading.
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Exercises

1.1. For the inverted pendulum as described in (1.6) and (1.5), assume that the
control force is generated by the actuator via

K K

u(t) = R [uin(t) - 7p(t)] , K=KuK,. (1.66)

The above is a simple model for DC motor with i, (¢) as the armature voltage. Show
that the dynamic system is now described by

5 mL (Kcos(0) . mLsin(20) ., K>cos(0)

6 = 1 ( Ry uin + (M +m)gsin(0) — 3 6° — 72 D)
. mL (K mgsin(26) . . <

== (Rrum(t)—l- > —mLsm(B)G—erp ,

where A = (M +msin?(0)) mL?.

1.2. For the nonlinear ODE in Problem 1.1, assume that 6 and p are output
measurements. Denote x(¢) in (1.7) as the state vector. Show that its linearized
system has realization matrices (A, B,C,D) given by

0 10 0 ] r

0
(M+m)g00 K? K
A= | ML R | p_ | MLRr |
0 00 1 0
2 K
mg oo X
L M Rr2 | L MRr
(1000 [0
C = D =
10100’ K

1.3. Use Matlab Simulink toolbox to simulate the controlled pendulum system in
Example 1.1 by using parameters

Kyy = —524.4300, z, = 0.8200,
Ko = 334.2439, 7o = 6.2589,

and py; = 14.9672.

1.4. For Dirac delta function defined in (1.16), show that

| _tdle—mydi=s(r)
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for any function f(¢) that is continuous at # = 7. In addition, show that the periodic
Dirac delta function with period T satisfies

S 1o
pé(l): z 6D(t—kT):T‘z ejwot7

k=—o0 = —oo

where ® =27 /T.
1.5. Prove the CTFT for s,(t) in (1.21).

1.6. Prove Lemma 1.2 by first finding the impulse to the zero-order holder and then
its CTFT.

1.7. Verify the expression in (1.40) for BT-based discretization.

1.8. Show that under the SIT discretization, the frequency response error between
the continuous-time transfer function G(s) and the discretized transfer function
G,4(z) is given by

G(jo) — Gy (/)| = G (j) [R(jo) — 1],

where R(s) = (1 —e ") /s, provided that the cutoff frequency of G(s) is smaller
than half of the sampling frequency.

1.9. Suppose that A has eigenvalues at 0,0,=£j,1 £ 2. Show that the pathological
sampling frequency j is in the set of {7 : k integers}.

1.10. For the inverted pendulum plant model in (1.11) and (1.10), do the following:

(i) Discretize Gyp(s) and G,g(s) with sampling frequency f; = 10Hz.
(ii) Discretize the above transfer functions with one sampling frequency f; < 10
and the other f; > 10.
(iii) Recommend one sampling frequency and detail your reason. In addition, make
frequency domain analysis for the sampling frequency you recommend.

(Note: Matlab command “c2d” can be used to discretize the plant.)

1.11. Consider a flight control system with 3-input/3-output. This model is lin-
earized from an aircraft motion in the vertical plane when small perturbations about
a flight condition are considered. The linearized model is described by state-space
realization given by

[0 o 1.132 0 1
0-0.0538 —0.1712 0  0.0705
A=10 0 0 1 0 :

0 0.0485 0 —0.8556 —1.013
10-0.2909 0 1.0532 —0.6859 |
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0 0 0
~0.00121 0 10000
B=| 0 0 0 [, C=[01000
0.4419 0 —1.6646 00100
| 0.1575 0 -0.0732

Repeat (i)—(iii) in the previous problem except that 10 Hz is replaced by 20 Hz, plus
zero/pole plots.

1.12. For the time-varying impulse response in (1.45), show that the output
response due to input §(¢) is given in (1.44).

1.13. For r(r) in (1.48), assume that r(r) is WSS, {wp x} are identically distributed,
and {¢(z)} are independent and uniformly distributed over [—x, 7]. Show that

R/ (7) =E[r(t)r(t+ 1)] = A(7) cos(®.T) — B(7) sin( @, T),

where expectation is taken for Vi, = @.d; which is uniformly distributed over
[-m, m] and for the Doppler frequency. The expressions of A(7) and B(t) are
given by

A(1) = CpE[cos(wp7)], B(t) = CpE[sin(wpxT)],

with expectation taken for only the Doppler frequency and Cp as in (1.51).

1.14. Suppose that X; and X, are independent Gauss with zero mean and common

variance 2. Let
G=\/X?+X3, P=tan'(X2/X)). (1.67)

Show that G is Rayleigh distributed as in (1.50) and P is uniformly distributed.

1.15. Consider the same X; and X, as in the previous problem except that E{X;} =
u; and E{X,} = u,. Define G and P as in (1.67), and r = tan~' (up/pt;). Let u =

\/,ulz + /.122. Show that

202

P2+ u?—2rucos(p—t)
2no?

r
pRP(rap) = —exp{—

and then verify the Ricean PDF in (1.52) using

21
pe(r) = A pre(r,p) dp.

1.16. Find the expression of ¢;(n;k) in (1.65) in terms of {o;(n)}, {Bi(n)}, and
{hi(n)}, assuming ¢; = i for each i.



Chapter 2
Signals and Systems

It is a fact that signals and systems in feedback control are in continuous time and
multivariable in nature. This is a contrast to data communications where the signals
and systems are discrete time with single transmitter/receiver. But the wide use of
digital computers in control systems and the emergence of wireless internet have
diminished such differences between feedback control and data communications.
Both are now in discrete time and both are MIMO systems. More importantly, they
tend to use increasingly the same mathematical descriptions in modeling and share
more and more mathematical tools in design. This text is aimed to provide the design
theory and computational algorithms for MIMO dynamical systems in which either
optimal disturbance rejection or optimal data detection is the main objective. This
chapter introduces the background material for signals and systems.

Mathematical models are indispensable in design of both communication and
control systems. To accommodate to data communications, signals are assumed to
be discrete time and complex-valued. For MIMO systems, signals of interest are
those having more than one component, each of which is random. Such signals are
sequences of random vectors, assumed to be WSS, and have bounded power spectral
densities (PSDs). Linear time-invariant (LTI) systems are capable of altering signals
through modifying their PSDs in a transparent way. Commonly used dynamical
models will be described and analyzed. LTV systems are also covered, albeit at a
less degree. Although signals include noises in a larger sense, noise models will be
discussed separately in this chapter, together with the bit error rate (BER) analysis
in data communications.

2.1 Signals and Spectral Densities

For simplicity, the discrete-time variable ¢ is measured in units of the sampling
interval, and is thus integer-valued. That is, if s(¢) is a discrete-time signal obtained
through sampling of the continuous-time signal sc(-), then s(t) = sc(t7;) for

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 31
DOI 10.1007/978-1-4614-2281-5_2, © Springer Science+Business Media, LLC 2012
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t=0,£1,%2,..., with T the sampling period. In other words, a discrete-time signal
can be viewed as a complex sequence {s(¢)} indexed by integer-valued time z.

2.1.1 Scalar Signals

Suppose that {s(¢)} is deterministic and has finite energy. Then

Ei= Y s <, Q.1)

f=—o0

where E is the energy of {s(¢) }. In this case, there exists DTFT for {s(¢) }, defined as

=

S(e/?) =Y s(t)e ¥, j=v-1. 2.2)

f=—co
The corresponding inverse DTFT of S (e/?) is given by

71
T 2n

™ . .
s(t) : / S (e/?) e/ do. (2.3)
—TT
The angular frequency @ = @.7T; is normalized and measured in radians per
sampling period where @, is the physical frequency variable measured in radians
per second. Occasionally, f = @/(2x) will be used, which has unit Hertz (Hz). If
(2.1) holds, then by the well-known Parseval’s theorem,

o |
Eq= )Y |s(t)|2=E/ ys(e-/“’)y2 do. (2.4)

f=—o0 -

It follows that @s(w) = |S(e/®) }2 represents the energy distribution of the sequence
over frequency and is thus termed energy spectral density (ESD).
The ESD can be obtained through a different path. Define

=3

(k)= > s(t)s(t—k), k=0,+1,+2,.... (2.5)

f=—o0

The sequence {y(k)} resembles autocovariance sequence for random signals. For
any energy-bounded signals {x(z)} and {y(¢)}, there holds

oo

Y, x(0)3(t)

f=—o0

< VEE,, (2.6)
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which is the well-known Schwarz inequality. See Problem 2.2 in Exercises.
Substituting x(7) = s(r) and y(¢t) = s(t — k) into (2.6) yields

Ey=1%(0) > p(k) fork = +1,+2,..., (2.7)

by noting E, = E, = E,. Applying DTFT to {%(k)} yields

5 et = § 5 e e ]

k=—oo ke—oot=—co
= 5(e/?) S ()" = [$(e7)|” = By(@)

with * for conjugate transpose. Hence, the ESD is the DTFT of the sequence { s (k)}.

In engineering practice, signals are often described by their probabilistic state-
ments and are thus random sequences. Such a signal sequence consists of an
ensemble of possible realizations, each of which has some associated probability
to occur. However, even if the signal is taken to be deterministic, which is one
realization from the whole ensemble, it may not have finite energy over the infinite
time horizon. In particular, signals in data communications do not possess DTFTs
in general. On the other hand, a random signal usually has a finite average power
and thus admits PSD.

Denote E{-} as the expectation operator which averages over the ensemble of
realizations. The discrete-time signal {s(¢)} is assumed to be a complex sequence
of random variables, or random process with zero mean:

E{s(t)} =0,1=0,£1,£2,.... (2.8)
If, in addition, its ACS is given by
ro(k) :=E{s(t)5(r—k)}, t =0,+£1,4+2,..., (2.9)

which is independent of 7, then {s(r)} is called WSS. It is easy to see that rs(k) =
Fs(—k) and is left as an exercise to show that

re(0) > |ro(k)| fork = +£1,42,.... (2.10)

The PSD is defined as DTFT of ACS:

(o) = i re(k)e ke, (2.11)
k=—oo

The inverse DTFT recovers {rs(k)} from the given ¥ (w) via

re(k) = % /ﬁi%(m)&wk do. (2.12)
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The averaged power of {s(z)} is thus

Po:=E{|s(t)]*} = r(0) i/ﬂ (o) do, (2.13)

:277: -

which is also called mean-squared value of s(z).

Example 2.1. Let oy be real. Consider random signal
s(t) = Acos(mpt +0), 0 < ax < 27, (2.14)

where A and O are often employed to carry information bits in data communications.
This example examines the case when A and © are real random variables, indepen-
dent to each other, and uniformly distributed over [0, 1] and [0, 27), respectively.
The ensemble is a set of sinusoids with random amplitude and phase angle. Simple
calculation shows

E{s(r)} = E{Acos(wyr+O)}
= E{Acos(wpt) cos(@) — Asin(myt) sin(O)}
= cos(ayt)E{A}E{cos(0)} — sin(ant)E{A}E{sin(©)} =0,

by independence, and E{cos(0®)} = E{sin(©)} = 0. In addition,
E{s(t)5(t —k)} = E{A?cos(at + O)cos(wy(t —k) +O)}
= %E {Az} E{cos(wok) + cos(2awpt — tpk +20)}
1
=5E {A?} cos(wpk) = ry(k).

It follows that {s(t)} is WSS. By the hypothesis on A, E{A?} = 1/3. Thus,
1 & Lok 1
Y (w) = 3 Y cos(wok)e = ﬁ[6D(w+wo)+6D(a)—a)o)]
k= —o0

with 8p(+), the Dirac delta function, satisfying
(i) 8p(x) =0 for x#0, (ii) / Sp(x) dx = 1. (2.15)

The above indicates that there are two spectrum lines at £y, respectively. The
analytical expression of rg(k) is useful in computing PSD of {s(¢)}.

In practice, there is a difficulty in evaluating the PSD as defined in (2.11).
Infinitely, many terms need be computed for ACS, which is not feasible. An
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approximate PSD is employed, consisting of finitely many signal samples:

2
n

ils(t)e*j“”
=0

=

¥ (@) =Bl 1 (2.16)
n

A natural question is whether or not 'ﬂ(”>(a)) converges to ¥(w) as n — . By
straightforward calculation,

1n1n1

q/s(")(w) _ 2 z ZE{S le —jo(t—1)
t 0 7=
- 2 (1 — m) rs(k)e’jk“’.
k=—n n

Since multiplication in time domain is the same as convolution in frequency-
domain, the above yields

" () = %./:Fn(e)‘f’s(w—e) do, .17

where F,, () is the nth order Fejér’s kernel given by

2
2 k - 1 (sinfw
)= 3 (1= K)o _1 ) I (2.18)
Pl n n\sinlo

Verification of the Fejér’s kernel is left as an exercise (Problem 2.5). Before
investigating the convergence issue for the approximate PSD in (2.17), it is
illuminating to learn the useful properties of the Fejér’s kernel.

Lemma 2.1. Let F,(®) be defined as in (2.18). Then
1) F ) >0 VYo €0, 2r);
(i1) o / Fy(0) do =1 for every n > 0;
(iii) For any closed interval 1in (0, 27), lim sup |F,(®)| = 0.
% pel
The proof of this lemma is again left as an exercise (Problem 2.5). The next
theorem is the main result of this section.

Theorem 2.2. Suppose that the random signal {s(t)} has a finite averaged power.
Then it admits the PSD as defined in (2.11). Let ¥(®) be continuous over [0, 21)

and ¥,(0) = ¥,(2x). Define V") () as in (2.17). Then
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2
-1
™ ) - i 1 —jor| \ _
lim %" (@) = lim B - Z{)s(t)e =% ()

Sforall o € [0, 2x]. In other words, 'Ps(n)(a)) converges uniformly to ¥ (o).

Proof. By the expression of QDS(") (@) in (2.17) and (ii) of Lemma 2.1,

¥ (@)~ W(0) = o= ./:[‘Ps(a) — ) —¥()]F:(6) 6.

Since ¥(w) is a continuous function of , there exists an M > 0 such that |¥(w)| <
M for all ® € [—n, &]. Take § > 0 and write

‘Hg(”)(a)) —Y(0) = i /5 [F(w—0) —¥(w)]F,(0) dO
2w J-s

1

— Y(w—0)—¥(w)|F,(0) de.
37 i, [0 = 0) — H(@))Fo(0)

It follows from Lemma 2.1 that

lps(n)(w)_lps(w)’ < sup |H(w—0)—¥(w)|+2M sup F,(0). (2.19)
|6]<8 6<|6|<n

According to property (3) of Lemma 2.1, and by the continuity of ¥(®), there
exists an N > 0 such that forall n > N and o € [0, 27,

¥ () - W(w)| <&

for any given € > 0. Therefore, g (w) converges uniformly to ¥ (). O

There is no loss of generality in using only the causal part of the signal for

approximate PSD g (o) due to the WSS assumption for the random signal {s(7)}.
In fact, (2.17) is also useful in the case when the PDF of s(¢) is unknown, in which
case the PSD is often estimated using time averages instead of the ensemble average,
by assuming ergodic process for {s(¢)}. Since the measured signal data are always
finitely many, they can be assumed to begin at time # = 0.

Theorem 2.2 reveals an important property of the PSD:

¥%(w) >0 Vo. (2.20)
That is, PSDs are positive real functions of frequency, even though ¥ (@) = ¥ (— )

may not hold in the case of complex signals. If the random signals are real, then there
holds ¥ (@) = ¥(—w) > 0 for all w.
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2.1.2  Vector Signals

For MIMO communication channels, the data signals are vector-valued, denoted by
boldfaced letters, at each sampling time ¢. Consider the vector signal {s(¢)} with
size p > 1. If {s(¢)} is deterministic, then it is assumed that the energy of the vector
signal is bounded. That is,

Eg:=Y [s(t)|]* <, (2.21)

f=—o0

where ||s(¢)|| = /s(¢)*s(¢) is the Euclidean norm of s(z). In this case, the DTFT of
{s(#)} exists and has the same expression as (2.2):

S (e/®) := i s(t)e /O (2.22)

t=—o0

Define the p X p matrices

Lk) = i s()s(t —k)*, k=0,+1,42,.... (2.23)

t=—o0

Although each term in the summation has rank one, I'3(k) may have a rank greater
than one and even be nonsingular. Moreover, {I3(k)} is a bounded matrix sequence.
There holds

Eo=Tr{I3(0)} > |Tre{l3(k)}| fork = +1,42, ... (2.24)

Similar to the scalar case, the ESD can be defined as the DTFT of {I3(k)}:

Dy(0) = i L(k)e % =8 (e/°) S (/)" (2.25)
k=—oo0

The above can be obtained with a similar derivation as in the scalar case. It is
interesting to observe that @g(w) always has rank one for all @, even though I(k)
may have a rank greater than one for each k. Consequently,

2

)

Tr{®s(®)} = Tr{S (e/*) S(e/*)*} =S (e/*)"S (e/®) =||S(e’?)|

by properties of the trace. Parseval’s theorem is extended to

; A
E= 3 Is0lF =5 / s )] do. (2.26)

f=—o0
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For the case of random vector signals, it is assumed that {s(¢) } is WSS with mean
E{s(r)} = 0, for all . Then its ACS is given by

Ry(k) :=E{s(t)s(t —k)*}, k=0,4£1,+2,..., (2.27)

which is independent of 7 and has size p x p. Similar to the deterministic case, Rs(k)
can be nonsingular. It can be shown that (Problem 2.7 in Exercises)

(i) Rs(k)" = Rs(=k), (ii) Tr{Rs(0)} = [Tr{Rs(k)}- (2.28)

Assume that Rs(0) exists and is bounded. Then the PSD of {s(¢)} can be easily
extended from (2.11) via the DTFT of ACS:

Y(w) = i Rs(k)e k@, (2.29)
k=—oco

Different from the ESD in the deterministic case, the PSD ¥(w) is nonsingular
generically. The inverse DTFT recovers {Rs(k)} via

Ry(k) = % | /:‘f’s(a))ej“’k do. (2.30)

The averaged power of {s(r)} is generalized as follows:

P :=E{s(r)"s(t)} = Tr{Rs(0)} = Tr{% i ¥%(w) da)} . (2.31)
Example 2.3. Consider random vector signal
B | cos(ampt +O)
s(r) = Ax(r), x(t) = [sin(a)ot—i—@)} , (2.32)

where A and O are real independent random variables uniformly distributed over
[0, 1] and [0, 27), respectively, as in Example 2.1. It is easy to show that E{s(¢)} =0

and
. 1 | cos(mpk) — sin( k)
E{x(¢ —k == =: Rx(k).
{x(e)x(r =)} 2 Lin(wok) cos(wpk) x(k)
See Problem 2.6 in Exercises. Thus, by independence and E {A%} =1/3,

B{s()s0 ~£)') = E{4%} E(x(1x(r ~ '} = ¢ | Sonamd) ~ St |,

It follows that {s(z)} is WSS with Rs(k) = E{s(¢)s(r — k)*} as above, which is
nonsingular for all k. Direct calculation yields
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_éi { ) —sin (Dok)} — jok

sin a)ok) cosEa)ok
! <5D(a)+wo { }+6Dw ) [_i”)

Thus, each element of the PSD matrix ¥(®) contains two spectrum lines at
+ay, respectively, as in the scalar case. The power of the signal is given by

P, =Tr{Rs(0)} = 1/3.

Approximate PSD can be employed if there are only finitely many terms of ACS
available. The following

" (o) :E{l <nzls(t)ej“”> <nzls(r)e-"m> } (2.33)
n\i=o0 =0

is generalized from (2.16). Straightforward calculation gives
1= 1n—

_z ZE{S ) }e/@U=T)

20 =

k—in ( a %) Ry(k)e /@

1 T
= / Fi(0)#(0—0) d6,

%" ()

where F,(-) is the nth order Fejér’s kernel as defined in (2.18). Because Fejér’s
kernel is a scalar function, the matrix-valued ACS and PSD do not pose any
difficulty in extending Theorem 2.2 to the following.

Theorem 2.4. Suppose that the random vector signal {s(t)} has a finite averaged
power. Then it admits the PSD as defined in (2.29). Let ¥s(®) be continuous over
[0, 27) and ¥(0) = W (27). Define V" () as in (2.33). Then

lim %" (0) = W(w) Y o € 0, 27].

n—yoo

Example 2.5. As an application example consider estimation of the PSD based on
a given set of N data samples {s(r)}, N 0 in the absence of the statistical information

of the underlying signal. To employ ‘f’s( )( ) in (2.33) as an approximation, it is
assumed that N = nm with n and m integers The data set is partitioned into m
disjoint subsets {s;(¢)}"—, where i =0, 1,...,m — 1. A simple partition is

si(t) =s(in+1),0<i<m—1,0<tr<n-—1.
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Let W, =e /2%/" Fori=0,1,...,m— 1, compute

1 n— 1
= zs, OW* k=0,1,....n—1, (2.34)

which is a modified discrete Fourier transform (DFT). That is, it computes n
frequency response samples uniformly distributed over [0, 2] for {s;()}"-}
modified by a factor of \/Lﬁ The FFT (fast Fourier transform) algorithm can be used

to implement the computation in (2.34). Now the ensemble average in (2.33) at

0=0o;= 2"” is replaced by the time average as follows:

P () 2 ,k=0,1,....n—1. (2.35)

LR
“m

If {s(r)} is an ergodic process, the right-hand side converges to ¥'") (@) as m — oo,
which in turn converges to the true PSD ¥W(®) uniformly as n — co. Theorem 2.4 is
the basis for such a spectral estimation technique.

2.2 Linear Systems

Systems can be viewed as operators which map input signals to output signals
according to some mathematical mechanisms. A linear system is a linear map
whose output is a linear function of the input. This text focuses on LTI systems
that provide transparent relations between spectral densities of the input signals and
output signals. In fact, LTI systems shape the spectral densities of the input signals
through a simple multiplicative operation capable of producing entirely different
spectral densities at the output. LTV systems will also be studied in this section,
albeit at a less degree.

2.2.1 Transfer Functions and Matrices

An LTI scalar system can be represented by its transfer function which is the 2°
transform of its impulse response, as illustrated below (see Fig.2.1).

u(t) H(Z) ¥(t)

Fig. 2.1 An LTI system represented by its transfer function
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That is, if u(t) = (), which is the Kroneker delta function, then y(t) = h(z) for
t=0,+1,42,..., with {A(¢)} the impulse response. The transfer function of the
system is given by

= i h(t)z™", ze C. (2.36)

f=—o0

For any input {u(r)}, the output of the system is the convolution of the impulse
response with the input:

y(t) =h(t)xu(t) =Y, h(t—ku(k). (2.37)

The system is said to be causal, if 4(¢) = 0 for t < 0, and strictly causal, if ~(t) =0
for + < 0. Physical systems are causal in general, and often strictly causal. The
following defines the notion of stability.

Definition 2.1. A system is said to be stable, if for every bounded input {u(z)}
(i.e., lu(t)] < M, < oo for all #, and some M, > 0), the corresponding output {y(¢)}
is bounded (i.e., |y(r)| < M, < oo for all 7, and some M, > 0).

The above stability is also termed BIBO (bounded-input/bounded-output) stabil-
ity. The next result provides the stability criterion.
Theorem 2.6. An LTI system with transfer function as in (2.36) is stable, if and
only if
2, ()] <ee. (2.38)

t=—o0

Proof. For any bounded input {u(r)} satisfying |u(z)| < M,, < e for all z, and some
M, > 0, the output satisfies

>, h(t—k)u(k)

< < i |h(k)|> M, =M, <o

k=—oo

for t = 0,£1,£2,.... Hence, (2.38) implies stability of the given LTI system.
Conversely for the stable LTI system in (2.36), consider input {u(z)} given by

_ [ h(to—k)/|h(to—K)|, h(to—k) #0,
”(k)_{ ' 0, ' h(tg—k):o,

with #( an integer. Then |u(f)| < 1 for all  and

Zhl‘o— ZV’II()— |—Z|h |<°°

k=—oo k=—co t=—o0

by the stability assumption. Thus, stability implies (2.38). O
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Notice that if the LTI system is both stable and causal, then
H(z) =Y h(t)z" (2.39)

is analytic at z € € such that |z] > 1 and continuous on the unit circle. In other words,
the region of convergence (ROC) is |z| > 1. In the interest of this text, only a subset
of causal and stable LTI systems will be studied. This is the set of causal and stable
LTI systems that admit rational transfer functions, or have finitely many poles and
zeros. The causality of such a system is equivalent to the properness of its transfer
function. Moreover, there exists a positive number r < 1 such that its ROC is |z| > r.
That is, it is also analytic on the unit circle. Various system models will be presented
in the next subsection.

For MIMO LTI systems, both input and output are vector signals. Capital letters,
for example, {H(z)}, are used to denote impulse responses. The Z transform of
the impulse response {H (¢)} is a transfer function matrix, or simply called transfer
matrix, denoted by boldfaced capital letter and defined by

H(z) := i H(r)z™". (2.40)

t=—o0

If the input signal {u(z)} has dimension m and the output signal {y(¢)} has
dimension p, then H(z) has size p x m for each z € C. The input and the output
are again governed by the convolution relation:

y(t) =H(t) *u(t) := i H(t —k)u(k). (2.41)
k=—oo

A vector signal {s(r)} is said to be bounded, if ||s(¢)|| < Ms for all  and some
bounded Mg > 0. The stability notion in Definition 2.1 can be easily generalized to
MIMO systems.

Definition 2.2. A MIMO system is said to be stable, if for every bounded input
{u(7)}, the corresponding output {y(7)} is bounded.

Note that for vector equation w = Av with A a fixed matrix, ||w]| is a function of

v. Recall that || - || is the Euclidean norm. There holds
sup [[w| = sup [[Av]|=oT(A) (2.42)
Ivl=1 Ivl=1

with &(-) the maximum singular value (refer to Appendix A). The next result is
extended from Theorem 2.6 by noting the equality (2.42) and by the fact that there
exists vo with ||vg|| = 1 such that ||Avy|| =T (A).
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Theorem 2.7. The LTI system with transfer matrix as in (2.40) is stable, if and
only if

Y, G(H(1)) < oo (2.43)
The proof is left as an exercise (Problem 2.20). For deterministic input signals,
output signals are deterministic as well. The convolution in time domain is translated
into multiplication in 2’-domain or frequency domain:
Y(z) =H(z)U(z), Y (¢/*) =H (e/®) U (e/®). (2.44)
Let @y (@) = U (e/?) U (e/®)" be the ESD of the input. Then
Oy(0) =Y (/)Y (/)" = H (e/?) Dy (w)H (e/°)" (2.45)

is the ESD of the output. As such, the frequency response of the system shapes the
ESD of the input. It is appropriate to define the energy norm:

Islle :==VEs= ] Y, lIs@t)[ (2.46)

f=—o0

In light of (2.44), the energy norm of the output is given by

lylle = w{% [ e, ey dw}. (2.47)

Generically, ||y||s # ||lul|#, if H(z) # I. Thus, the energy norm serves as an indicator
on the frequency-shaping effect of the system frequency response.

For random signals, their DTFT may not exist and thus (2.44) may not hold, if the
input is a random signal. Suppose that the input {u(z)} is a WSS random process
with zero means and {Ry(k)} as the ACS. Then {y(¢)} is a random process with
zero mean due to E{u(¢)} = 0 for all # and

Ey()) = 3 H(—bE{u(k)} =01,
k=—o0

In fact, the output is also a WSS random process. Specifically,

= oo

E{y(yr—k)t= 3 3 H(t—o)E{u(e)u(B) }H(t—k—p)*

= Y Y H(t—a)Ru(—B)H(t—k—PB)".
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With variable substitution y = o« — 3, the above results in

E{y(1)y(r Z Z H(t—B—7)Ru(n)H(t =B —k)*
S
Z Ry(t—B)H(t— B —k)*
B=—oo
Z, R T k) Y(k)a

which is independent of time ¢, where Ry (7) = H(7)xRy(7) with T = — 3. Hence,
it is concluded that the output of an LTI system is a WSS random process, provided
that the input is. Let ¥ (@) be the PSD associated with input. Applying DTFT to
the ACS of {y(r)} shows that the PSD of the output is given by (Problem 2.9 in
Exercises)

¥ (o) = H (e/°) Yu(w)H (e/°)" . (2.48)

The resemblance of (2.48) to (2.45) is obvious, implying that LTI systems are
capable of shaping the PSD of the input signal through multiplicative operations.
The frequency response of the underlying system determines how much frequency
shaping the system can exert to the input PSD. A useful measure is the power norm:

sl = VP = \/E{lls(1) |2} = v/ Tr{Rs(0)} (2.49)

Thus, the power norm of the output is

1 (= . . .
Il = VT{ﬁ [ neonenne) dof. @50
J—=T
which indicates the shaping effect of the system frequency response to the input
PSD. More investigation will be carried out in later sections. If the input is white

noise with zero mean and identity covariance, i.e., @y (ej @) =1, then (2.49) provides
one way to compute the system norm defined by

[H][2:= \/Tr{%/iH(efw)H(efw)* dw} = Tr{ :i H(t)H(t)*} (2.51)

in light of the Parseval’s theorem. Such a system norm is sometime called Frobenius
norm of the system. A more general system norm is

=[5 [ (Ve men) ) ) oo

for 1 < p < oo, which reduces to |H||, for p = 2.

1/p
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Example 2.8. Consider the scalar system with transfer function
H(z)=K (1 — ZCos(a)h)z71 —i—z*2) =K (z — ejw") (z — efjwh) ,

where K is a real constant gain. Simple calculations show that

) =21 [on (252 s (25|

and ||H||2 =2|K|\/1+ cos?(wy)/2. If the input to the system is u(r) = s(¢) with s(z)

as given in Example 2.1, then the input PSD is

¥4(0) = 15 80+ o) + 30— av)].

In the scalar case, (2.48) reduces to ¥, (0) = |H (e/®) |2 ¥, (®), and thus,

(228 (252)
1n<ab;wh) sin(wogwh>‘[5D(w+wo)+50(w—w0)]

is the output PSD. It follows that the amplitude of the two spectrum lines of the
input PSD is shaped by the frequency response H (ej “’) at frequency wy. Indeed, if
o, = £ ay, then ¥(w) = 0 and there are no spectrum lines for the output PSD. On
the other hand, if @y, # +wy, the maximum amplitude of the two spectrum lines at
the output is given by (with either w, = 0, or w, = )

KZ
Y(ow) = Y

KZ

3

[6p(@ + @) + p(@ — w)]

2 2

K?max{cosz(a)o/Z), sinz(a)o/Z)} > I%’

which can be large if the gain K is large.

2.2.2 System Models

The systems under consideration are causal and stable LTI systems, which have
finitely many poles. Such systems form a dense set in the class of all causal
and stable systems having continuous frequency responses. In other words, any
causal and stable LTI system which admits continuous frequency response can
be approximated arbitrarily well by a causal and stable LTI system which has
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finitely many poles, provided that the number of poles is adequately large in light of
Weierstrass Theorem from calculus. Such systems are also called finite-dimensional
due to their finitely many poles and, more importantly, that they can be implemented
or realized with finitely many arithmetic and delay operations. This subsection
will provide a brief review of commonly used mathematical models for finite-
dimensional LTI systems.

FIR or MA Models

For MIMO systems with m input and p output, the FIR model, also called transversal
filter, refers to the transfer matrices of the form

H(z)= Y H(k)z ¥, (2.52)

where H (k) is a matrix of size p x m and is the impulse response at time # = k. In
obtaining the impulse response of the system, the m impulse inputs need be applied
one by one. The corresponding m output signals of size p can then be packed
together column-wise to form {H () z[:o- Since the impulse response dies out in
finitely many samples, it acquires the name FIR (finite impulse response).

Consider the system with FIR model in (2.52). Let {u(z)} and {y(¢)} be the
associated input and output signals, respectively. Then

4

y(t) =Y H(ku(t —k) = i H(t —k)u(k). (2.53)

k=0 k=t—{

That is, the output is the (weighted) moving average (MA) of the input. Hence,
the input/output description in (2.53) for the FIR model is also called the MA
model. FIR or MA models are the simplest, yet extremely important, for wireless
communication systems. The wireless channels are characterized by multipath, of
which gains of each path can be regarded as the impulse responses of the channels
and are often complex valued.

IIR or ARMA Models
The IIR model for SISO systems has the fractional form

N(@z)  vot+viz 'tz
M(z) 1=zt ==y’

H(z) = (2.54)

where L # 0 for at least one integer k > 0 and M(z) # O for all z outside and on the
unit circle. It follows that the system is stable and has a causal and infinite impulse
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response (ITR). Let {u(¢)} and {y(¢)} be the associated input and output signals,
respectively. Then

u ny
y(O) =Y eyt —k)+ Y veu(t — k). (2.55)
k=1 k=0

That is, the output y(¢) consists of two parts: the autoregressive (AR) part in the first
summation and the MA part in the second summation. If vy =0 fork=1,2,...,n,,
then the ARMA model reduces to the AR model, in which case the system admits
an all-pole model. Hence, the ARMA model includes the AR model as a special
case. In light of (2.55), the computational complexity in computing the output y(t)
is dependent on the degrees of the numerator and denominator polynomials in the
ARMA model (2.54). There is an incentive to minimize ny and ny, which can be
carried out through cancelation of the common factors or common roots of M(z)
and N(z). If M(z) and N(z) do not share common roots, then {M(z),N(z)} is called
relative coprime or simply coprime. In this case, the roots of N(z) are called zeros,
the roots of M(z) are called poles, and n = max{ny,ny } is called the degree of the
system.

For MIMO systems with m input and p output, the transfer matrices for the IIR
model can be extended to the left fractional form

ny —1 ny
H(z) =M(z) 'N(z) = <M0 -y Mkz"> (2 Nkzk> , (2.56)
k=1 k=0

where M} is a p X p matrix and Ny is a p X m matrix for each integer k. Again,
My # 0, for at least one integer k > 0, assuming My is nonsingular. If M) is an
identity, then the following describes the MIMO ARMA model:

u ny
Y1) =Y Myy(t—k)+ Y, Neu(t — k), (2.57)
k=1 k=0

where {u(z)} and {y(¢)} are the input and output signals, respectively. For MIMO
systems, there exists right fractional form

_ iy -1
H(z) =N(z)M(z) ! = (i Nkzk> <Il710 -y Mkzk> , (2.58)
k=0 k=1

which can be entirely different from the one in (2.56).
Several notions need be introduced for MIMO systems. For the left fraction in
(2.56), {M(z),N(z)} is called left coprime, if

rank {[M(z) N(z) |} =p VzeC. (2.59)
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For the right fraction in (2.58), {N(z),M(z) } is called right coprime, if

rank{ [11\3((5” } =m YzeC. (2.60)

In practice, it is unnecessary to test the rank conditions in (2.59) and (2.60) at all
z € C. For the left fraction, one needs test (2.59) only at those z which are roots of
det(M(z)) = 0, and in the case of the right fraction, one needs test (2.60) only at
those z which are roots of det (M(z)) = 0.

Suppose that {M(z),N(z)} and {N(z),M(z)} are left and right coprimes,
respectively. A complex number py is called pole of H(z), if:

lim rank {M(z)} < p <~ hrn rank {M(z) } < m. (2.61)
—po

Z—Po

That is, some elements of H(z) become unbounded as z — py. A complex number
zo is called zero of H(z), if with p = min{p,m},

lim rank {N(z)} < p <= lim rank {N(z)} < p. (2.62)
220

220

That is, rank{H(z)} < p = min{p,m} as z — z9. The system is stable, if H(z) has
all its poles strictly inside the unit circle. The system is called minimum phase, if
H(z) has no zeros outside the unit circle, and called strict minimum phase, if H(z)
has no zeros on and outside the unit circle.

Example 2.9. For systems with single input (m = 1), their right coprime fractions
can be easily obtained, which amounts to computing the greatest common divisor
(GCD). Specifically, consider the case of p = 2 with

() = N@i) ! =[O T0 ac )

ap + b2271 + C2272

— [al (1—S1,1z:1) (1—S1,zz1)] (=) (1= pa )]

ar (1=s2127") (1 —s2027 ")

The system has a zero at z,, if and only if z, # p1, 2o 7# p2, and zo = s1,; = 24 for
some i and k. The right coprimeness condition in (2.60) is equivalent to whether or
not the two numerator and one denominator polynomials have common roots. Thus,
{N(z),M(z)} is not right coprime, if and only if

] (1—SZ )

l—sz7 1) (1—pz 1)

1
1

1—s12"

wo- )
e

1—sy7~

1

1— 57~ } 1-pz
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Fig. 2.2 Block diagram for
FIR models of degree n =3

u(t)

for some s. If (1 — szfl) is the GCD, then the last expression of the above equation
provides a right coprime fraction, which has a zero if and only if s; = s5. This
procedure can be easily generalized to other single input systems. As a result,
the procedure for obtaining the right coprime fractions for single-input systems is
quite similar to that for SISO systems, which can be extended to compute the left
coprime fractions for single output (p = 1) systems.

It is possible for H(z) to have common poles and zeros while its fractions are
coprime. Generically, it is difficult to obtain coprime fractions for MIMO systems,
and coprime fractions are not possible, if My = I, and My = I,, are required.
Consequently, it is considerably more difficult to minimize the computational
complexity associated with the right-hand side of (2.57) than the case of SISO
systems. For this and other reasons, state-space models are more preferred for
MIMO systems to be discussed next.

State-Space Models

State-space models describe dynamic systems with state variables. Let FIR models
of degree 3 be realized as in the following block diagram.

Then the input/output relation in Fig. 2.2 satisfies (2.55) for n = n, = 3 and
W =0V k> 1. A common practice in the state-space description is to take the
output of each delay device as the state variable. Thus, for the SISO MA model, one
may define n = n, state variables {x(r)}}_, via

x1 (1) u(t—1) u(t
x(t) = XZ:(I) = M(t:_2) — x(t+1)= xlft) . (2.63)
(1) u(t —n) Xp—1(1)

Let d = vy. Then the state-space equations
x(141) = Ax(t) +bu(t), y(t) = ex(¢) + du(t) (2.64)

hold, where (A,b,¢,d) is called a realization of the system, given by

*

0 1
A= n—1 — = 2.
|:I”1 0”1:| ) b |:0n1:| , € [V] Vn] 5 ( 65)
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in light of (2.63). The vector space spanned by state vectors x(¢) at different time ¢
is called state space and is determined by the pair (A,b).
For the IIR model or ARMA model, it is assumed that

iz 4 "
T T

H(z)=d+ , (2.66)

where n = max{nv,n#}. The conversion from (2.54) to (2.66) is always possible
by zero-padding either the AR coefficients or MA coefficients. In this case, H(z)
admits a realization (A, b, c,d) with

Vi1 Hn 1 . .
{1,,1 0,,1] b {Onl} o= [V - W), (2.67)

where v, | = [/.11 co U1 } The above is termed canonical controller form or
simply controller form. To verify that (A,b,c,d) is indeed a realization for H(z) in
(2.66), denote {x;(¢)} as the corresponding state variables. Then for 1 <k < n,

xk+1(t—|— 1) :xk(t) == xk(t) :xl(t—k—l— 1)

Hence, for d = 0, the expressions in (2.67) and (2.64) yield

(1) = 3 () £ ult) = Y e (t—k+ 1)+ u(e),
k=1 k=1

Applying 2 transform to the above with zero initial conditions yields
B 7 U(2)

L=z b= =z
Y(z) = (V1 + Wz '+ 4 T T X (2),

X1(z)

which verifies that the transfer function from u(z) to y(¢) is indeed H(z).
For MIMO FIR systems, a simple realization (A, B,C,D) is given by

0,5 (n— 0 I,
A= mx (n—m) mxm ], B— |: m ]7
l I(nfm)m O(nfm)xm o(nfm)xm (2.68)

C:[H1H2~~~Hg}, D:H(),I’l:mf,

which is generalized from (2.65) and termed block controller form. Extension of
the above realization to include the IIR MIMO system in (2.56) is left as an exercise
(Problem 2.23). Its state-space system is described by

x(t+1) = Ax(t) + Bu(z), y(tr) = Cx(t) + Du(t), (2.69)
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where A, B,C and D have appropriate dimensions. Applying 2 transform to (2.69)
with zero initial condition x(0) = 0, yields the transfer matrix

H(z) =D+C (1, —A) " 'B. (2.70)
Its impulse response {H ()} is given by
H(0)=D, H(t)=CA"'B,t > 1. 2.71)

State-space realizations are not unique. For the state-space equation (2.69), let
the linear transform be x7(¢) = Tx(¢) with T square and nonsingular. Then x(7) =
T~'x7(t), which upon substituted into (2.69), yields

xr(t4+1) = TAT 'x7(t) + TBu(r), y(t) = CT~'xr (1) + Du(t). (2.72)

Hence, a different realization (TAT~',TB,CT~!,D) is obtained for the same
system. The transform in (2.72) is called similarity transform. Since T is an arbitrary
nonsingular matrix, a system can have infinitely many different realizations. More-
over, realizations with different state dimensions may exist. Minimal realizations
are preferred due to the obvious reason of complexity. The dimension of the state
vector x(¢) is called order of the state-space system. If the order n is minimum
among all possible realizations for the same system, then (A,B,C,D) is called a
minimal realization.

Let pg be a pole of H(z). Then it is an eigenvalue of A. The converse may not be
true in general unless the realization is minimal. Let zo be a zero of H(z). Then

A—z0I, B .
rank{[ c D] } < n+min{p,m}. (2.73)
Again, the converse holds for only minimal realizations in general. The state-space
system (2.69) is said to be internally stable, if all eigenvalues of A are strictly inside
the unit circle. A formal definition for stability will be delayed to the next chapter.
It is worth pointing out that the stability notion for state-space systems is stronger
than the stability notion for ARMA models or transfer functions and matrices. The
two coincide with each other when the state-space system has a minimal realization.

Example 2.10. The following transfer function

377146272 —3z+6
HQ) == 2% (2.74)

admits a realization (A,b,¢,d) with

A= ﬁg},bz m,c:[—%},d:o.



52 2 Signals and Systems

The state-space system is unstable as A has two eigenvalues with one at 2 and the
other at 0. In absence of the input, the recursive computation yields

x(1+1) = [22;13] — Ax(t) = mxl(t) _ [Z;fl]xl(m

with x;(0) the first component of x(0). Hence, if x;(0) # 0, each element of x(¢)
diverges as t — o. On the other hand,

y(t)=cex(t)=[-36]x(1)=-3x2+6x2"=0.

So the unstable mode 2" does not show up at the output. Alternatively, H(z) in (2.74)
admits a different realization with

A= [é(ﬂ,b: [_63}&:[10},4:0.

Again, A has eigenvalues at 2 and 0. Moreover, x; (1) = 2x; (0) — 3u(¢) and y(t) =
x1(t) based on the recursive state-space equation. In this case, the unstable mode 2
does show up at the output, but cannot be removed from both x; (¢) and x, (), i.e.,
stabilized by any bounded control input {u(¢)}.

It is important to note H(z) = —3z~! after canceling the common factor (z — 2).
Thus, the system is BIBO stable. The unstable eigenvalue at 2 is not a pole of
H(z). In fact, a minimal realization of H(z) is (A4,b,¢,d) = (0,1,—3,0), which
is stable, coinciding with the stability of H(z). This example illustrates a serious
issue in realizations: It is possible for a system to be internally unstable while being
externally or BIBO stable. Such realizations are harmful in the sense that unstable
modes of the state-space system are either not detectable via the measured output or
not stabilizable via the control input, which will be investigated thoroughly in the
next chapter.

To summarize, the LTI models can be basically classified into two categories.
The first one includes FIR or MA and IIR or ARMA models, which emphasizes
input/output descriptions for dynamic systems. Its advantages lie in the simplicity
and clear notions of poles, zeros, and stability. Such models are well studied for
SISO systems. However, the coprime fractions for MIMO systems such as ARMA
or IIR models are not easy to obtain, especially if My = I, or My = I, is required.
The second category is the state-space models, which provide internal descriptions
for dynamic systems in terms of state vectors. The dynamic behavior of the system is
completely specified by the state variables and the input. Although more parameters
are used, minimal realizations are always possible. Thus, poles, zeros, and stability
can be characterized as well. More importantly, state-space models reveal internal
structural information of the underlying systems and introduce new concepts and
results for system design, which are especially suitable to MIMO systems. Hence,
this text will focus on state-space models.
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Fig. 2.3 Impulse response for SISO LTV systems

2.2.3 Time-Varying Systems

A LTV system can be viewed as a family of LTI systems parameterized by the
time index r. As such, its impulse response is denoted by {h(¢;k)}. Basically,
{h(to;k)} is an impulse response of the system at time #y with the impulse input
applied at k = 0. An illustrative plot is shown in Fig. 2.3. At each integer-valued
time ¢, h(t;k) is shown horizontally from left to right. For MIMO systems, impulse
responses are denoted by {H (#;k)}. Let {u(¢)} and {y(7)} be the input and output,
respectively. Then

y(t) = H(t;k) xu(t 2 H(r:t—k 2 H(t,k)u (2.75)
k=—e k=—eo

In the control literature, H (t,k) = H (r;¢ — k) is the standard notation. If the impulse
responses are all the same at different time index ¢, then (2.75) becomes the same as
in (2.41) for LTI systems (see Fig. 2.3).

For LTV systems, transfer functions or transfer matrices do not exist. As a conse-
quence, notions of poles and zeros are lost, and frequency-domain analysis is inap-
plicable, which are negative. On the positive side, the BIBO stability condition can
be derived in a similar way to that for LTI systems, as shown in the following result.

Theorem 2.11. The LTV system with impulse response {H (t;k)} is BIBO stable, if
and only if

oo

Y, G(H(t;k)) < oo, Vi (2.76)
k=—oo0

Basically, the stability condition in Theorem 2.11 treats the LTV impulse
response as a “frozen time” LTI system indexed by time ¢. Thus, its proof is
similar to that for LTI systems and is left as an exercise (Problem 2.26). While the
stability condition for LTV systems is simple and resembles that for LTI systems,
difficulties exist to apply it in practice due to the lack of analytic form of {H (¢;k)}
and verification of (2.76) for each . It needs to be pointed out that for causal LTV

systems, H(t;k) = 0 for k < 0, which is assumed in the rest of this subsection.
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As shown earlier, outputs of LTI systems are WSS processes, provided that the
inputs are also. However, this statement does not hold for LTV systems, even though
E{u(z)} = 0 for all time ¢ implies E{y(¢)} = 0 for all ¢, in light of (2.75). Indeed,
for white noise input with the identity covariance, the power of the output is time
dependent and given by

k=—o0i=—o0

Py(t) =Tr <E{ i i H(t;t—k)u(k)u(i)*H(t;t—i)*})

:Tr{ i H(t;t—k)H(t;t—k)*} :Tr{iH(t;k)H(t;k)*}. (2.77)

k=—o0 k=0

Basically, Py(t) quantifies the energy of the impulse response at time 7. The above
suggests that the system norm in (2.51) for LTI systems be generalized to LTV
systems as

|H: |2 = Tr{ZH(t;k)H(t;k)*} (2.78)
k=0

which is time dependent.

Even though LTV systems are considerably more difficult to analyze, MA,
ARMA, and state-space models are still effective for the class of systems empha-
sized in this text. Specifically, the ARMA model in (2.57) for MIMO systems can
be adapted to

Y = — 3 Myt -0+ 3 Ne(ule — k), (2.79)
k=1 k=0

where the AR and MA coefficient matrices are function of time 7. If My(¢) = 0 for
1 <k <ny and all time 7, then the above is collapsed to the MA model

y() = 3 Ne(o)ut — k)
=0

and {Ni(¢)} can be viewed as an impulse response of the LTV system at time ¢. That
is, {H(t,k) = Ni(t)} is parameterized by time index 7. It is noted that MA models,
time varying or not, are always stable.

For state-space descriptions, state-space models are adapted to

x(t+1) =Axx(t) + Beu(t), y(t) = Gix(t) + Dsu(t), (2.80)

where (A;,B;,C;,D,) can be viewed as a realization for the underlying MIMO sys-
tem at time ¢. For LTV MA models, a realization with time-invariant A can be used.
But for general LTV systems, a time-varying A; needs to be assumed. Similarity
transform can also be applied to obtain a new realization (TA,T’l, TB;, CT! ,D,)
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for the same system, where T is square and nonsingular. If a time-varying nonsin-
gular matrix 7; is used as transform, then similarity (T,HAtTfl ) T,HB,,C,T,*l,D,)
is a new realization.

Different from LTI systems, a clear relation is lacking between the impulse
response {H (r;k) } and the realization (A;, B;,C;,D;). Hence, “frozen time” analysis
as in Theorem 2.11 cannot be used to study stability for LTV state-space systems. In
fact, the stability notion for LTI state-space models is generalized to the following.

Definition 2.3. The state-space system (2.80) is said to be exponentially stable, if
there exist some ¢ and 8 with o > 0 and 0 < 8 < 1 such that

P (ArsNArin-—1 - A1 Ar) < afV

for all time 7 and N > 0, where p(+) denotes the spectral radius.

In general, stability for each A;, i.e., p(A;) < 1 for each ¢, does not ensure stability
of the state-space system (refer to Problem 2.27 in Exercises). It is worth to pointing
out that if the state-space system is exponentially stable, then the state response to
zero input with initial condition x(7y) # 0, is given by

X(T) = (Ags7-1A04+7—2 Ay 141) X(10) — O,

for any x(t) # 0,,, as T — oo. It is noted that in the case A, = A for all ¢, exponential
stability reduces to the known condition that all eigenvalues of A are strictly inside
the unit circle.

2.3 Noise Processes and BER Analysis

One of the impediments to data detection is the contamination of random noises
at the receiver site. In most situations, observation noises can be assumed to
be additive, white, and Gaussian noise (AWGN). Consider the signal model as
illustrated below (see Fig.2.4).

Let {v(r)} be AWGN. Then for each time index 7, v(¢) is a Gaussian random
vector, i.e., v(¢) is normal distributed. It is assumed that E[v(¢)] = 0 for all ¢. The
white assumption implies that the autocovariance matrix is given by

v(t)
s(z) r(r)

Fig. 2.4 Observed signal
with contaminated noise
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Fig. 2.5 PDF for received

signal Sr(r)
5
E{v(O)v(t —K)"} = Ry(1)8 (k) = {RVO(’)= ii Z ; 8? 2.81)

If Ry(t) = Ry is a constant nonnegative matrix, then the AWGN {v(r)} is WSS.
Otherwise, the AWGN is nonstationary.

For the simple case of scalar signals and noises, s(t) = +v/Ep, and v() is a
Gaussian random variable with zero mean and variance 6. That is, s(¢) carries only
one bit of information which is either +1 or —1, and Ey is the bit energy of s().
The data detection problem aims to detect the sign of s(¢) based on the observed
signal r(r) at each time index 7. Clearly, r(¢) is also a Gaussian random variable and

has PDF
1 (r— s)z
fR(r) - /_zn_ovexp{_ 2(7‘/2 }7

where the time index ¢ is skipped due to the stationarity of s(¢) and v(z). The figure
below shows the PDFs of the received signal r(¢) for both s(t) = /Ep and s(t) =
—+/Ey. Note that there is a symmetry about r(¢) = 0 (see Fig. 2.5).

For the case of equal probable s(z), i.e., s(¢) takes equal number of positive and
negative values, a moment of reflection indicates that the optimal detection rule is

oo |1, if r(r) >0,
$) = {—1, if (1) < 0. (2.82)

Indeed, by symmetry, the probability of the BER is given by

o0 1 /E 2
8b:/ exp{—(r+ 2b) }dr
0 V2mo, 207

o | 2
= o \/T_nexp{—g}drz: 0 (\/M) (2.83)

that is the minimum. The quantity Ey, /o7 is called signal-to-noise ratio (SNR). It is
important to observe that the BER performance is determined solely by the SNR.
Large SNR implies small BER and vice versa. If s(¢) is taken to be random, then Ejy,
needs be replaced by bit power P, = E{|s(¢)|*}.

The case when s(z) carries more than one bit information is not pursued in this
text due to two reasons. First, any data can be represented by binary codes. There is
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no loss of generality in investigating the case of binary data. Second, generalization
from binary data to the case of multiple bits does not involve new concepts and
knowledge for data detection. Focusing on the binary case will help illuminate the
basic issues and the essential difficulties and understand the approaches to optimal
data detection.

For vector signals of size m, the noise v(7) is again assumed to be AWGN with
mean zero and covariance Xy. Suppose that X, is nonsingular. Then the observed
signal r(#) admits Gaussian distribution with PDF

S S R
fr(r) = T aee) p{ 2(r $)* X, (r s)} (2.84)

Let s;(¢) and r;(¢) be the ith component of s(¢) and r(¢), respectively. For the equal
probable case, the detection rule (2.82) can be adapted to

y +1, if r(t)>0 .
W=1"" C1<i<m. 2.85
i) {—1, it (<o, =" (2:89)

Unfortunately, the above detection rule is not optimal anymore. The reason lies
in the correlation of the noise components. For instance, the detected symbol,
if correct, may help to detect other symbols. This problem will be studied in

Chap. 7. Assume temporarily that Xy is diagonal. With Ps(i) = E{|s,~(t)|2} and

ol(i) = E{|v,~(t)|2} (the ith diagonal element of Xy), the corresponding BER is
given by

& (i) =0 (R(i)/og(i)), i=1,2,....,m, (2.86)

under the detection rule (2.85) where Q(-)-function is defined as in (2.83). The
average BER for detection of s(¢) can be calculated according to

m

&= 3 0(R()/02(0)). (2.87)

i=1

Gauss noise is a legitimate assumption in data communications, but the white
assumption may not be, due to frequency-selective fading and the presence of the
receiver. A common hypothesis is that the noise v(¢), if colored, is generated by an
LTI filter driven by a Gaussian white noise process w(z) of zero mean and identity
covariance. That is, the PSD of v(¢) is given by

(@) = G(e/) ()G ()", Hu(w) =1,
where G(z) can be assumed to be stable and minimum phase without loss of

generality. It should be clear that the transmitted signal at the receiver site is also
distorted, giving rise to the following signal model for data detection in Fig. 2.6.
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Fig. 2.6 Baseband signal w(t) V(1)
model for data detection
b(t) s(1) ()
T(z) +

This signal model is quite general in which b(z) is the original binary data
signal at the transmitter, and w(t) is the AWGN with zero vector mean and identity
covariance. The transfer matrices T(z) and G(z) are both causal, stable, and rational.
Assume that b(r) and s(¢) have the same size m > 1. Then

r(t) =b(t)+[T(t) — 6(t) 1y *xb(t) + G(t) x W(t), (2.88)

where {T'(t)} and {G(¢)} are impulse responses of T(z) and G(z), respectively.
Even though v(¢) = G(r) xw(t) can be treated as Gaussian distributed, the second
term on the right-hand side of (2.88) does not have a normal distribution, in general.

Denote D(t) =T (t) — 6(t)l,n and d(t) = D(t) xb(t). Let D; ¢(t) denote the (i,¢)th
element of D(¢) and d;(t) the ith element of d(z). Then

t m
di(t)y=3, Y. Die(k)be(t—k), 1 <i<m, (2.89)
k=—oo (=1

where by(t) is the (th element of b(¢), assumed to be equal probable and independent
with respect to both £ and ¢. As such, one may conjecture that {d;(¢)} is Gaussian
distributed for each i by the central limit theorem. Unfortunately, it is not. The main
reason is stability and rationality of T(z), two good properties as entailed for data
communications, which imply the existence of M > 0 such that |d;(7)| < M < oo for
all i and ¢ by the boundedness of the input b(¢). It follows that the support of PDF
for d;(¢) in (2.89) is finite precluding it from having normal distribution.

Although {d(r)} does not have a Gaussian distribution, it is close to being normal
distributed, provided that impulse response {D(t)} or equivalently {7(¢)} does not
die out too quickly. Otherwise, m, the size of the data vector, needs to be adequately
large. The next example illustrates this fact.

Example 2.12. Let Z be a random variable generated via
n—1

Z=Y p"%, p=08, n=50,
k=0

where {Y;} is an i.i.d. sequence with an equal probability of 0.5 at +1. Clearly,
Z has a zero mean and a variance

n—1

E{|21} = :g;kaE{mP} P %pz =
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Fig. 2.7 Approximate PDF compared with normal distribution

One million samples of Z are obtained with Matlab, which produce an approximate
PDF in Fig. 2.7, plotted with “0,” based on the periodogram method. It can be
observed that the curve is close to the Gaussian PDF with zero mean and variance
ﬁ, plotted in solid line.

The aforementioned discussions are summarized next.

Proposition 2.1. Suppose that G(z) and T(z) as in Fig. 2.6 are causal, stable, and
rational. Let {w(t)} be AWGN of mean zero and covariance identity and {b(t)} be
equal probable and independent. Denote D(z) = T(z) — I, and %y, = E{b(¢)b(z)*}.
If the impulse response of D(z) does not die out too quickly or the size of the data
vector is adequately large, then the observed signal r(t) in Fig. 2.6 consists of two
parts: the transmitted data signal b(t) and a fictitious additive noise {n(r)} which
has an approximate normal distribution with mean vector zero and covariance

1

Ih=—
" on

[ 1 [G (e/®) G (/)" +D (e/°) ZpD (efw)*} do. (2.90)

In light of (2.88), the fictitious additive noise is given by
n(t) = D(1) xb(1) + G(t) xw(t)

with D(¢t) = T(t) — 8(¢)I,. Its covariance matrix X, can be computed according
to (2.90) by the fact that {b(s)} and {w(z)} are independent of each other. Even
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though {n(z)} is approximately Gaussian with zero vector mean, the detection rule
in (2.85) cannot be used for data detection with §;(¢) replaced by b; (t). There are two
reasons. The first one is the poor SNR in terms of the new noise n(z), considering
that D(z) = T(z) — I has large power norm in absence of equalization or precoding.
The second one is the nonwhite nature for {n(¢)} and its dependence on b(¢) in
general. But if the SNR is high and the PSD is near flat for the new noise n(z), then
the detection rule in (2.85) is approximately optimal. In this case, {n(r)} is close
to being normal distributed, the formulas in (2.86) and (2.87) can be employed
to estimate approximate BER values with Ps(i) replaced by B, (i) and oy(i) by
on (i), which are the ith diagonal elements of Xy, and X, respectively. It is worth
pointing out that, if T(z) and G(z) in Fig. 2.6 are replaced by time-varying systems
with impulse responses {7 (r,k)} and {G(z,k)}, respectively, then the covariance in
(2.90) is time dependent and given by:

5(0) = 3 (GERG(R) + Dk SyD(:k)] 2.91)
k=0

with D(¢,k) = T (¢t,k) — 6 (k)L in light of (2.77).

BER is the most important performance indicator for data detection, but it can
be difficult to minimize in design of optimal receivers. It can also be difficult to
compute, if the detection error does not have normal distribution. As shown earlier,
the BER is hinged to the error variance, if the signal power is kept constant. For this
reason, a closely related performance indicator, root-mean-squared error (RMSE),
is often employed for data detection, which does not require the knowledge of
distribution of the noise, provided that the PDF of the noise is symmetric about
the origin. For the case in Proposition 2.1, the RMSE is simply &, = /Tr{Z, }, i.e.,

&= \/Tr{i/ﬂ [G(e/®) G (e/2)" + D (e/®) 5D (e/®)"] da)}. (2.92)

2n -7

A receiver design algorithm that achieves the minimum RMSE is called minimum
mean-squared-error (MMSE) algorithm. Although the RMSE performance is dif-
ferent from the BER performance, they are closely related. In the case of Gaussian
processes, they are equivalent to each other in the sense that the detection rule
remains the same. Data detection is often carried out after equalization or precoding
which will be studied in Chap. 7.

Notes and References

Many books provide excellent coverage of signals and systems in the case of
discrete-time. A sample of such textbooks are [7, 8,69, 90, 100]. The BER analysis
is based on textbooks for digital communications such as [92, 116].
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Exercises

2.1. Prove (2.4) by assuming that {s(z)} is deterministic and has finite energy.
2.2. Prove the Schwarz inequality (2.6).

2.3. Compute ESD for the discrete-time signal
s(t) = e~ cos(wot +7/2), o0 > 0, @y #0.

Compute energy of {s(z)} in both time domain and frequency domain.

2.4. Let {rs(k)} be ACS of {s(r)} as defined in (2.9). Show that for each integer k,
|rs (k)] < r5(0).

2.5. Verify the expression of the nth order Fejér’s kernel in (2.18) and prove
Lemma 2.1. (Hint: Note that for deterministic {s()},

2
(t)efjwt

which is the same as F, (o) for s() = 1).

2.6. Suppose that © is a uniformly distributed random variable over [0, 27]. Show
that

(a) E{cos’(@)} =E{sin*(@)} =1
(b) E{cos(®)} =E{sin(0)} = E{cos( )sin(@)} =0, and
(c) forx(t) = [cos(ayt +O) sm(a)oH—@)]/,

Rel) = BxOs -} = 3| T e

2.7. Let {Rs(k)} be ACS of the WSS vector process {s(7)} as defined in (2.27).
Show that for each integer &,

(i) Rs(k)" = Rs(=k), (i) Tr{Rs(0)} > [Tr{Rs(k)}|

(Hint: Note that Tr{Rg(0)} = E{s(r)*s(r)} = E{s(t —k)*s(r — k)}, and [Tr{Rs(k)}| =
E{s(t — k)*s(1)}| = [E{s(r)"s(r — k)}|, as well as

B{ | V| s st} 20

for each integer k).
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2.8. For Example 2.3, set wy = 0.257. Use Simulink to generate a set of N = 2!4
data samples for {s(¢)} in (2.32):

1. Follow the estimation scheme outlined in Example 2.5 with n = 2% and m = 26
to estimate the PSD with comparison to the true PSD.

2. Consider the use of @y = 0.257 + 7r/n with different values of (n,m), but with
N = nm = 2'* and the same data samples set. Compare the estimation results
with that in (1).

The quantity 7/n is called resolution in spectrum estimation which is the possible
maximum error for the location of the spectrum lines.

2.9. Consider the system in Fig. 2.1. Let

ryu(k) = E{y(t)u(t - k)*}
be the cross covariance sequence and ‘¥;, (@) be the DTFT of {ry,(k)}. Let ¥, (o)
and ¥ () be the DTFT of ACS {r,(k)} and {ry(k)}, respectively. Show that
¥u(w)=H (/) ¥ (0), ¥(0) =¥ (0)H (/).

Generalize the above to MIMO systems.

2.10. Let {y()}") and {u(r)}"-, be input and output measurement data. Approx-
imate ry, (k) as in the previous problem by

1}171
—Zy(t)u(t—k)*, k>0,

Pyu (k) = n+k 1
z y(t , k<O0.

Show that the DTFT of {#,(k)} is given by

! <2y Je J”") (rlzlu(k)ejk“’> :
n k=0

2.11. For the system in Fig. 2.1, propose an algorithm to estimate the system fre-
quency response |H (e/®)| and ZH (e/®). (Hint: Use the results in Problems 2.8, 2.9,
and 2.10).

2.12. For the block diagram in Fig. 2.8, the block with L is an interpolator or upper
sampler where L > 1 is an integer. The output of the interpolator is governed by

[ ulk), ifr =Lk,
s(t)_{ 0, ifr#Lk.
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Fig. 2.8 Interpolator yr(t)

followed by filter " Fz) [—

Fig. 2.9 Filtering followed

u wa(t)
by modulation & H(z) 4(?}1—

cos (22)

Show that (i) the system in Fig. 2.8 is linear but not time invariant, and (i) ¥(w) =
Y. (Lw) and ¥, (o = |F(e/® ] ¥, (Lw) where ¥(+) is PSD.

2.13. Compute 1mpulse responses for BIBO stable systems which admit the
following transfer functions:

2.5 z+1

H() == H(f)=—"1
0=z s, PO=3735

2.14. Let H(z) be a causal transfer function matrix of size p x p. Let D(z) =
diag (z791,z7%,...,z7%) with d; > 0 integers. Show that H(z) = D(z) "H(z)D(z)
may not be causal.

2.15. Consider the two systems in Figs. 2.8 and 2.9. Suppose that the impulse
responses of F(z) and H(z) are { f(t)}_, and {h(r)}. respectively, where n > 1,
and (¢ > 0 is any integer)

Sf(t) = h(r)cos <2%&) . (2.93)

(i) Show that for L > 1, the two system block diagrams are equivalent, or y;(¢) =
yi(t) for all time 7. That is, filtering followed by cosine modulation has the same
effect as filtering with cosine-modulated impulse response.

(i) Show that, if we remove the interpolator, the two signal block diagrams are not
equivalent or y/(t) # y;(t) for at least some time 7.

2.16. Consider again the systems in Figs. 2.8 and 2.9 where the impulse responses
of H(z) and F(z) are {h(t)}_, and {f(r)}_,, respectively, satisfying (2.93) and

j 17 |0‘)| S 7r/5,
JOY |
’H (e )‘ ~ {O, elsewhere.

For L =5, ¢ =1, and the input PSD
¥(0)=|o| for |o|<n,

give rough sketches for the output PSDs for {y/(r)} and {y,(1)}.
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2.17. Suppose that H(z) in (2.39) is stable. Show that (i) it is analytic outside the
unit circle, and (i) H(z) is continuous on the unit circle, i.e., H(e/®) is a continuous
function of w. (Hint: A transfer function H(z) is analytic at z = zo, if it admits the
(continuous) derivative at z = zg).

2.18. Suppose that H(z) and G(z) are BIBO stable with impulse response {H (¢)}
and {G(r)}, respectively. Show that

%,/;ZH(@"‘“)G(&“’)* do=3 H()G()

t=—o0

and conclude (i) the Parseval’s relation (2.51), and (ii) if H(z) is causal and G(z) is
anticausal, then there holds the orthogonality relation

P o
- jo jo _
znlnH(e )G (/)" do = 0.

2.19. Suppose that H(z) is BIBO stable. Show that H(z) = H(z) + He(z) with
Hy (z) anticausal, He(z) causal, and

|[H13 = [[Hall3 + [Hcll3-

2.20. Prove Theorem 2.7.

2.21. (i) If there exists a square polynomial matrix R(z) such that
M(z) =R(z)Mc(z), N(2) =R(2)Ne(2),

where det(R(z)) = 0 for some z € €, show that {M(z),N(z)} is not left coprime.
If R(z) is the GCD, show that {Mc(z),N¢(z)} is left coprime.
(ii) If there exists a square polynomial matrix R(z) such that

M(z) = M.(2)R(z), N(z) =N.(z)R(2),

where det(R(z)) = 0 for some z € €, show that {N(z),M(z)} is not right
coprime. If R(z) is the GCD, show that {N¢(z),M,(z)} is right coprime.

2.22. Find the relation between the two IIR models in (2.54) and (2.66), and draw a
similar block diagram to the one in Fig. 2.2 for the state-space realization in (2.67)
with n = 3.

2.23. Extend the realization in (2.68) (canonical controller form) to cover the
MIMO IIR model (2.58) by assuming that My = I,, No = 0, and ¢ = max {7y, i, }.
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2.24. Consider a 2 x 2 MIMO IIR model

H(z)

- 7! 3(z7'+2) 6(140.5z71)
C 34257714052 3770 3(1+05z7h ]

(1) Find an ARMA description in the form of (2.57) and the corresponding IIR in
the form of left fraction.

(i) Show that a right fraction is given by

~1
H(z) = [z2+211 2z1} [l—l—%zlﬁ-ézz 0 }
72 ! 0 I+ %zfl

which is coprime.

(iii) Compute poles and zeros of H(z).

(iv) Show that with

_25 _1
S 1o 10 515

A= 1 0 0, B=|00|, C=|7 7]
0 o0 -1 01

and D = 054>, (A,B,C,D) is a minimal realization.

2.25. (i) Find a right coprime fraction for

1—z72 2
1-3z 14272 1-1.827140.82°2°

H,(z) = [

(i1) Find a left coprime fraction for

2
1404z 1—-0.622

Ha(z) (24372714272 1-272].

(iti) Find minimal realizations for H; (z) and Ha(z). (Hinz: Use canonical controller

form.)

2.26. (i) ForanLTV system with impulse response {%(z; 7)}, show that it is BIBO
stable, if and only if

N, |h(T)| <o Vi

T=—o0

(i) Prove the similar result in (2.76) for MIMO systems.
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2.27. Let|a| > 1 and |b| < 1. Consider state-space model

[ 0 a] if ¢ is even
ba 10|’ ’

X(t+1)=Ax(1), A=
{0 ba!

], if ¢ is odd.
a 0

(a) Compute eigenvalues of A; and verify that p(A;) < 1V . (b) Show that

{(b/gyk a(z)k] x(0), if 1 =2k,

x(r) =
{ 0 g2k+1

(b/a)?+1 0 }X(O), if 1 =2k+1.

That is, |x(¢)|| — oo as t — oo, if the second element of x(0) is nonzero.
2.28. Consider the signal model as in Fig. 2.4, where the noise is AWGN with
zero mean and variance 6.2. Suppose that the binary data source {s(¢)} is not equal
probable and has probability distribution

Ps[s(t) = +1]=p >0, Psfs(t)=—1]=1-p>0,
and thus, E{|s(¢)|*} = 1. Modify the detection rule in (2.85) as

v 4L i () > p,
s(”_{—l, if r(1) < p,

with p a threshold. Then the BER is a function of p. Show that

2
(o) 1-p
P = Popt = %loge (T)

minimizes the BER. It is noted that for equal probable case, popt = 0 which coincides
with the detection rule (2.85). (Hint: Show that

& = (1= p)Pris[r(t) > pls(t) = —1]+ pPgis[r(t) < pls(t) = +1]

is a function of p. Find its expression and then compute its minimum).



Chapter 3
Linear System Theory

For SISO systems, input/output descriptions, such as FIR/IIR or MA/ARMA
models, have been effective in modeling, analysis, and design of LTI systems.
Coprime fractions and impulse responses are easy to obtain for given transfer
functions. Poles and zeros determine not only stability but also performance of the
system completely. Many analytical and empirical methods have been developed
and are powerful design tools for LTI systems. Nonetheless, such design tools are
not as effective for MIMO systems. For instance, two MIMO systems may have
the same poles and zeros but behave entirely differently as shown in the following
example.

Example 3.1. Consider two transfer matrices of size 2 x 2:

2610 4l o
Hl(z) — [ ztr X ] , and Hz(z) = [Z+r o ‘| )
0 2 0 =

These two transfer matrices have identical poles {+r} and zeros {£1}. Due to
the decoupling between the two inputs and the two outputs, each system basically
represents two SISO systems. For r 2 1 and |r| < 1, both transfer matrices are stable,
and at 7 = e/®,

=1 2|sin(4)] z+1 o1
z+r| T+ +2rcos(w) |z+r|
2Z+1 B 2|cos(%)| z—1 ~1
z=r|  1+72 = 2rsin(w) |z=r|

It follows that the two diagonal transfer functions of H;(z) are approximately high-
pass and low-pass filters, respectively, while the two diagonal transfer functions of
H,(z) behave like allpass filters.

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 67
DOI 10.1007/978-1-4614-2281-5_3, © Springer Science+Business Media, LLC 2012
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The above example is notwithstanding. Traditional approaches based on input
and output descriptions have their limitations, in addition to the difficulty of
computing coprime fractions as discussed in Sect. 2.2.2. What it lacks is the
structural information of the system, which are unimportant to SISO systems but
crucial to MIMO systems. Such structural information is more suitably described
by internal descriptive models of state space.

Linear system theory is developed for state-space models and centered right at
the intrinsic structural properties of linear systems in relation to their inputs and
outputs. It examines basic issues such as realization, observation, and control, and
studies system structures from inputs to state vectors and from state vectors to
outputs via rigorous mathematical analysis. However, it is the conceptual notions
of reachability, observability, and Lyapunov stability that are at the heart of the
linear system theory and are the central theme of this chapter.

3.1 Realizations

Given a transfer function or transfer matrix, how to realize it with a digital circuit
composed of delays, multipliers, and adders? More importantly, how to search for a
realization which deploys the minimum number of delay devices? These realization
issues are investigated in this section.

Example 3.2. Consider a realization of the transfer function

vlz’1 + vzz*2 + V3z*3

T T T

H(z) ; (3.1

which is shown in the following block diagram:
It can be verified that the transfer function for Fig. 3.1 is indeed the same as H (z)
in (3.1). Moreover

xi(t+1) = i (1) +x2(2) + viu(t),

x2(t+1) = poxy (1) +x3(2) + vau(t),
x3(t+1) = waxi (1) + vau(t).

Fig. 3.1 Block diagram for implementation of H(z)
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D
u(r) . x(t—H)Z_lI x(1) oL y(7)
=

Fig. 3.2 Block diagram for state-space systems
Hence, with x(r) = [x(t) x,(t) x3(r)]" where ’ stands for transpose, the dy-
namic system in Fig. 3.1 satisfies the state-space equation

x(t+1) =Ax(t) +bu(r), y(t)=cx(¢)+du(t),

where (A,b, ¢,d) is a realization of H(z), given by d = 0 and

/

u 10 \%! 1
A=|uw 0 1|, b=|wn|, ¢=]0] . 3.2)
us 0 0 V3 0

The above can be extended to MIMO systems of size p x m. Let
_ _ 3\ 1 _ _ _
H(Z): (IP_MIZ ! — Mz 2—M3Z 3) (le 1—|—sz 2+N3Z 3).

Then H(z) admits a realization (A, B,C,D) with D = 0,,,, and

My 1, 0y Ny Ip /
A=|My 0,0, 1, |, B=|NM]|, C=]0 (3.3)
M3 Opxp Opxp N3 0

It can also be verified that H(z) = D+ C(zl, —A) !B with n = 3p.

In general, a rational transfer matrix admits a realization (A4, B,C, D) and can be
described by the state-space model

x(t+1)=Ax(t)+ Bu(r), y(t)=Cx(t)+ Du(z).

The following block diagram illustrates its implementation.

As seen in Fig. 3.2, the matrix D represents a direct transmission from the input to
the output. The matrix B maps the input to the state-space spanned by state vectors,
the matrix C maps the space space to the output, and the matrix A is a map from the
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state-space to itself. Hence, the structural information of the system is fully captured
by its realization (A, B,C, D).

The order of the state-space model is the same as the dimension of the state
vector, or the number of time delays deployed in Fig. 3.2 which is n. A realization
having the minimum order is said to be minimal. If the numerator and denominator
polynomials of H(z) in (3.1) are relatively coprime, then the realization as given
in (3.2) is minimal. However, coprime fractions, and thus minimal realizations,
are difficult to obtain for MIMO systems in general. Redundancies are likely to
exist for the corresponding realizations. It turns out that such redundancies are
associated with either (C,A) in terms of the observation of the state vector at the
output or (A,B) in terms reaching the desired state vector from the input which
can be removed via numerically efficient algorithms. The notions of observability
and reachability play the pivotal role and help to deepen the understanding of the
structural properties of linear systems as studied in this section.

3.1.1 Observability

Consider the unforced state-space system described by
x(t+1)=Ax(t), y()=Cx(t), x(0)=xo. 3.4

An important problem for the unforced system (3.4) is the reconstruction of the
initial state vector x( based on the output measurements for ¢ > 0, which gives rise
of the notion of observability as defined next.

Definition 3.1. The system (3.4), or simply (C,A), is observable, if given true
output data {y(z) f;é, the initial state Xo can be reconstructed uniquely for some
£>0.

The following result is well known in the linear system theory.

Theorem 3.3. The pair (C,A) is observable, if and only if

c
CA
rank{0,(C,A)} =n, 0,(C,A)= _ :
CA-nfl
where n is the dimension of the state vector X().

Proof. For simplicity, ¢,,(C,A) is denoted by &,,. Direct computation gives

y(0) =Cxg, y(1)=CAxq, ..., y(n—1)=CA" 'x,.
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Let vec(M) be the column vector by stacking columns of M sequentially. Then

B =vec([y(0) y(1) - y(n—1)]) = O, (3.5)

Let the dimension of the output be p. Then &), has size pn x n. The full rank
condition for &, and the hypothesis on {y(¢)} imply that there is a unique solution
xo to (3.5) from which the observability follows. Conversely, assume that (C,A)
is observable. Then %) = 0/x( has a unique solution x for some ¢ > 0, implying
that & has the full column rank. In light of the Cayley Hamilton Theorem (refer to
Appendix A), A¥ is a linear combination of {A’}"_ for any k > n, i.e.,

n—1
AF=N oA’ k>n,
i=0
where {0;} are not identically zero. Thus, each row of CAF is in the row space
spanned by row vectors of CA for 0 < i < n. Consequently,
rank{ 0} =rank{0,} =n

for all £ > n, which completes the proof. a

The matrix &y is called the observability matrix of size £. It is noted that there
is no loss of generality in studying the observability for unforced system (3.4).
Specifically for the general state-space system

x(t4+1) = Ax(t) + Bu(t), y(r) =Cx(t)+Du(t) (3.6)
with x(0) = xo, the observability can be modified to reconstructability of the initial
state Xo, based on the true input/output data {u(r) }'_3 and {y(r) }'_4 for some £ > 0.
In this case, (3.5) needs to be replaced by

Y = Oxo+ T, (3.7

where ¢ > 0 is a given integer and

0 .. . u(l
7 - CA'B D S P (.) . (3.8)
: B | :
CA“2B ... CA°B D u(l—1)

The matrix .7} is lower block triangular, called Toeplitz matrix, and is uniquely
specified by its first block column. Hence, the uniqueness of the solution xq is
tied to the full rank condition of &, for all £ > n, which is equivalent to the full
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rank condition of &, by again the Cayley Hamilton Theorem. The existence of
the solution to (3.7) or (3.5) should be clear, because the measurement noises are
assumed to be zero, and {u()}'_} and {y(r)}'_] are the true input and output data,
respectively.

Example 3.4. A simple state-space realization for the SISO IIR model

—1 -2 —n
\% +vVv +--+V
() =d 1 12 4 22 4 'nZ - (3.9)
— Mz = Mz — = U2

is (Ao, bo,€o,do) generalized from (3.2) and given by
/ H Vi
AO = |:V”1 ol :| y Vp—1= ) bO = )
Mp—1 Vn

c=1[1 0 - 0], do=d.

1 0 0

0, = * 1
0
E RIS |

and nonsingular where the elements marked with * are not relevant to the observabil-
ity. Thus, the state-space system with realization (Ao, bo, €o,do) is always observable
even if the numerator and denominator polynomials are not relative coprime. For
this reason, realization (Ao, bo,¢o,do) is called canonical observer form, or simply
observer form. For the p x m transfer matrix

-1

‘ /

H(z) =D+ (Ip_ ZMkz"> <2 Nkzk>, (3.10)
k=1 k=1

arealization (Ao, Bo,Co,D,) in block observer form can be obtained with

v I M, Ny
A, — -1 (e—1)p .

My 0 ' .
[ Ox(6—1)p My, Ny
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The above is a generalization of the realization in (3.3). It can be verified that the
observability matrix &, is again lower triangular with 1 on the diagonal and n = p/.
Hence, the state-space system with realization (Ao, Bo,Co, Do) is always observable
as well.

Example 3.4 shows that any rational transfer function or matrix admits a state-
space realization. In fact, observable realizations can always be obtained even if the
fractions are not coprime. On the other hand, for a given transfer matrix H(z), not all
its realizations are observable. If the given realization is unobservable, is it possible
to obtain a different realization for the same transfer matrix which is observable?
This question is answered by Kalman decomposition as given next.

Theorem 3.5. Let (A,B,C,D) be a realization of H(z) with size n x n for A and
p x m for H(z). Suppose that (C,A) is unobservable. Then there exists a similarity
transform T such that

e AO 0r>< n—r & EO
(i)A:TAleLi 2 )], B:TB:[ 1
00 1

(ii)C:CT’lz[CO opx(n,,)], p=n,

where (CO,AO) is observable with r X r the dimension of Ao. Moreover

H(z) = D+C(el,—A) 'B=D+C, (e, —Ao) ' Bo. G.11)

Proof. Since (C,A) is unobservable, the observability matrix €}, has rank r < n.
By singular value decomposition (SVD), &, = US,V* where U and V are unitary
matrices and S, of size pn x n has nonzero singular values {0y };_, on its diagonal
with the rest elements zero. Hence, 0,V = [5’”, 0}, and ﬁ,,r has r columns with
r the rank of &,. Let T = V*. Then with A = TAT ! and € = CT !,

cr! ¢
CAT ! CA
OV =0,T " = . =|  |=[6, o]
CAnflel CA"nfl

Therefore, the expression of C in (ii) follows. Partition A into a 2 x 2 block matrix
compatibly with {Ai,k}, the block at the (i, k)th position for i,k = 1,2, and A; ; of
size r x r. Then by induction, there holds

ﬁnTil = [ﬁnr ﬁ” A~12] = [ﬁn 0],
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Fig. 3.3 Observability u(z) y(7)

Kalman decomposition (A,,B,,C,,D)

%,(1)

(A, [ Bs Aoz ,0,0)

where 5’”, is the observability matrix of (C’O,A~171) of size np x r. Since 5’”, has
full column rank, Aj2 = 0,(,_ ). The expression of A in (i) follows by taking A, =
A~171, Aos = A~271, and A; = A~272. The full column rank condition for 5’”, implies the
observability of (C‘O,AO). The expression for the transfer matrix in (3.11) can then
be verified via straightforward computations. a

Let x(¢) be the state vector associated with realization (A,B,C, D). Then Theo-
rem 3.5 illustrates that the linear transform

(1) =Tx(1) = [%(1)" %5()7]

decomposes the state vector into two parts: One is X,(¢) with dimension r which
is observable, and the other is X;(¢) with dimension (n — r) which is unobservable.
Such a decomposition via similarity transforms is called Kalman decomposition
as illustrated in Fig. 3.3. As it is seen, the subsystem (AO,EO,CO,D) is observable
from the output y(z), while the subsystem with inputs u(z) and X,(r) and with
realization (A5, [ B5 Aos | ,0,0) is unobservable. It is now clear why the expression
for the transfer matrix in (3.11) is true. Kalman decomposition offers a procedure
to eliminate the unobservable states, or unobservable subsystem of the state-space
model.

It is noted that testing of observability via the rank condition of &), suffers a
numerical problem, if # is large. The following PBH test is more convenient.

Theorem 3.6. (PBH test) The state-space system (3.6) or simply (C,A) is unob-
servable, if and only if there exists a vector v # 0 such that

Av=2Av, Cv=0. (3.12)
Proof. If there exists v # 0 such that (3.12) holds, then for any k > 0,
CAfv=2cA" v =27cA* Py =-.. = 2fcv =0.
As a consequence, 0,v = 0 and (C,A) is unobservable. Conversely, if (C,A)
is unobservable, then Kalman decomposition in Theorem 3.5 can be applied to

obtain a new realization (A,B,C,D) in (i) and (ii) with (C,,A,) observable. Set
¥V= [0* V{’g} " with V5 an eigenvector of A;. Then
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Thus, (3.12) holds by taking v = T~ '¥. The theorem is true. O

The PBH test converts the observability test into an equivalent eigenvalue and
eigenvector problem for which effective algorithms exist. Furthermore, it offers a
powerful tool for theoretical analysis because A and C appear linearly in the PBH
test. If (3.12) holds for some v # 0, then A is often loosely called an unobservable
eigenvalue of (C,A). Assume that all eigenvalues of A are distinct. The subspace
spanned by those eigenvectors satisfying (3.12) is termed unobservable subspace.
If matrix A has multiple eigenvalues, then the unobservable subspace may contain
generalized eigenvectors.

3.1.2 Reachability

The notion of reachability is dual to that of observability. However, its physical
meanings are rather different.

Definition 3.2. The pair (A, B), or the state-space system

x(t+1) =Ax(t) + Bu(r), x(0)=xo, (3.13)
is reachable, if given any desired state target X7, there exists a bounded control input
{u(t)}f;(% such that x(¢) = xr for some ¢ > 0.

The following result holds for which the proof is left as an exercise.

Theorem 3.7. The pair (A,B) is reachable, if and only if
rank{%,(A,B)} =n, %.(A,B)=[B AB --- A"'B],

where n is the dimension of the state vector X(t).

For simplicity, %,(A,B) is denoted by %, which is called reachability matrix
of size n. If the input u(z) has size m, then %, has dimension n x nm. The result
in Theorem 3.7 shows that (A, B) is reachable, if and only if (B’,A’) or (B*,A*) is
observable. Hence, notions of reachability and observability are dual to each other.

Example 3.8. Consider the SISO transfer function H(z) in (3.9). Let

AC: V-1 Hn ,bC:|: 1 :|’ dc:d
Infl 0,171 0"*1

cc=[vi o Val, Vo= o M)
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Then (Ac,bc, ¢, dc) is dual to (Ao, b, €o,d,) in the sense that
Ac=Al, b.=c), c.=bl, d.=d,.

It is recognized that (Ac,bc,cc,dc) is the canonical controller form or simply
controller form. Reachability matrix %, is upper triangular with 1 on the diagonal.
It follows that the state-space system with realization (Ac,bc,cc,d;) is always
reachable. For the p x m transfer matrix

‘ ¢ -1
H(z) =D+ (Z Nkzk> <Im - Mz") , (3.14)
k=1

k=1

a realization (A, B¢, Ce, D) in block controller form can be obtained with

AC:[VZI M, :|ch:|: In },
Lo-tym Ou—1)mxm 0 1ymxm

V=M - M), Cc=[N - N,

and D, = D. It can be verified that the reachability matrix %, is again upper
triangular with 1 on the diagonal and n = m/. Hence, the state-space system with
realization (A, Be,Ce, D) is always reachable as well.

For a given transfer matrix H(z), not all its realizations are reachable. As in
the previous subsection, Kalman decomposition can be applied to unreachable
realizations to eliminate the unreachable subsystem. The following is dual to
Theorem 3.5 for which the proof is again left as an exercise.

Theorem 3.9. Let (A,B,C,D) be a realization of H(z) with size n X n for A, and
p x m for H(z). Suppose that (A,B) is unreachable. Then there exists a similarity
transform T such that

. A A - B
(i)A_TATI_{ ¢ C] B_TB_[ ¢ ]
0p—r)xr Az 01
(ii)C=cr'=[C (], D=D,

where (AC,EC) is reachable with r X r the dimension ofAC. Moreover

H(z) = D+C(zl,—A) 'B=D+C. (e, — A.) ' Be.

Let x(r) be the state vector associated with realization (A,B,C,D). Similar to
Sect. 3.1.1, Theorem 3.9 illustrates that the linear transform

X(1) =Tx(1) = [%:(1)"  %e(0)"]
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u(r) y()
— (A~C7 [Ec Acc_] 7CC7D) @

(Az0,C=0)

Fig. 3.4 Reachability Kalman decomposition

decomposes the state vector into two parts. The reachable one is X.(#) with dimen-
sion r. The unreachable one is Xz(¢) with dimension (n — r). Such a decomposition
is shown in Fig. 3.4.

As it is seen, the subsystem (AC,EC , C‘C,D) is reachable from the input u(z), while
the subsystem with realization (A~5, 0,C, 0) is unreachable. Kalman decomposition
offers a procedure to eliminate the unreachable states or unreachable subsystem of
the state-space model. The next result is dual to Theorem 3.6, and thus, the proof is
omitted.

Theorem 3.10. (PBH test) The state-space system (3.13), or simply (A,B), is
unreachable, if and only if there exists a row vector q # 0 such that

gA=Aq, qB=0. (3.15)
Example 3.11. Let o be a real parameter and

H(:) — l—zl—i—azz] 1

277 —2az2 | 1-257 1472

The poles of H(z) are roots of 1 —2.5z7! +z72 = 0 which are at 0.5 and 2.
A realization in the canonical controller form for H(z) is given by

25 -1 1 C -1 «
I R 1 R ] o e
and D = 0. Clearly, (A, B) is reachable. To determine the observability of (C,A), its
associated observability matrix is computed as follows:

-1 o
G, — C _ 2 -2
CA 25+« 1

5-2x -2



78 3 Linear System Theory

Because C; = —2C}, the rank of 0, is the same as

ol e 2}

The above loses the rank at oo = 2 or o0 = 0.5, causing the pole/zero cancellation in
H(z). It follows that (C,A) is observable, if and only if & # 2 and & # 0.5. For ot =
0.5, the unobservable eigenvalue is 0.5 that is stable. For o = 2, the unobservable
eigenvalue is 2 that is unstable. Since unstable and unobservable eigenvalues can
cause severe problems in system design, Kalman decomposition is employed to
eliminate the unobservable eigenvalue at 2 via SVD ¢, = USV* and taking the
similarity transform 7 = V*. Hence, it yields a new state-space realization for H(z)
at o =2:

05 0 0.45 —224 0
TAT ' = TB = T =
[—2.0 2]’ {—0.89]’ ¢ [ 4.47 —0]’

which has the same form as in Theorem 3.5. Consequently,

224 0
Ao =0.5, B,=0.45, co_[ 4_47], D_M

constitute a minimal realization for H(z) in the case o = 2, in light of the fact that
H(z) still has another pole at 0.5.

3.1.3 Minimal Realization

As discussed at the beginning of the section, a minimal realization refers to the
realization which has the minimal order among all realizations for the same transfer
function or matrix. For SISO systems, coprime fractions are easy to obtain. One
may simply cancel out the common poles and zeros to arrive at coprime fractions.
As such, minimal realizations can also be obtained rather easily by employing either
the observer form (refer to Example 3.4) or the controller form (refer to Sect. 2.2.2)
for the coprime fractions. Clearly, such realizations employ the minimum number
of time delays, and are thus minimal. However, coprime fractions are much more
difficult to obtain for MIMO systems. As a result, minimal realizations are difficult
to obtain directly from transfer matrices. The following observation is crucial.

Theorem 3.12. A realization (A,B,C,D) is not minimal, if and only if either (A,B)
is unreachable, or (C,A) is unobservable, or both.

Proof. 1f (A, B) is unreachable, or (C,A) is unobservable, or both, Kalman decom-
position can be applied to find a different state-space realization with a smaller
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order for the same transfer matrix. This implies that (A, B,C,D) is not a minimal
realization. Conversely assume that A has dimension n x n and (A,B,C,D) is not
a minimal realization. Then a different realization (A,B,C,D) exists for the same
transfer matrix, say, H(z), with order /i < n. Because physical systems are causal,
there holds, for z in the region of convergence,

H(z) =D+ Y CA"'Bz '=D+y CA"'B: ",
i=1 i=1

It is noted that the impulse response H(t) = CA""'B = CA'""'B for t > 0 is
independent of realizations. Hence, its Hankel matrix of size n x n satisfies

CB CAB -~ CA"'B ]
CAB CA’B --- CA"B
A, = _ . (3.16)
CA" B cA2n-1)p
[ CB CAB CA1B ]
CAB CA%B CA"B
CA 1B CA2n-1)p

Then it can be verified that there holds factorization
My = O,(C,A)%n(A,B) = 0, (C,A) %, (A,B) .

The rank of 7%, is thus no more than 7, implying that either &,(C,A), %,(A,B),
or both have rank smaller than n. As a consequence, there is a redundancy in its
corresponding state vector, which is either unreachable, or unobservable, or both.
The proof is now completed. O

Theorem 3.12 indicates that a realization (A, B,C,D) is minimal, if and only if
it is both reachable and observable. The next example serves to illustrate minimal
realizations in relation to reachability and observability.

Example 3.13. (Gilbert realization) This example considers the case when all poles
of H(z) are distinct. Thus, there holds partial fraction

14 o,
H(z) =6+ ! R
G-y o
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where ©; has the same size as H(z) and {p;} are all distinct. If ¢ = 1, then the
order of minimal realizations is the same as n;, the rank of ©@;. In this case, there
holds decomposition ©; = C;B; where C; and B; have n; columns and n; rows,
respectively. Setting A; = p1l,, yields a minimal realization (A1,B1,Cy,0y) of order
np. Since both C; and B; have rank nq,

rank {0y, } > ny, rank{Z, } >n,.

It follows that the realization (A1, B;,Cy,0y) is both reachable and observable. For
£ > 1, decomposition O; = C;B; holds for 1 <i < /¢, where C; and B; have n; columns
and n; rows, respectively, and n; is the rank of 6. Let

A=diag(Ay,...,A)), B=[B} --- B, C=[C - ],

and D = @y with A; = p;I,, for 1 <i </.Because (A;,B;,C;) is a minimal realization
for each i, and {p;} are all distinct, (A,B,C,D) is a minimal realization for H(z).
Thus, (A,B) is reachable, and (C,A) is observable. Such realizations are called
Gilbert realization.

Suppose that (A, B,C, D) is both unreachable and unobservable. Then a similarity
transform can be applied to eliminate the unreachable and the unobservable
subsystems to obtain a minimal realization as shown next.

Theorem 3.14 (Kalman canonical decomposition). Let (A, B,C,D) be a realiza-
tion of H(z) with order n. If it is unreachable and unobservable, then there exists a
similarity transform T such that

ANco 0 A13 0 BCO

} Ay A Ay Al Bes
A:TATilz 21 co ~23 24  B=TB= co 7

0 0 Ax O 0

0 0 Ayp Ay

C=cr'=[Co 0 Csx 0], D=D,

where the subsystem (ACO,BCO, Ceo , D) is both reachable and observable and H(z) =
- ~ ~ =1 ~
D+ Ceo (Zln - Aco) Beo.

The proof can proceed in two steps. The first step employs the similarity
transform 77 to convert the system into two subsystems with one reachable and the
other unreachable. The second step uses the similarity transform 7, to convert each
of the subsystems into two parts with one observable and the other unobservable.
The similarity transform 7' = 7,7 can then accomplish the Kalman decomposition
in Theorem 3.14. The details are omitted.

Let x(¢) be the state vector associated with (A, B,C,D). The similarity transform
T in Theorem 3.14 yields
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Fig. 3.5 Kalman canonical u (t) )’(t )

decomposition - ~ o~ ~ < )
(Acm [Bco Al3] >Cco,D) —|_

Xzo (t ) -

(A&Jy 0, 6507 0)

X0 (t)

Xeo(1)

(AE,A{% Oa 0)

(1) = Tx(1) = [&,(1)  K5(1) Kho(t) Ki(r)]

with compatible partitions to those of A, B, and C. The above results in the
complete Kalman decomposition in Fig. 3.5. The first subsystem with state vector
X, 1s both reachable and observable. The other three subsystems with state vectors
Xc5(t),Xz0(t), and Xz5(t) are unreachable, unobservable, and both unreachable and
unobservable, respectively. It is emphasized that only Ko or (Aco, Beo, Ceo, D) has
contributions to the input/output behavior of the system, while the other three do not
due to their unreachability, unobservability, or both.

The complete Kalman decomposition in Theorem 3.14, illustrated in Fig. 3.5, is
important. It offers a numerically efficient procedure to obtain minimal realizations,
given any initial realization regardless of its reachability and observability, and
is considerably simpler than coprime fractions for transfer matrices. Moreover,
Kalman decomposition demonstrates the pivotal role of the conceptual notions of
reachability and observability, which are also crucial to future developments of this
text in later sections and chapters.

3.1.4 Sampling Effects

This subsection considers the effect of sampling on controllability and observability
of the continuous-time state-space systems. Consider the following system

x(tc) = Ax(tc) + Bu(t.), y(tc) = Cx(t;) + Du(t.)

that is in continuous time where #. is real-valued. Its realization matrices are
{A,B,C,D}. Tt is well known that (A, B) is controllable, if and only if



82 3 Linear System Theory

rank{[sI—A B}} =full VseC.

Similarly, (C,A) is observable, if and only if
rank{ [SI;A} } =full VseC.

A natural question arises: If (A, B) is controllable and (C,A) is observable, is the
discretized realization reachable and observable?

The answer to the above question depends on the sampling frequency. Recall
the pathological sampling discussed in Chap. 1. It is not difficult to see that under
the pathological sampling, the realization of the discretized state-space may become
unreachable or unobservable or both. The following provides a positive answer to
the case when the sampling is not pathological.

Theorem 3.15. Let (Ay,By) be discretization of (A,B) as in (1.30) under the
nonpathological sampling period Ty. Then

(i) (A,B) being controllable implies that (Ay4,By) is reachable;
(ii) (C,A) being observable implies that (C,Ay) is observable.

Proof. Only the proof for (ii) is given, since (i) is dual to (ii). Let A be an eigenvalue
of A. The proof amounts to show that

= full.

_ _ ATy
rank [A C)LI} =full — rank [Ad N I]

Denote A = Ay — e? 5] = AT — e*%5] Then
i <T"Ak TkAK

1

> )

-3 % (45~ 247) = g(a) (4 - A1),
k=1""

where by induction it can be shown that

- Tﬂk k—1 k-2 k—1 — TSk J k—igi—1
A):];F(A FA2 A I):,;H Y ak-igict),

By nonpathological sampling, g(4) # 0 for any A eigenvalue of A where

T — erTs

g(s) = ———#0 if s=14.
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Moreover, the set of zeros of g(s), denoted by .7, is given by

ng:{s: el = vt s;él}
= [s: Ty=TA+ j2km, k=+1,£2,...}
={s: s=A+jkos, k==+1,£2,...}

that is disjoint from any eigenvalue of A, by again the nonpathological sampling. As
aresult, g(A) is nonsingular. Now it is straightforward to show that

rank{ [BATS —Ce“ﬂ}} = rank{ {g(A)(é— 11)}}
:rank{{g(gl) (I)} [A_CM }}

that is full by nonsingularity of g(A) and observability of (C,A). O

Example 3.16. For the flight control system from Problem 1.11 in Exercises of
Chap. 1, its discretized realization can be easily obtained via Matlab. By the
expressions of (A, B,C) in Problem 1.11, (A, B) is controllable and (C,A) is observ-
able. Moreover, A has eigenvalues 0, —0.7801 4 j1.0296 and —0.0176 + ;0.1826.
Hence, the sampling period of 7y = 0.025 is nonpathological. Matlab command
[A4,B4] = c2d(A, B, T;) yields the disctretized realization matrices given by

1 0.0001 0.0283 0 —0.0248
0  0.998 —0.0043 0  0.0017
Ag= 10 0 1 0.0247 —0.0003 |,
0  0.0013 0 0.9785 —0.0248
|0 —0.0072 0 0.0258  0.9827
i 0 0 0
0  0.0250 0
By = | 0.0001 0 —0.0005
0.0109 0 —0.0411
0.0040  —0.0001 —0.0024

It can be easily verified that (A4, By) is reachable and (C,A,) is observable, which
follow from Theorem 3.15.

The test of reachability and observability can be carried out with the PBH test
that is easy to implement in the Matlab environment. The next example considers
the inverted pendulum system.
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Example 3.17. The linearized model for inverted pendulum from Example 1.1 is
represented by transfer functions G,,(s) and G,g(s) for the position of the cart,
and angle of the pendulum, respectively. For the laboratory setup of the inverted
pendulum system by the Quanzer Inc., the two transfer functions are given by

2.4805(s -+ 5.4506) (s — 5.4506)
s+ 12.2382)(s— 5.7441) (s +4.7535)’

7.512s
(s+12.2382) (s — 5.7441) (s +4.7535)

Gup(s) = s

Guo (S) =

Since all poles are real, pathological sampling is not involved for the inverted
pendulum system. If the c2d command is used in Matlab for each of the above
transfer functions with sampling period 7y = 0.25, the following discretized models

G0 () = 0.03833z — 0.143z% — 0.02844z+0.01603
)T A 555623+ 6.0482 — 1.5537 4 0.06009

~0.1408z% —0.08757z — 0.05321
YT 3455622+ 1.4937— 0.06009°

are resulted in. The poles of the two transfer functions are the same except that
G%) (z) has an additional pole at 1. In addition, numerator polynomials of G,(ff,) ()
and G%) (z) are coprime, which follow from Theorem 3.15 and the nonpathological

sampling. A minimal realization can be obtained for

Ga(z) =

(=169

z—1

Gl (2) ]

by employing the canonical controller form, leading to the realization matrices:

5.556 —6.048 1.553 —0.0601 1
A 1 0 0 0  B- 0 7
0 1 0 0 0
0 0 1 0 10
_[00383 0143 —0.0284 0.0160] 0]
“10.1408 —0.2283  0.0344 0.0532 |’ 0]

Clearly (C,A) is observable.
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3.2 Stability

Stability is a primary concern in dynamic system design. This section investigates
stability for state-space systems focusing on Lyapunov stability. In addition,
stabilization will be investigated for state feedback, state estimation, as well as
observer-based feedback control systems.

3.2.1 Lyapunov Criterion

Stability was briefly discussed in Chap. 2 for state-space systems. Such a stability
notion is referred to as asymptotic stability or simply internal stability, and is
different from the BIBO stability or simply external stability. The following defines
formally stability for state-space systems.

Definition 3.3. Let (A,B,C,D) be a realization. The corresponding state-space
system is asymptotically stable, or stable in the sense of Lyapunov, if the solution
x(1) to

x(t+1)=Ax(r), x(0)=xo (3.17)

satisfies ||x(z)|| — 0 as t — o for each nonzero initial condition xg.

The solution to (3.17) is clearly given by x(r) = A’x(0) for ¢+ > 0. Since
eigenvalues of A" are {1/} with {A;} eigenvalues of A, the internal stability is
equivalent to p(A) < 1 with p(-) the spectral radius. The following result is obvious
in light of the definition and thus the proof is omitted.

Proposition 3.1. The state-space system with realization (A,B,C,D) is asymptoti-
cally stable, if and only if p(A) < 1.

Let (A, B,C,D) be a realization of H(z). Then its asymptotic stability implies its
BIBO stability in light of the fact that poles of H(z) are eigenvalues of A which are
all stable. However, the converse may not be true, as discussed in Sect. 2.2.2, unless
(A,B,C,D) is a minimal realization, in which case eigenvalues of A are poles of
H(z) as well. As the asymptotic stability is related to the matrix A only, it will be
referred to as stability of A for simplicity.

It needs to be pointed out that the aforementioned stability is different from
marginal stability which allows nonrepeated eigenvalues on the unit circle. In the
case of marginal stability, solution x(z) to (3.17) remains bounded as t — oo, albeit
not approaching zero in general.

The following stability result is called Lyapunov criterion.

Theorem 3.18. A matrix A is a stability matrix, if and only if for each given matrix
Z =7 >0 (i.e., hermitian positive definite) there exists a unique matrix P=P* >0
such that

P=A"PA+7Z. (3.18)
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Proof. Tf A is a stability matrix, then p(A) < 1, and

P=Y (A")zA*
k=0

exists and satisfies (3.18). The hypothesis on Z implies that P is positive definite
hermitian. To show that P is unique, suppose that P, also satisfies

P, =A"PA+Z.
Taking the difference between the above equation and (3.18) yields

(P—P,) = A*(P—P,)A=(A")}(P—P))A> = --.
= lim (A*)*(P— P,)A* =0

k—yoo
by stability of A. It follows that P, = P which is unique. Note that a weaker
condition exists for the uniqueness of the solution P. See Problem 3.19 in Exercises.
Conversely, if (3.18) has a unique solution P which is positive definite hermitian,
then by the state-space equation (3.17), the energy function (called Lyapunov
function) V[x(¢)] = x(¢)*Px(z) satisfies the difference equation

AV[x(t)] = x(r+1)"Px(r 4+ 1) — x(¢)"Px(t)
=x(1)"(A"PA— P)x(t) = —x(1)"Zx(t) < 0
whenever x(¢) # 0. Therefore, V[x(7)] is monotonically decreasing, and thus,

V[x(¢)] — 0 and x(7) — 0 as t — oo by the hypothesis on P, concluding stability
of A. ad

Equation (3.18) is called Lyapunov equation. In the Lyapunov criterion, positive
definite Z is required which is unnecessary and restrictive. The following stability
criterion is more useful.

Theorem 3.19. Suppose that (C,A) is observable. Then A is a stability matrix, if
and only if there exists a unique matrix P = P* > 0 such that

P=A"PA+C'C. (3.19)

Proof. If A is stable, then
P=Y (A"fccAF = lim 6} 6, (3.20)
k=0 b

is the solution to (3.19) with &) the observability matrix of size ¢. The hypothesis
on the observability implies that &) has rank n, the order of the corresponding
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state-space system, for any ¢ > n. Thus, P is positive definite hermitian. The
uniqueness of P can be shown with the same argument as in the proof of
Theorem 3.19. Conversely, assume that (3.19) holds with P positive definite. Let
A be an eigenvalue of A with eigenvector v. Then multiplying both sides of (3.19)
with v from right and v* from left yields

(1—[A]*)v*Pv=|Cv|> (3.21)

The PBH test implies that ||Cv||? > 0, which in turn implies that |1| < 1 by the fact
that P is positive definite. Since A is an arbitrary eigenvalue of A, p(A) < 1 is true.
That is, A is a stability matrix. O

A dual result to Theorem 3.19 is the following for which the proof is omitted.

Theorem 3.20. Suppose that (A, B) is reachable. Then A is a stability matrix, if and
only if there exists a unique positive definite hermitian matrix Q such that

QO =AQA" + BB*. (3.22)

The matrix P in (3.19) is called the observability gramian, and Q in (3.22) is
called the reachability gramian. In light of Theorems 3.19 and 3.20, a realization
(A,B,C,D) is minimal, if and only if their associated observability and reachability
gramians are nonsingular.

The results in Theorems 3.19 and 3.20 show that stability testing requires that
either (C,A) be observable or (A, B) be reachable. Although Kalman decomposition
can be used to obtain observable and reachable realizations, such stability criteria
are inconvenient in their usage. For this reason, it is beneficial to examine the PBH
test again. Recall that (C,A) is unobservable, if and only if there exists v # 0 such
that

Av=2Av, Cv=0. (3.23)

Consider the case when A is a simple eigenvalue of A. The solution x(¢) to (3.17)
contains the term A’ (called mode), which does not show up at the output y(z). In
other words, the mode corresponding to eigenvalue A is unobservable. For the case
when A is a repeated eigenvalue of A with multiplicity m > 1, there are m modes
corresponding to eigenvalue A, which are in the form of P,()A" shown up in the
state vector x(7) with P(z) a kth degree polynomial of # and k = 0,1,...,m— 1. At
least one of the modes {P.(A)A’ }Z:Ol is unobservable at the output due to (3.23).

Example 3.21. Consider the unforced state-space equation (3.17) with

A_{‘())‘ (ﬂ c=[o0 1].

Then A = o and v = [1 0]* satisfy (3.23), implying that the pair (C,A) is
unobservable. Simple calculations show that
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X(t+1) = A'xg = [a’ ta’l} [xm} _ [(a—i—bt)] o,

0 o X02 Cc

where a = xo1, b = x¢2/ o, and ¢ = x. There are two modes in the state response at
timet:co/ ! and (a+bt)od ! However, y(t) = co/~!. Thus, the mode (a+bt)o/ !
does not show up at the output which is unobservable.

In general, there are n modes in an nth order state-space system. It is the
collective behaviors of the n modes that determine the dynamic behavior of the
state-space system. Some of the modes are observable while others may not be. For
stable modes (the corresponding eigenvalues are strictly inside the unit circle), their
unobservability does not hinder stability testing based on the output response. But
unstable modes have to be dealt with more carefully. The following introduces the
notion for observability of unstable modes.

Definition 3.4. The pair (C,A) is called detectable, if for any unstable eigenvalue
of A, denoted by A, there does not exist a vector v # 0 such that (3.23) holds.

The stability criterion in Theorem 3.19 is now generalized to unobservable
realizations.

Theorem 3.22. Suppose that (C,A) is detectable. Then A is a stability matrix, if
and only if there exists a unique positive semidefinite matrix P, denoted as P > 0,
such that P = A*PA+ C*C, i.e., (3.19) holds.

Proof. If A is stable, then P has the same expression as in (3.20). Though (C,A)
may not be observable, P is positive semidefinite in general and is unique by the
same argument as before. Conversely, assume that a positive semidefinite P exists
and satisfies (3.19). Then with the same procedure as in the proof of Theorem 3.19,
(3.21) can be obtained. Assume that |[A| > 1. Since any mode corresponding to
eigenvalue A with |A| > 1 is observable, (3.21) implies that ||Cv||> > 0 leading to
|A] < 1by P> 0, which is a contradiction to the hypothesis |A| > 1. Hence, stability
of A follows. a

A dual notion to the detectability is the following.

Definition 3.5. The pair (A, B) is called stabilizable, if for any unstable eigenvalue
of A, denoted by A, there does not exist a nonzero row vector q such that

gA=1q, qB=0".

Similarly, the stability criterion in Theorem 3.20 is now generalized to unreach-
able realizations.

Theorem 3.23. Suppose that (A,B) is stabilizable. Then A is a stability matrix, if
and only if there exists a unique positive semi-definite hermitian matrix Q such that
Q =AQA* + BB*.
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Theorems 3.22 and 3.23 point out that the positivity of the observability and
the reachability gramians does not necessarily imply stability of A unless the
unobservable and unreachable modes are stable, respectively. On the other hand,
if the observability or reachability gramian has strictly negative eigenvalues, then
A cannot be a stability matrix, which can be inferred from Theorem 3.22 or
Theorem 3.23, respectively.

The notions of detectability and stabilizability will be explored further in the
next subsection and help deepen the understanding of modal observability and
reachability. This subsection is concluded with the following example.

Example 3.24. Let B be a real parameter and

B

A=
0 0 1

1 0 1 0
1
B 0|, B=|0 0|, C= {0 0]
1 B 0 1
be realization matrices for some given state-space system. The eigenvalues of A are
B with multiplicity 3. The observability gramian of (C,A) is

0 0 1+(1+ﬁ;[}32>2 1+ﬁ*2322
pP— . Py= (1-B2) (1-B2)

0 P 145 B> 1
(1-p%)? (1-B?)

Since P is singular, (C,A) is unobservable (refer to Problem 3.20). The question is
stability of A. It is noted that det(P,) = 1/(1 — B%)* > 0. Thus, P > 0, if and only if
the two nonzero diagonal elements of P are positive, which is in turn equivalent to
that | 3| < 1 consistent with the fact that 3 is the only eigenvalue of A. For || > 1,
P <0, and thus, (C,A) is not detectable, implying that A is unstable. For || =1,
elements of P are unbounded, implying that A has eigenvalues either on the unit
circle or in mirror pattern with respect to the unit circle (refer to Problem 3.19). It
can also be verified that the reachability gramian is

1
1—p2

- O O

1 0
0=1(0 0
00

So, (A,B) is not reachable by det(Q) = 0. Moreover, Q > 0, if and only if || < 1
which is identical to that for P. In this case, A is a stability matrix, although such a
conclusion cannot be obtained from Q or P alone. For |3| > 1, 0 <0, and thus, A is
not a stability matrix, consistent with the discussion earlier.
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3.2.2 Linear Stabilization

Stabilization is an integral part of the linear system theory. For instance, if A is an
instability matrix in the state-space model

x(t+1) = Ax(¢t) + Bu(r), x(0)=xo, (3.24)

one may wish to employ state-feedback control u(s) = Fx(z) and hope that the
resultant feedback control system

x(t+1)=(A+BF)x(t), x(0)=xqo, (3.25)

is asymptotically stable. If such a state-feedback gain F exists, then it is called
stabilizing. Clearly, stabilizing state-feedback gains do not always exist. Indeed,
when (A,B) is not stabilizable, then at least one unstable mode is unreachable,
which remains a mode for the closed-loop system in (3.25) in light of the PBH
test. A pertinent question is then whether the stabilizability of (A,B) ensures the
existence of stabilizing state-feedback control.

A dual case to the above is estimation of the state vector x(¢), based on the
observation of the input u(¢) and the output

y(t) = Cx(t) + Du(r). (3.26)
One may wish to consider the state estimator or observer of the form
(14 1) =AR(t) + Bu(r) + L[§(r) — y(¢)], §(t) =CKk(t)+ Du(z), (3.27)

where %(0) = X¢. Note that X(¢) = x(¢) is an equilibrium to (3.24) and (3.27),
providing some justifications for the use of such state estimators. The matrix L
is called state estimation gain. Taking difference between (3.24) and (3.27) with
xe (1) =x(t) — %(t) yields

Xe(t+1) = (A+LO)xe(t), Xe(0) = Xep, (3.28)

which is dual to (3.25). Whether or not the estimation error ||x¢(¢)|| tends to zero as
t — oo amounts to stability of (A + LC). Again, L is said to be stabilizing, if (A 4 LC)
is a stability matrix. Clearly, detectability of (C,A) is a necessary condition for the
existence of stabilizing L.

Due to the linearity of feedback gains F and L, stabilization as posed in (3.25),
and (3.28) is referred to as linear stabilization. It is related to the more general
problem of eigenvalues assignment, which investigates relocating eigenvalues of
A via state-feedback gain F and state estimation gain L. That is, eigenvalues
assignment considers shifting all eigenvalues of A, not only the unstable ones, to
the desired locations. It can be expected that reachability of (A, B) and observability
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of (C,A) play the decisive role in eigenvalues assignment as shown in the following
result.

Theorem 3.25. Let (A,B,C,D) be a realization of G(z). (i) Eigenvalues of (A +
BF) can be arbitrarily assigned by some F, if and only if (A,B) is reachable. (ii)
Eigenvalues of (A+ LC) can be arbitrarily assigned by some L, if and only if (C,A)
is observable.

Proof. Because (i) and (ii) are dual to each other, only the proof for (ii) is presented.
If (C,A) is unobservable, then there exists an eigenvalue A and an eigenvector v such
that

Av=2v, Cv=0,

assuming dimension p for the output. Thus, for any state estimation gain L,
(A+LC)v=Av=Av.

That is, the eigenvalue A remains an eigenvalue for (A + LC). Conversely, assume
that (C,A) is observable. An induction process will be employed to show that
eigenvalues of (A + LC) can be arbitrarily assigned with respect to the dimension of
the output. So for p = 1, a similarity transform exists which transforms (C,A) into
the observer form (refer to Problem 3.18 in Exercises):

—a; 1 0 - 0
—day 0
A=A, = 0l, C=c=[1 0 0]
. . . o1
l—a, 0 - - 0]

Hence, the characteristic polynomial is
a(z) =det(zl, —A) ="+ a1 '+ +a,

The eigenvalues of A are identical to the roots of a(z) = 0. Let

F0y [(ly—a; 1 0 -+ 0
12 bh—ar, 0 1 :
L=|:| = A+ILC= : .
: : : " |
_fn_ _Zn_an 0 0_
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As aresult, the eigenvalues of (A 4 LC) are roots of
det(zl, —A—LC) ="+ (a1 —€)2" '+ 4 (an— 1,),

which can be arbitrarily assigned by choosing {¢;} correctly. For p = k > 1,
assume that observable (C,A) implies that eigenvalues of (A + LC) can be arbitrarily
assigned. To complete the induction process, consider the case p = k+ 1. Denote
the submatrix of C with the first k rows by C;. If (C},A) is observable, then the proof
can be concluded by taking L= [L; 0, |, for, in this case, (A+LC) = (A+L,Cy)
whose eigenvalues can be arbitrarily assigned by the hypothesis for p = k. If (C1,A)
is unobservable, then Kalman decomposition can be applied to (Cy,A), leading to

Ay Ay

Cu Cn

)

CT ' = [

, TAT '= [

where C; T~ ! = [C‘ll 0} , and (C’“,A“) is observable. Let the dimension of A;;
be r x r with r < n. Then L;; exists such that the r eigenvalues of (An +Z,116‘11)
can be arbitrarily assigned, by again the hypothesis for p = k. Note that [C‘gl Cr» ]

is a row vector. For (C,A) is observable, (C,A2,) is observable as well. The
procedure for p = 1 can be employed to compute L,y such that the remaining
(n—r) eigenvalues of A or eigenvalues of (Azz + Z,ZQCZQ) can be assigned arbitrarily.

Taking
L=T'L=7" [i“ A 1
0 L
yields the characteristic polynomial for the closed-loop system:
a(z) = det[zl, — (A+LC)] = det [zl — (A+LC)]
:det< dr— (A +LiCn) 0 1)
— (A1 +LnCo1) 2y — (A +L2aCn)
= det [z, — (A1 + L1 Ciy) ] det [zl — (Axx + L2nCa2) ],

concluding the fact that the eigenvalues of (A + LC) can be arbitrarily assigned for
some matrix L, provided that (C,A) is observable. O

It is noted that the procedure employing similarity transforms and Kalman
decompositions may not be efficient in relocating eigenvalues of A. However, it
is not the intention of this text to provide an efficient algorithm for eigenvalues
assignment. Design of optimal state feedback and optimal state estimation gains will
be studied in the next chapter. Rather, Theorem 3.25 provides the insight to modal
reachability and observability in relation to shifting the corresponding eigenvalues.
The following result follows from Theorem 3.25, and thus, the proof is omitted.
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Theorem 3.26. Let (A,B,C,D) be a realization of G(z). (i) There exists a stabi-
lizing state-feedback gain F, if and only if (A, B) is stabilizable. (ii) There exists a
stabilizing state estimation gain L, if and only if (C,A) is detectable.

Theorem 3.26 is practically more useful in design of state-feedback and state
estimation gains, because the minimality of the realization is removed.

Example 3.27. Suppose that (A, B,C, D) is a realization of G(z) with

-06 O 0 1
A= 0 -06 2 |,B=|0 1],
0 0 22 2

1 -05 1 00
e=[; o[ ol
There are two different eigenvalues { —0.6,2.2}. To determine reachability of (A, B),
the PBH test shows that

A+0.6 0 0 1 0
rank{[?ul3—A B]}:rank 0 A+0.6 -2 0 1
0 0 A=22 2 1

is 3 at both eigenvalues A = —0.6 and A = 2.2. Hence, (A,B) is reachable. For
observability, the PBH test gives

A+0.6 0 0
0 A+0.6 -2
rank{ VLBC_A] } = rank 0 0 A—=22
1 —-0.5 1
2 -1 2
2, atA=-0.6,
13, atA=22.

It is thus concluded that (C,A) is detectable but unobservable. It can be verified that
both gains
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Fig. 3.6 Feedback control r(t) u(?) y(1)

K() [ 6)

are stabilizing, yielding

-06 O 0 -0.6 0.0 0.0
A+BF = 0 -06 0|, A+LC=|-2.0 04 0.0],
0 0 02 -2.0 1.0 02

which are indeed stability matrices.

3.2.3 All Stabilizing Controllers

State feedback and state estimation are fundamental to MIMO feedback control
system design. Indeed, all stabilizing controllers can be parameterized once the
stabilizing gains for state feedback and state estimation are available. Consider the
feedback control system as depicted in Fig. 3.6 where the physical plant represented
by G(z) has m input/p output and the feedback controller represented by K(z) has
p-input/m-output.

Note that the negative sign of the feedback path is absorbed in K(z), shown in its
expression later. The feedback system in Fig. 3.6 is called well posed, if

lim det [In —K(2)G(z)] #0. (3.29)
The well-posed condition ensures that all signals in the feedback system shown in
Fig. 3.6 are causal (refer to Problem 3.27 in Exercises).

Let (A,B,C,D) be a realization of G(z) with A possibly unstable. Then the first
priority in control system design is stabilization in the sense of Lyapunov or internal
stability. For convenience, the reference input is taken to be r(¢) = 0. Design of
stabilizing feedback controllers can proceed in two steps. In the first step, a state-
feedback control law u(z) = Fx(¢) is designed such that it stabilizes x(z + 1) =
(A+ BF)x(t). This is always possible provided that (A, B) is stabilizable. Since the
measured output is y(7) not X(¢), an estimator as in (3.27) is designed in the second
step from which the control law u(z) = FX(¢) is applied with %(¢) the estimated
state vector. It turns out that such a design method works, if, in addition, (C,A) is
detectable for which L exists such that (A + LC) is a stability matrix. Indeed, by
u(t) = FX(¢) and (3.27),

K(1+1) = AR(r) + Bu(t) + L[§(1) — y(1)]
= (A+BF + LC+LDF)X(r) — Ly(r). (3.30)
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Thus, K(z) = —F(zI —A — BF — LC — LDF)~'L is the feedback controller, which
is often referred to as observer-based controller.

Lemma 3.1. Let G(z) = D+ C(zI — A)~'B and K(z) be in (3.30) for the feedback
system in Fig. 3.6. The closed-loop system in internally stable, if and only if (A+ BF)
and (A + LC) are stability matrices.

Proof. Since u(t) = FX(t) and y(¢t) = Cx(t) + Du(t) = Cx(t) + DFX(r),

[2813] - [—ic A+fCF+BF} [;0)] (3.31)

Internal stability of the feedback system is equivalent to asymptotic stability of the
above state-space system. Define similarity transform via

[ig” :T[im r= [3 _,I} (3.32)

The above similarity transform yields the following equivalent “A” matrix

I —I A BF I I| |A+LC 0

0 [ ||-LC A+LC+BF|[0 I] | -LC A+BF]’
for the closed-loop system. Hence, the feedback system in Fig. 3.6 is internally
stable, if and only if (A + BF) and (A + LC) are stability matrices. O

At this moment, it is worth taking another look at the coprime fraction issue
for MIMO systems. Instead of coprime fractions over polynomials of z~!, coprime
factorizations over proper and stable transfer matrices will be pursued. That is,
factorizations

G(z) =M(z) 'N(z) =N(z)M(z) " (3.33)
are searched for with {M(z ) N(z)} left coprime and {N ), M(z )} right coprime for

1
all |z| > 1, and M(z),N(z),N(z),M(z) are all proper and stable transfer matrices. By
an abuse of notation denote

G(z)=D+C(zI-A)"'B= [%\%] . (3.34)

The 2 x 2 block matrix on the right-hand side of (3.34) represents the transfer matrix
G(z) and helps related computations in terms of its realization. Suppose that G(z)
has size p x m. Then
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Diy -+ Dip C
D=| : i |, C=|:|, [B - Bul.
Dp1 -+ Dpm Cp

Thus, the (i, k)th element of G(z) is given by

- Al By
G; =Diy+Ci(aI—A)"'B, =
x(2) Kk Ci(zl —A)™ By [Ci DnJ

for 1 <i< pand1 <k <m. Note that it is considerably more difficult to compute
Gik(z) based on the coprime fraction model which shows the power of the state-
space method. More importantly, coprime factorization can be easily obtained
with observer-based controller in (3.30). In fact, the existence of left coprime
factorization is hinged to the detectability of (C,A) and right coprime factorization
to the stabilizability of (A, B). The following result is true.

Theorem 3.28. Let G(z) be a p x m transfer matrix as in (3.34) with a stabilizable
and detectable realization (A,B,C,D). Suppose that F and L are stabilizing, i.e.,
(A+ BF) and (A + LC) are stability matrices. Define

r V(iz) U« 7 _A+LC|—(B+LD) L

= F L 0], (3.35)
No M@] | ¢ | b
I\N/I(Z) —NU(Z) _ 336)
[N(z)  V(2) |

Then G(z) = M(z)"'N(z) = N(z)M(z)~!. Furthermore, there holds the double
Bezout identity

V(z) U(z)
—N(z) M(z)

M(z) -U(z)

5 3 = Dyt p. (3.37)
N(z) V()

Proof. Clearly, the coprime factors are all internally stable, by stability of (A + BF)
and (A + LC). To show that G(z) = M(z) ~'N(z), it is noted that

M) = [AJFCLCIIL,,}I _ [_Acm
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See Problem 3.22 in Exercises. It follows that

M) NG = | |L] [A+LCI<B+LD>}

| —C|1, c | b

= LC A

[A+LC 0 [B+LD] o
w | =l il
c -C| » "

where n is the order of (A,B,C,D). The formula for cascade realizations in Prob-
lem 3.21 is employed to obtain the realization for M(z) "'N(z), and the similarity
transform 7 is used to arrive at the observability Kalman decomposition, which
then leads to the realization of G(z). The proof for the right coprime factorization is
similar and thus omitted. The proof for the double Bezout identity (3.37) is left as
an exercise (Problem 3.22). a

There is an obvious difference between coprime factorizations and coprime frac-
tions. The former requires relative coprimeness for |z| > 1, while the latter requires
relative coprimeness for all z € C. It is claimed that coprime factorizations require
only stabilizability and detectability of the realization as shown in Theorem 3.28, but
coprime fractions require reachability and observability of the realization. Indeed,
suppose that (A, B,C, D) is a minimal realization. Then (refer to (2.73) in Sect. 2.2.2
and Problem 3.26 in Exercises)

zy,—(A+LC) (B+LD) L
rank
—-C D I,

}=n+p Vzed, (3.38)

that is equivalent to {M(z),N(z)} being left coprime V z € C. Similarly,

rank —-F L, =n+m VzeC (3.39)
—(C+DF) D

is equivalent to {1\7[(1) , N(z)} being right coprime Vz € C. It follows that polynomial
matrices det(zl, — A — LC)M(z) and det(zl,, — A — LC)N(z) are left coprime fractions
of G(z) and, dually, det(zl, — A — BF)N(z) and det(zl, — A — BF)M(z) are right
coprime fractions of G(z). In fact, the above coprime fractions are all polynomials
of z7! and have the least degrees (see Appendix for the definition of degree
of polynomial matrices), by the minimality assumptions. Therefore, state-space
realization theory also provides a numerical procedure in computing coprime
fractions for transfer matrices.
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Theorem 3.28 shows that the observer-based controller K(z) in (3.30) admits
coprime factorizations

K(z) =-V(z) 'U(x) = -U@E)V(z) ! (3.40)

with {V(z),U(z)} and {V(z),0(z)} given in (3.35) and (3.36), respectively. The
proof is left as an exercise (Problem 3.23). More importantly, the observed-based
controller helps to parameterize all the stabilizing controllers as shown in the next
result.

Theorem 3.29. Under the same hypotheses of Theorem 3.28 and that the feedback
system in Fig. 3.6 is well posed, all stabilizing controllers are given by

K(z) —[V(z) —Q(z)N(z)] '[U(z) + Q(z)M(z)]

— —[0()+M(z)Q()] [V() -N(2)Q(z)]

(3.41)

for some Q(z) that is a proper and stable transfer matrix.

Proof. In light of the double Bezout identity (3.37), there hold

[V(z) = Q(2)N(2)] [In — K(2)G(2)|M(2) = In,

M(z) [l — G(2)K(2)] [V(z) = N(2)Q(2)] = I,.

Therefore, the controller K(z) in (3.41) is indeed stabilizing. Conversely, any
stabilizing controller Ko (z) admits coprime factorizations

Ko(z) = —Vo(z) 'Up(z) = —Up(2)Vo(z) " (3.42)

One may always find a stabilizable and detectable realization for Ky(z) and then
calculate its left and right coprime factors by applying Theorem 3.28 to Ky(z).
Furthermore, coprime factors of Ko(z) can always be sought to satisfy

R(z) = Vo(2)M(z) + Up(2)N(z) = I,
R(z) = M(2)Vo(2) +N(2)Up(2) = 1.

If not, the well-posed assumption implies that both R(z)~! and R(z)~! are proper
and stable. Thus, R(z) ™! can be subsumed into V¢(z) and Up(z), and R(z) ™! can be
subsumed into Vy(z) and Uy(z). Notice that

4 Zx

[Vo Uo][ _Vﬁ}_[lm UV - VU],

= QJ.

M -U
N V

(v ul+e[-N M)
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by the double Bezout identity (3.37). Taking Q(z) = Uy (z)V(z) — Vo(z)U(z) leads to
Vo(z) = V(z) —Q(z)N(z) and Uy (z) = U(z) + Q(z)M(z). Dually, the double Bezout
identity (3.37) implies

V(@) U@ | [-Uo(2) :[U(Z)VO(Z)—V(Z)fJo(Z)]

—N(z) M(z) | | Vol(z) Iy

o | YO UE) —U(x)-M@)Q(k) | _ [-Q()
~N(z) M() || V() -Nz)Q(:) I |

where Q(z) = V(2)Uo(z) — U(2)Vo(z) = Uo(2)V(2) — Vo(2)U(z) = Q(z) (Prob-
lem 3.31 in Exercises). Hence

Vo(z) = V(z) = N(2)Q(z), Uo(z) =U(z) + M(2)Q(z).

Clearly, Q(z) is proper and stable. Therefore, the stabilizing controller (3.42) has
the form in (3.41). O

The results of this subsection highlight the fact that the state space is also a
computational tool for analysis and design of feedback control systems. The rep-
resentation of the transfer matrix G(z) as in (3.34) facilitates the computations for
coprime factorizations, coprime fractions, and parameterizations of all stabilizing
controllers. Hence, design of optimal feedback control systems is made possible by
searching stable Q(z) or Q(z) which are free parameters to be designed.

3.3 Time-Varying Systems

For a LTV system, its impulse response {A(#; k) } has two arguments: One is the time
index ¢ and the other is the index of the impulse response at time ¢. As such, an LTV
system is a family of (frozen time) LTI systems, indexed by time 7. For MIMO LTV
systems, impulse responses are denoted by H (¢;k). Often it is convenient to use the
following form of the impulse response:

H(t,k)=H(t;t —k) Vik. (3.43)

If H(t,k) = H(t — k) for all ¢,k, then it represents an LTI system. By the causality,
the input/output relation is governed by

y(t) = i H(t;t —k)u(k) = i H(t,k)u(k). (3.44)

k=—o0 k=—oo
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LTV systems are more difficult to study than LTI systems mainly due to their
time-varying nature. Their impulse responses are two-dimensional arrays as shown
in Fig. 2.3. Commonly used methods include frozen time analysis for slowly time-
varying systems and short-time Fourier analysis for nonstationary signals. This
section investigates state-space representations for LTV systems rather than the
external description in (3.44). It will be shown that those familiar notions in the
previous sections can be generalized to LTV state-space systems. The emphasis
will again be placed on observability, reachability, and stability. Nevertheless, many
results in the linear system theory will have to be confined to local time intervals.

3.3.1 Realizations

A MIMO LTV state-space system is described by:
x(t4+1) =Ax(t) +Bau(t), y(t)=Cx(t)+ Dou(r) (3.45)

in which the realization matrices are time dependent. Moreover, there does not exists
a simple relation between the realization and its impulse response.

Example 3.30. Consider the third-order ARMA model:

Mw

3
¥(6) =Y e (0)y(t —k)+ Y, vie(t)u(t — k). (3.46)
k=1

k

1

If the frozen time method is used, then the transfer function at each frozen time ¢ is

By (o) = 0 a0z 2 +vs(r)e

T F e T () TE (A T (3.47)

The impulse response {/(z;k)} is basically the inverse 2 transform of H;(z) with ¢
an integer parameter. Define x; () = y(¢) and let

xs(+1) = [,L3(t+3)x1(t) + V3(t+3)u(t)
= u3(1+3)y(1) + va(t +3)u(r),
x+1) = [,Lz(l+2)xl(l) +X3(l‘) + Vz(l+2)u(l‘)

= Mo (t+2)y(1) +pu3(r+2)y(t — 1)
+ v (t+2)u(t— 1)+ va(t +2)u(t),
xi(t+1) =t + Dxg(t) +x2(t) + vi(ze+ Du(z)
= (e +1)y() + (e + 1)yt = 1) +pa(t +1)y(t = 2)
+ vi(t+ Du(t)+vo(t + Du(t — 1) + v3(t + Du(t — 2).
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Thus, x;(t 4+ 1) = y(r + 1) has the same expression as in (3.46) except that 7 is
replaced by (z+ 1). So setting the state vector at time 7 as

x(0)=[0() w@) xu@)]

yields a time-varying state-space model in the same form as in (3.45) with

wE+1) 1 0 vi(t+1)
A[— I.,Lz(t+2) 0 1 ; Bt:b[: Vz(t+2) 5
us(t+3) 0 0 v3(t+3)
G=c¢=[1 0 0], D,=d; =0.

It is seen that the pair (A,,B;) depends on the frozen time impulse responses at
(t+1),(t+2), and (¢ + 3). The transfer function for the frozen time state-space
realization is D; 4+ C, (2] —A,)’IB,, which is different from the frozen time transfer
function H;(z) as in (3.47).

It can be expected that the relation between the impulse response H (¢, k) and its
state-space realization (A;, B, C;, D;) is a complex one. For instance, it is difficult to
obtain a state-space realization based on the impulse response directly. Nevertheless,
ARMA models for LTV systems offer a procedure to obtain simple state-space
realizations similarly to those for LTI systems. The details are skipped in order to
keep the subsection concise. Interested readers are referred to other texts on linear
system theory.

For the state-space system in (3.45) with order n, it is convenient to define the
state transition matrix

O (t,k) =Ar1Ar—n- A, 1>k (3.48)

Itis a convention that @, (¢, k) = I, whenever z = k with n the order of the state-space
system. For convenience, @(z,k) = @, (¢,k) is taken. The solution x(7) to (3.45) at
t =ty with the initial time 7o < 7 is given by

tr—1
X(tr) = D(t5,10)x(t9) + fz @ (t7,k+ 1)Byu(k). (3.49)

k=tq

The time-varying nature of the system indicates that notions of reachability and
observability are time dependent. Denote the input and output over the time interval
[to, 1) by column vectors
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y(t0) u(zy—1)
y(to+1) N :
g/l(),lffl = . ) gZ/I(),Iffl = ' . (350)
: u(tp+1)
y(ty—1) u(io)

Then x(7¢) as in (3.49) has the expression
X(tf) = Q(tf7 tO)X(IO) + %[()Jf (Al ) B[)gzzto,tffl ) (351)

where %, « ’ (A;,B;), denoted by iy 1 y for simplicity, is the reachability matrix over
the time interval [to, 77) given by

%fo"[f:: Btf,1 q)(lf,l‘f—l)B,f,Z q)(tf,t()-i-l)Bto . (3.52)

It is noted that if the realization is time invariant, then cD(tf, ty— k)= A% B, =B, and
thus, %y, ; ; (A;,B;) reduces to %;(A,B) as in the previous sections with £ =17 — 1.
The observability matrix over [fo, t7) is defined dually as

Co

C,0+1q)(l()+ 1,1)
ﬁthtf = ﬁto,tf (Ci,Ar) = . . (3.53)

Cip1@(tr — 1,10)
There holds equality
g/l(),lffl = ﬁ[o,[fx(t()) + '%’()J/ g%(),lf*h (354)

where %O,tf,l is defined in the same way as @,mf,l with y(7) replaced by u(z), and

T4y is a lower block triangular matrix of size £p x {m with £ =ty —t9, and p and

m the dimensions of the output and the input, respectively. Denote .7 (i,k) as the
(i,k)th block of 7, ;. with size p x m. Then

0, 5xms i<k,

y(luk) = Dt0+k717 l:ku

Ct0+i,1q)(l() +i—1,00+ k)B,(ﬁk,l, i>k.

Note that (3.51) reduces to (3.7) for the case fp = 0 and f; = /, if the realization
(A;,By,Cy,Dy) is independent of time 7.

Different from LTI systems, reachability and observability are defined locally in
terms of time .
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Definition 3.6. Consider the time-varying state-space equations in (3.45). Let #7 >
1. (i) The pair (A, B;) is said to be reachable over |19, 77), if for any given state target

xr, there exist bounded control inputs {u(t)}igol such that x(7) = xr. (ii) The pair
(Gi,A;) is said to be observable over [1, ), if given true input and output data

{u(t)};f:,ol and {y(t)};f:,ol , the initial condition x(#y) can be reconstructed uniquely.

The following result regards reachability and observability for LTV state-space
systems.

Theorem 3.31. The pair (A;,B;) is reachable over [ty,t), if and only if the
reachability matrix Q@Wf as defined in (3.52) has the full row rank. The pair (C;,Ay)
is observable over |1y, t¢), if and only if the observability matrix @07;/ as defined in
(3.53) has the full column rank.

Proof. Suppose that the reachability matrix %, has the full row rank. Then

Pr i Ky 4 ’ is a nonsingular matrix of size n x n. For any target state vector X7,

there exists control input gZZzo,tf,l such that (3.51) holds for x(z7) = x7. That is, the
pair (A;,B;) is reachable over the time interval [o, 7). One such control input is
given by

%O,Iffl = ‘@*

l(),tf

-1
(%t()vtf‘@;(k),ff) [xr — ®(10,7)x(10)] -

Conversely, if the pair (A;,B;) is reachable over [f, 1), then there exists control

input sequence {u(t)}igol such that (3.51) holds for any target x(ff) = Xr.
Consequently, %y, , has the full row rank. The proof for the observability over the
time interval [f, 77) is similar and is skipped. O

Similar to time-invariant systems, Lyapunov equations are introduced:

Qt,tf :AthH,th[* +BtB;*7 Qtf,tf = 07 (3-55)
Pois1 =Af Py A+ GGy Pygy =0, (3.56)
where 7y <t < ty. These are difference Lyapunov equations with opposite time

recursions: One is forward and the other backward. The solutions at the two
boundaries are given by the reachability and observability gramians:

If*l

Oy = X, @iy, k+1)BBD(t,k+1)*, (3.57)
k=tq
lf*l

Poip = 3, k1) CiC@(k,10), (3.58)
k=t

over the time interval [fo, 1), respectively. The next result is true.
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Theorem 3.32. The pair (A;,B;) is reachable over [ty, t¢), if and only if the reacha-
bility gramian Qy, . in (3.57) is positive definite. The pair (G, A;) is observable over
[to, tf), if and only if the observability gramian By in (3.58) is positive definite.

Proof. The results in (i) and (ii) can be easily established by noting that

Qt()vtf = %to,tf *@;S,tfa Pt(),lf = ﬁtz,tf ﬁto,tfu
and by applying the results in Theorem 3.31. O

As discussed earlier, there is no simple relation between the realization and
the impulse response for the same time-varying system. However, there exists an
algebraic relation between the two as stated next.

Lemma 3.2. Let {H(t,k)} be the impulse response. Then (A;,B;,C;,Dy) is its
corresponding realization, if and only if

H(t,k) =D;8(t —k)+C@(t,k+1)Bi[1 - 8(t—k)], Vt>k. (3.59)

Proof. Recall the definition of the transition matrix @(z,k). If (3.59) holds, then
in light of the convolution relation in (3.44), (A;,B;,C;,D;) is a realization for
the given input/output description of the time-varying system via its impulse
response {H(t,k)}. Conversely, given a state-space realization (A;,B;,C;,Dy), its
state response has the expression in (3.49). Taking #) — —oo with x(#p) = 0 yields

tp—1
X(tf) = fz (D(l‘f,k—Fl)Bkll(k).
p—

Hence, the output of the underlying state-space system at time ¢ is given by

y(t) = Dyu(t) + li CD(t,k+1)Bru(k) = i H(t,k)u(k).
ke=—oo k=0

It follows that H (z,k) in (3.59) is the corresponding impulse response. O

Even though the algebraic relation in (3.59) is not of much help in finding
state-space realizations based on impulse responses, it does help to characterize
the minimal realizations for time-varying systems. For this purpose, it is beneficial
to consider time-dependent similarity transforms {7;} satisfying det(7;) # O for
all #. Consider time-varying state-space model in (3.45). The similarity transform
%(r) = T;x(r) yields a new realization

iB A D) -1 -1
- t 9 ) 3 . .
(A1, B,,C.Dy) = (T AT, T B G Dy) (3.60)
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It is left as an exercise (Problem 3.33) to show that

E/‘@lo,[f = Ef“@l(),[f(AtuB[) :‘@l(),[f (A~I7Bl) = ‘@l(),[fw (361)
Oryi; Ty ' = Oy (CLANT = O, (G A) =2 Ory - (3.62)

The next result is useful.

Lemma 3.3. Ler G and F be two matrices with dimensions p X n and n X q,
respectively, where q < n. Suppose that rq + q < n with ry the rank of G. Then
GF = 0, if and only if there exists a nonsingular matrix T such that

GT '=[Gy 0pxq]. TF_{O("FQ)X‘I} (3.63)
(6]

Proof. It is easy to see that (3.63) implies GF = 0,,. The difficult part is the
converse. So suppose that GF' = 0,,. The proof needs show the existence of T
such that (3.63) holds. As g is the rank of G, ry < p. Let ry be the rank of . Then
ry < g. In light of QR factorizations,

G=R\V*, F=UR;, V'V=I,, UU=I,.

Such U and V are called orthogonal matrices. Since R, and Ry have full ranks, the
assumption GF = 0, yields

VU = Orgxrf, rp+rg <q+rg<n.
It follows that orthogonal U, and V| exist such that

U=[vu U], Vv=[v v/]

are unitary matrices of size n x n. The hypothesis r, +¢ < nimplies thatp =n—r, >
q > ry. Setting Ty = V* gives

G =GV =RV*[V V.| = [Rg opx(,,,@} , (3.64)
3 * 0
T\F = V*UR; = URp=| ¢ (3.65)
vr VIURs

by V*V, =0 and V*U = 0. Thus, if p = n —r, = g, then (3.63) holds true by
taking T = Tj. If p > g, then there exists factorization ViUR; = OR r where Q is
an orthogonal matrix of size p x g and R r is square. Moreover, Q| exists such that
with

o0=[o. o], n=|" ]
_QL Q7 2= 0 Q*u
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Q is a unitary matrix and 75 is nonsingular. Setting 7 = 757} yields
GT ' = [Rg Opx(nfrg>i| ' = [Rg 0px(p—q) OPW} ’
Iy 0 | 0nxg | [0 g)xg
_lo Q*]lQRf]_[ Ry ]

where (3.64), (3.65), and V/UR; = OR r are used. The above expressions are the
same as in (3.63), thereby concluding the proof. a

Org ><rf

TF =T,
VIURy

In Lemma 3.3, the hypothesis r, +¢ < n is indispensable which ensures the
existence of some nonsingular matrix 7 for (3.63) to hold. The number of rows
for G is irrelevant. Lemma 3.3 is now used to prove the Kalman decomposition for
LTV systems.

Theorem 3.33. Let (A;,B;,Cy,D;) be a realization of order n. (i) Suppose that
(A;,B;) is unreachable over [ty, t7). Then there exist an integer re < n and similarity

"
transforms {Y}}tf:m such that

A =T AT =

_ B.(1)
: Bt—E+lBt—l 0 ] (3.66)

for tg <t <ty where the pair {A.(t),B.(t)} is reachable over [ty t;) and Ac(t)
and B.(t) have r. rows, provided that rank{B,} < r. for ty <t < ty. (ii) Suppose
that (C;,A;) is unobservable over [t tr). Then there exist an integer ro < n and

.. . t
similarity transforms {S; },L,, such that

. 4 . ~ . A1) 0
CG=CS'=[Colt) 0], A=SpAS =] N (3.67)

Ao (l) Ag (l)
for tg <t <t where the pair {C,(t),Aq(t)} is observable over [ty, t7) and A(t)
and Cy(t) have ry columns, provided that rank{C; } < r, forty <t <ty.

Proof. Because (i) and (ii) are dual to each other, only (ii) will be shown. By the
hypothesis on unobservability over [f, tf), the observability matrix & ¢ (C,Ay) as
in (3.53) has rank r < n. That is, an elementary matrix E exists such that

ﬁt()vtf (C[,At)E = ﬁt():tf (C;,A~[) - |:ﬁ~t0,tf 0177!><(ﬂ*’”)j| (368)

for some full column rank matrix ﬁto,t ¢ where p is the dimension of the output. The

induction process is used to show the existence of {S,};f:,0 such that (3.67) holds. It
is noted that (3.68) implies
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n—r

Cr @ (k,10)E [0’;“”)} =0, for to<k<ty. (3.69)

For k = 1y, take Sy, = E~! and note that @ (19,1) = I, leading to
Cio =Gy = [Colt) Opriury |- (3.70)

Fork=1+1, (DA(to—l- l,to) :Ato- Let

G=Cy1, F=A4A,S," PIM"” ] .
n—r

Then (3.69) implies that GF = 0,4 with ¢ = n—r. Since rank{C; } < r =n—q for
to <t <ty by taking r, = r, Lemma 3.3 can be employed to conclude the existence
of S;,+1 such that

Gyt = ContSyhy = [Coltot 1) 0pun] (3.71)
- Ao(to)  0p(n
Ay = Slo+1Al()Stgl = | 5 0( 0) CX(W ¢ : (3.72)
Aos(to)  As(to)
To complete the induction process assume that {S,};";,Ol exist such that
G =CS = [Col)) Opeun |- (3.73)
- As(i=1) 0,
A =SiA S = | of . ) ) (3.74)
Ao{j(l—l) A(j(l—l)

where 1y <i <1t for some #; <tr. Atk =1, (3.74) implies that

Qs (1 — 1,19) =

b, &

(i)l,l Orx(nr)‘|

by the fact that the product of lower block triangular matrices of the same partition
is again lower block triangular. Thus, (3.69) can be written as

rx(n—r)

CrAn 18, Byt —1,10) [ ] =0 (nr)

n—r
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by k = ;. Recall the expression of @;(#x — 1,7). Taking G = C;, and

Or 0r>< n—r F
F= Atk ISlk 1 ( _17t0)|: I( ):| Alk lS[k 1|: 1(7 ):|(I)2,2

implies that GF = 0,4 with ¢ =n—r. Since rank{C;} <r=n—qforty <t <ty
with r, = r, Lemma 3.3 can be used again to conclude the existence of nonsingular
Sy, such that

G =S, = [Colt) Opeon]. (3.75)
0r n—r = 0, n—r -
Syl lSzk‘ll ) (D”‘Lz (Xt( ;)]‘152,2- (3.76)
n—r o\lk —

That is, a nonsingular S, exists such that C‘,k,l = Ctk,lSt; 11 and A,k,l =
StkAtrlSz; 11 have the same form as in (3.67), concluding the proof for the
observability Kalman decomposition. O

Complete Kalman decomposition can also be carried out for time-varying
systems. The proof of the following result is left as an exercise (Problem 3.34).

Theorem 3.34. Let (A;,B;,C;,D;) be a time-varying state-space realization which
is unreachable and unobservable over [ty t¢) with ty > ty. Then there exists a set of

o . t
similarity transforms {T; },_,, such that

Ac(t) 0 Ap(t) 0
A= T AT = A () Acl(t) 1‘?23(0 A1) 7
0 0 Ax(r) 0
0 0 Au() Ax@)

Bt 7;+1Bl:[§co(t)/ Bcé(t)/ 0 0}/5
C=CGT, "' = [Colt) 0 Calr) 0],

where {Aco(t),Beo(t) } is reachable and {Ceo (1), Aco(t) } is observable over the time
interval [to, ty).

Theorem 3.34 does not indicate whether a reachable and observable realization is
minimal over the time interval [f, 7). In addition, there are difficulties in extending
the reachability and observability from the local time interval to the infinity time
horizon. Partition of the time axis into a collection of nonoverlapping local time
intervals does not work due to two reasons. The first is that the conventional
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realization theory requires implicitly that {A,} be square. Hence, if the minimal
possible order of (A;,B;,C;,D;) is different over each local time interval, minimal
realization is not possible over all time ¢. The second is the computational difficulty.
It is noted that if the kth local time interval is [to(k), 17 (k)), then ;1) = T (k41)
needs hold, which is not possible in general by the fact that 73, and 7;; accomplish
different goals in Kalman decomposition as shown in the proof of Theorem 3.32.
The only known exception is the periodic time-varying systems with £ =t — o the
period. See Problem 3.35 in Exercises. As such, it is not possible to use Kalman
decomposition to search for minimal realizations over the infinite time horizon.
Instead, the emphasis is placed on characterizations of minimal realizations. For
this purpose, a new notion is needed.

Definition 3.7. (i) The pair (A;,B;) is uniformly reachable, if there exists some
integer /. > 0 and some real number & > 0 such that

Qt,tJrEC = L%t,ﬂrfc%[*,prfc > 6cln Vit

(ii) The pair (C;,Ay) is uniformly observable, if there exists some integer £, > 0 and
some real number 8, > 0 such that

Pz,t+éu = @*,Hzo ﬁt,t+[u > Boly V1.

The uniform reachability will be called ¢-step reachability, if £ = ¢. Similarly, the
uniform observability will be called ¢-step observability, if £, = £. The Definition 3.7
is much stronger than the local reachability and observability over [fo, 1) because
now the local time interval [y, 7;) with 7y = 19 + ¢ is “moving” by changing 7y so
that the time axis is covered by the collection of all such local time intervals. The
next result follows.

Theorem 3.35. Let (A;,B;,C;,D;) be a realization for the given time-varying sys-
tem whose impulse response is {H(t,k)}. Suppose that (A;,B;) is {-step reachable
and (C;,A;) is L-step observable for some ¢ > 0. Then (A;,B;,C;,Dy) is a minimal
realization.

Proof. The proof is similar to that for time-invariant systems. Assume that
(A;,By,Cy,Dy) is both ¢-step reachable and observable, but its order n is not minimal.
Then there exists a different realization (A,,E, , C‘,,D,) with an order 7i smaller than
n for the same impulse response {H (¢,k)}. Hence, for ¢ > k,

H(t,k) = C®a(t,k+ 1)B; = C,@;(t,k+ 1)By.
By the definition of the transition matrix, there holds

Dt + k1) D1y, 1x — i) = Dt + ks 1y — i) (3.77)
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for all positive integers i,k, and #;. It follows that

H(tp+1,6—1) H(np+1,6-2) - H(xp+1,5—4)

H(ty+2,6;—1) H(p+2,6;—2) - H(tp+2,8,—1)
%O,Zf =

Huy+06—1) Hp+0,4-2) - H(p+L0,t—10)

= ﬁ[k+1,lf+1(ct7Al)(DA (tk + 1;ti)%lo,ti (AlaBt)
= ﬁtk+1,lf+l(CZ7A~l)¢A~ tk+ 17ti)‘%l0,[i(A~l7§[)7

where t; —t;, = t; —to = {. Hence for t; = t; + 1,
Qu(tp+1,4) =1, # ¢A(lk+ 1,t;) = I.

As aresult, rank{./%; , ; } < n. Thus, at least one of the ranks of & 11, 1 (Ct,A;) and
Rt 1: (A;,B;) is smaller than n, implying that either (4;,B;) is not {-step reachable,
(C,A;) is not ¢-step observable, or both. This contradicts the assumption that
(A¢,B;,C;,Dy) is both £-step reachable and observable. The proof is now completed.

O

As a concluding remark for this subsection, it needs to be pointed out that
the uniform reachability/observability and /-step reachability/observability play the
same role as reachability/observability for LTI systems. This point will become
more clear in the next subsection where uniform stabilizability and detectability
will be introduced. It also needs to be pointed out that the realization theory
for LTV systems is a difficult subject in general due to the time-varying nature
of the corresponding realizations. The time-dependent similarity transforms are
prohibitive in computing reachable and observable realizations over the infinite time
horizon. For this and other reasons, the results presented in this subsection are not
as complete as one wishes them to be but do capture the essentials of the realization
theory for LTV systems.

3.3.2 Stability

The notion of stability for LTV state-space systems is similar to the one for the
asymptotic stability as investigated in Sect. 3.2 for LTI systems. The following is
adapted from Definition 3.3 with a minor modification.

Definition 3.8. The state-space system (3.45) is asymptotically stable, or stable in
the Lyapunov sense, if the solution to

x(t+1)=Ax(t), x(f) = xXo, (3.78)

satisfies ||x(¢)|| — 0 as t — oo for arbitrary X and any o > 0.
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It is noted that if A; = 0 for some ¢ > #o with 7o a fixed integer, then x(¢7) =
cD(tf, t0)Xo = 0, for all 77 >  regardless of xo. Thus, the initial time 7y cannot be fixed
in defining stability for LTV state-space systems in order for it to be inclusive. For
this reason, stability as in Definition 3.8 is also termed uniform asymptotic stability.
The next result is true.

Lemma 3.4. Consider the difference Lyapunov equation
Xto,t+1 = A;FX[()JAI + Zt7 X[()J() = 07 (379)

where Z; is positive definite for all t. Suppose that the limiting solution

Xiy = lim X, = Y, @ (k,10)* 2D (k. 1o)

k=t

is bounded for any ty > 0. Then the state-space system (3.78) is asymptotically
stable.

Proof. The solutions to the difference Lyapunov equation (3.79) are given by

t—1
Xipa = 3, @k, 10) Ze D (k,10).

k=tq

Each of the terms in the above summation is nonnegative. The hypothesis on Z; and
X;,, in the limit implies that X;, is bounded and positive definite. By the fact that
Z; >0 forall t > 1y,

lim @(k,tp) =0 = lim @ (k,7))xp = 0,,.

k—yoo k—soo
That is, ||x(¢)|| — 0 asymptotically for any initial condition X and any initial time
to > 0. As a result, the state-space system (3.78) is asymptotically stable, thereby
concluding the proof. O

Different from LTT systems, asymptotic stability does not imply that the differ-
ence Lyapunov equation (3.79) has bounded solutions asymptotically.

Example 3.36. Consider the unforced state-space system of order 1 with

t+ko

A= | ——
! I+ko+1

. 1=0,+1,42,.... (3.80)

Assume that k is real but not an integer. Then for 17 > 1,

to + ko
tf +ko

¢(tf7t0) :At/71 o 'A[0+1At0 -

— 0 as ty — oo
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Thus, the asymptotic stability holds. Let Z, = 1 for all 7. It follows that the limiting
solution to (3.79) is given by

(==} had 2
. . to+ ko
Xiy = ;lg?oXtOJ - kg‘O D(k,10)" Zk D (k,10) = kg;o <k+k0 > o

That is, asymptotic stability does not necessarily imply that the limiting solution to
(3.79) is bounded. Now consider the case when

t+ko

T E— t=0,£1,£2,..., k>0. 3.81
t—"—k0+1 ) ) 3 ) 3 0> ( )

t =

The asymptotic stability can be concluded similarly. Let Z; = 1 for all ¢. Then the
limiting solution to (3.79) is given by

~ oo 2
. i to + ko
Xy = ,IEE,X’O” - /Z,‘O D(k,10) 2D (k,10) = kg;o (k+k0 ) -

That is, there exist bounded solutions {X,O,,} to (3.79) as t — oo.

A moment of reflection indicates that the deficiency in stability testing for LTV
systems lies in the lack of equivalence of the asymptotic stability and the exponential
stability (refer to Sect. 2.2.3). For convenience, the exponential stability is next
defined again with some suitable modification on its statement.

Definition 3.9. The system x(¢ + 1) = A;x(¢) is exponentially stable, if with any
initial time ¢y,

I1x(1)]| < B Yi>1

for some o > 0 and 0 < 8 < 1, where o may depend on x(z)).

For LTT state-space systems, exponential stability and asymptotic stability are
equivalent to each other. On the other hand, the exponential stability is not a
necessary condition for the difference Lyapunov equation (3.79) to have bounded
solutions, which is the case when A, is given in (3.81). Hence, it is the decay
rate of ||@(t,1y)]| to zero as t — oo that determines whether the Lyapunov stability
criterion in Lemma 3.4 can be used as a necessary and sufficient condition to test
the asymptotic stability of the LTV systems. The next result is more interesting.

Theorem 3.37. Consider the difference Lyapunov equation
Yv[,[f :A;kat+1,lfAl+Zl7 Y'th/ = 07 (382)

where t <ty and €I, <Z; < 61, for all t and some 6 > € > 0. Suppose that there
exists oo > 0 such that for all finite t,



3.3 Time-Varying Systems 113

tffl
Y; ::,}iHLYfJf :,}1310 kg; D(t7,k+1)ZD(t7,k+ 1) > o,

Then the state-space system (3.78) is exponentially stable, if and only if the limiting
solutions {Y;} are bounded.

Proof. Suppose that the limiting solutions {Y;} are bounded. Then
ol, <Y, <BI, Vt (3.83)
for some 3 > o > 0, which in turn implies that
AY A =Y =27, < ¢, (3.84)

by taking the limit #; — oo in (3.82). Thus for any given #y and ¢ > #(, multiplying
(3.84) by x(¢)* from left and by x(¢) from right yields

X(t+ 1), x(t+1) —x(0)"Yx(r) < —g||x(1) ||,
where x( 4 1) = A;x(¢) is used. The inequality (3.83) leads to
x(1)"Yx(r) < BlIx(1)?

which is equivalent to

—[Ix(@)I* < =B~ () ¥ix(1).
Therefore for all t > 1 there holds

X(t+ 1) Y x(t 4+ 1) —x(£)*Vx(t) < —eB~"x(t)* Vx(t).
The above can be rewritten as
X(t+ 1) x(t+1) < (1 - %) x(1)"Yx(1). (3.85)

Since ¢ is a lower bound for Z, it can be taken such that

€
0<y=1-=<1.
r B

It follows from (3.85) that

X(t+ 1) Y x(t + 1) < PO 0)x(10) Y x(1o)
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for all # > fy. The bounds in (3.83) can then be used to conclude that

Ix(e+ 1) < Y170 /B/arl|x (o)l

from which the ex potential stability for (3.78) is proven. Now suppose that (3.78)
is exponentially stable. Then for all > #;, there holds

|@(t,10)|| < EY T, E>0, 0<y<I.
The hypothesis on Z; and the expression of ¥; yield

[f*l

. ke N
< 2 (tp—k=1) _ 2 i 95
vl < 8¢ ,}.‘Elokz:tf YT =1y

which is bounded for all # > 7y, establishing the theorem. O

It is easy to see that the two difference Lyapunov equations (3.79) and (3.82) are
different from each other in that one is forward recursion, and the other is backward
recursion. While the boundedness of X;, can only conclude the asymptotic stability,
the boundedness of ¥; can in fact establish the exponential stability with the aid
of some additional mild assumptions. In fact, the lower bound ¥; > al, > 0 can be
removed as shown in the next result which improves the Lyapunov stability criterion
in Theorem 3.37.

Theorem 3.38. Consider the difference Lyapunov equation
Yl,lf :A;kYI+1,thl+C;kCl7 Ylf,[f :07 (386)

where t <ty and (C,A;) is {-step observable. Let {Y;} be the limits of {Y;,} as
ty — oo. Then the state-space system (3.78) is exponentially stable, if and only if
{Y:} are bounded for all finite t.

Proof. It is easy to show that exponential stability of (3.78) implies that the limiting
solution to (3.86) satisfies

tffl
Y, = t}gn,,f = t}iEL Z‘[ D(tp,k+1)CiCD(t7,k+1)* < B,

for some B > 0 by the same argument as that in the proof of Theorem 3.37. Now
suppose that {Y;} are bounded. That is, ¥; < 1, for some 8 > 0. Let V[z,x(¢)] be
the Lyapunov function, defined by

V[t,x(¢)] = x(2)"[Y; + eL,)x(¢), €>0.
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Denote V; = V£, x(¢)]. Then direct calculations show

‘/[Jrl = ‘/[ _X(t)*[gln +CI*C[ - EA;A[]X(I),
Voo = Vi X(0)'[eh+ By g — €Dt + 1) @ (1 + ,0)x(0),

where B,y = OF, 01,10 is the observability gramian as defined in (3.58). The

hypothesis on ¢-step observability implies that
P =011 010 > Oy
for some o > 0. It follows that

Vi Vigs = X5(0)[eh+ Py — 60+ 0,1) (1t + L,0)x(1)
> (ote[l — ) [x(0)]1,

where r > 0 satisfies @(t + £,¢)*®@(t + {,t) < rl,. Hence, € > 0 in the Lyapunov
function V; = V[t,x(¢)] can be taken sufficiently small such that

p=o+e[l—r]>0.

Because ¥; < B, ||x||> > (B + &)~ 'V;, which establishes

Vi=Vise = pllx(0)[> > p(B+¢)'V,
The above implies that V;, , < yV; with

O<y=1-p(B+e) <1
by 0 < V;;¢ < V; whenever ||x(7)|| # 0. As a result,
Vigrke < 7 [x(t0) > — 0

exponentially as k — 0. The fact that

elx(n)|I* < VIx(1)] < (B +e)lIx()]?

establishes that ||x(7)|| — 0 exponentially as well. O

In the above proof, the boundedness of A; and C; for all ¢ is assumed im-
plicitly which holds for the section. Careful readers may notice that the proofs
for Theorems 3.37 and 3.38 are quite similar. In fact, these two proofs can be
adapted to prove further results in Lyapunov stability criteria parallel to that for LTI
systems. However, the detectability notion needs be extended first from that for LTI
systems.
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Definition 3.10. The pair (G, A,) is uniformly detectable, if there exist positive
integers ¢,k > 0 and constants ¢, 3 with 0 < B < 1, 0 < o < oo such that whenever

@@ +k,0)v| = Bllv] (3.87)
for some column vector v and time ¢, then
VP, v > av'y, (3.88)

where P, ;¢ is the observability gramian as defined in (3.58).

It is interesting to note how detectability is extended from that of LTI systems
without aid of modal observability. It is also interesting to observe how uniform
observability, i.e., P, ;¢ > 81, > 0, is weakened to (3.88) subject to (3.87). The next
theorem is the last result of this section. Because the proof is similar to that for
Theorem 3.38, it is left as an exercise (Problem 3.38).

Theorem 3.39. Consider the difference Lyapunov equation (3.86) wheret < ty, and
(Ci,Ay) is uniformly detectable. Let {Y, } be the limits of {Y;, } as ty — co. Then the
state-space system (3.78) is exponentially stable, if and only if {Y;} are bounded for
all finite t.

Uniform stabilizability can be defined similarly.
Definition 3.11. The pair (A,,B,) is uniformly stabilizable, if there exist positive
integers ¢,k > 0 and constants ¢, 3 with 0 < 8 < 1, 0 < o < oo such that whenever
[®(t+k,0)v]| = Bv]] (3.89)
for some column vector v and time ¢, then

V'OV > o'y, (3.90)

where Q; ;¢ is the reachability gramian as defined in (3.57).

The next result is basically the same as Theorem 3.39 by replacing A, with A7,
and C; by Bf. Hence, the proof is skipped.

Corollary 3.1. Consider the difference Lyapunov equation

Xt,tf = AtXtJrl,zfAz* +BtBt*7 th Af = 07 (3-91)

wheret <ty, and (A, B;) are uniformly stabilizable. Let {X; } be the limits of{me }
as ty — oo. Then the state-space system (3.78) is exponentially stable, if and only if
{X:} are bounded for all finite t.

It is noted that if the backward recursions in the Lyapunov equations (3.86)
and (3.91) are changed into forward recursions, then the exponential stability in
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Theorem 3.39 and Corollary 3.1 cannot be claimed, and the boundedness of the
corresponding solutions is sufficient (not necessary) to ensure only asymptotic
stability. The details are omitted.

Notes and References

Realization and stability theory for MIMO system are largely owe to Kalman [55,
56, 61]. Other people also contributed to the system theory. A sample of references
includes [4,34,62,65,82,89]. Several textbooks on linear system theory are favorite
of this author, including [21,53,94]. Several other books [6, 18,29, 30, 33] are listed
here for further reading.

Exercises

3.1. Given the pair (C,A) with C dimension p x n and A n x n, derive an algorithm
for computing the observability matrix &), such that its computational complexity is
in the order of pn’. In addition, program the algorithm using Matlab and test it with
several numerical examples.

3.2. Find realizations in block canonical observer and controller form for both

o _[Bi(z)] 1
H(z) = el [Bi(z) Ba(z)], Haz)= [B;(z)} Az)’

where A(z) = 2"+ a12" '+ +a, and B(z) = by 12"+ -+ by, for k= 1,2.

Answer the following: If H(z) has size p x m, which (observer or controller form)
realization has smaller order for the case p > m and p < m?

3.3. The matrix A, in Example 3.4 for the SISO system H(z) is called left
companion matrix. (i) Show that

det(Ad, —Ag) = A" — A" — oo — A —
(i1) Let ¢, be the same as in Example 3.4. Show that
Colely—Ao) "= [T oz 1] /det(zl, — Ay).
(iii) If all eigenvalues {A;}"_; of A, are distinct, show that

=4 a1
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is a left eigenvector of A, associated with eigenvalue A;. That is, q;A, = A;q;. (iv)
Suppose that all eigenvalues {A;}! ;| are distinct. Denote e; as a column vector of

size n with all zero elements except a one in the ith position. Let Vandermonde
matrix be defined as

o=[d, @ - dq,]" (3.92)

Show that Q! exists, and v; = O~ e; is the ith eigenvector corresponding eigen-
value A;.

3.4. Letc, and A, be as in Example 3.4 which have an observer form. Let I,(1t) be
a lower triangular Toeplitz matrix defined by

1 0 .- 0
— 1
Lw=| M
: . .0
—Mpr - —p 1

Show that I;, (i) ~! = &, is the observability matrix of (¢o,A,).

3.5. (Observability form) For the SISO transfer function H(z) in Example 3.4,
denote {A(z)} as its impulse response. (i) Show that

h(2) — | T V2
bobp = : = H .
h(l’l) —Up—1 - —Up 1 \

(ii) Show that with by, as above, ¢ = [ 1 07, ], and

_ 0,,71 Infl =/ _
Aob— |: Ly i,7;!1:| y Y1 = [,LL,,,l ,Lll},

(Aob, bob, €ob, d) is a realization of H(z). (iii) Show that the observability matrix
0, = I,, which is why it is called observability form. (iv) Find the block observabil-
ity form for the transfer matrix H(z) as in Example 3.4.

3.6. Let (A,B,C,D) be a realization of some m x m transfer matrix with n X n the
dimension of A. Show that the pair

<[C b}, {0: omBXmD
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is observable, if and only if (C,A) is observable and

([t 2]

3.7. Prove Theorem 3.7. (Hint: Show first that
x(n) = A"xXo+ %, (A,B)%,
is the solution to x(r 4+ 1) = Ax(¢) + Bu(¢), where
Uy =vec([u(n—1) - u(l) u(0)]), x(0)=xo

and then conclude that %,(A, B) needs have full row rank.)
3.8. Prove Theorem 3.9.
3.9. (i) Show that PBH test in Theorem 3.6 is equivalent to

rank{ [d”gA] } =n VzeC.

(i) Show that PBH test in Theorem 3.10 is equivalent to

rank{ [zl,,—A B} } =n Vz eC.
3.10. (i) Show that (C,A) is unobservable, if and only if there exists a square matrix
P # 0 such that PA = AP and CP = 0. (ii) Show that (A, B) is unreachable, if and
only if there exists a square matrix Q # 0 such that AQ = QA and OB = 0.

3.11. (Modal observability and reachability) Let (A,B,C,D) be a realization of
order n. (i) Show that a mode corresponding to eigenvalue A of A is unobservable,

if and only if
AL —A
k <

(ii) Show that a mode corresponding to eigenvalue A of A is unreachable, if and
only if
rank{ [/'Lln —A B} } <n.

3.12. Find a minimal realization for

z+1 1
1 6@) = —Z24z+1 Z‘% ’
B+32-3z-% 2+z+3
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z+1 1
2 1 1
r—z+3 =3
ii) G(z) =
(i) G(z) —2+2z+1 z—1
B+i2—1z—4 24z+y

3.13. (Transmission zeros) Let (A,B,C,D) be a realization for the transfer matrix
H(z) of size p x m. Suppose that det(zol, —A) # 0.

(i) For the case p > m, show that z = zy is an input zero of H(z), if and only if there
is a nonzero solution to
Z()In —A B X0 | 0,,
-C  Dlu | [0,]°

Show that in this case there exists an initial condition x(0) = x( and an input
u(r) = ugzj, forr > 0 such that y(r) = 0 for all 7 > 0.

(ii) For the case p < m, show that z = zg is an output zero of H(z), if and only if
there is a nonzero solution to

- - zol,—A B
What is the interpretation of the transmission zero for the case p < m?

3.14. (Poles) Suppose that py is a pole of H(z) = D+ C(zI — A)~'B. Show that
there exits an initial condition such that with input identically zero for each time
sample, the output y(¢) = vp6 for some nonzero column vector v and each ¢t > 0.

3.15. (Parallel realization) Suppose that {Ai}le are square and (A;,A;) have no
common eigenvalues whenever i # k. Show that realization (A, B,C, D), given by

A =diag(A1,....A;), B*=[B: -~ B, c=[c - <,

is minimal, if and only if (A;, B;) is reachable and (C;,A;) is observable for all i.

3.16. Consider a SISO system with realization (A,b,c). (i) Let A be a stability
matrix and X be a solution to

X =AXA +be.

Show that if (A,b,¢) is not a minimal realization, then X is singular. (ii) Suppose
that Y is a unique solution to

AY +YA+bc=0.

Show that if Y is singular, then (A,b,¢) is not a minimal realization.
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Fig. 3.7 Cascade connection u(t) ¥()
H(z) Hy(z)

3.17. Show that any two minimal realizations for the same transfer matrix are
equivalent to each other in the sense that a similarity transform exists which connects
the two realizations.

3.18. Let (A,b,c,d) be a realization of a SISO system. (i) Show that, if (¢,A) is
observable, then there exists a similarity transform 7, such that (¢7, ', T,LAT, ") isin
the observer form. (ii) Show that, if (A,b) is reachable, then there exists a similarity
transform 7; such that (T.AT, ', T.b) is in the controller form.

3.19. Show that the Lyapunov equation (3.18) can be rewritten as
[1—A"®A"] vec(P) = vec(Z),

where ® denotes the Kroneker product, and vec(P) and vec(Z) denote column
vectors obtained by stacking columns of P and Z, respectively. Show also that the
Lyapunov equation (3.18) has a unique solution, if and only A;A; # 1 for all i # k,
where {1} are eigenvalues of A.

3.20. Let (A,B,C,D) be a realization of order n, and A be stable. Let P and Q be
the observability and reachability gramians, respectively. That is,

P=A*PA+C*C, Q=AQA*+BB".

(1) Let P =UZX,U* be SVD where U is unitary, and X, is diagonal and of rank
ro < n. Show that similarity transform 7' = U* yields observability Kalman
decomposition.

(i) Let Q = VE.V* be SVD where V is unitary, and X, is diagonal and of rank
re < n. Show that similarity transform 7 = V* yields reachability Kalman
decomposition.

3.21. (Cascade realization) Consider cascade connection in Fig. 3.7. Let (A1, By,
C1, D) be realization of H;(z), and (A, By, C,, D) be realization of H(z).

(i) Show that H(z) = Ha(z)H (z) has realization (A, B,C,D), given by

Ay 0 B
A= , B= , C=|D , D=D,D;.
|:BZC1 Az} [Ble} (D201 G 2Dy

(ii) Assume that both (A, B;,Cy,Dy) and (Az,B,,Ca,D;) are minimal realizations.
Show that (C,A) is unobservable, if and only if there are cancellations between
poles of Hy(z) and zeros of Hy(z). Similarly, show that (A, B) is unreachable,
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if and only if there are cancellations between poles of Hz(z) and zeros of H;(z).
(Hint: Use coprime factorizations in Sect. 3.2.3.)

3.22. (i) Let H(z) be an m x m transfer matrix with realization (A,B,C,D), and D
nonsingular. Let A = A — BD~'C. Show that

-1

H(z) "' = [D+C~A)"'B] ' =p"'~D 'C(z1—A) ' BD.

(i) Show that the double Bezout identity (3.37) in Theorem 3.28 is true.

3.23. Suppose that (A + BF) and (A + LC) are stability matrices. Show that the
observer-based controller

K(z) = —F(zl —A—BF —LC—LDF)"'L

admits coprime factorizations as in (3.40).

3.24. Consider the feedback system in Fig. 3.6 where P(z) has realization
(A,B,C,D) and K(z) is an observer-based controller as in Problem 3.23. Show
that the closed-loop transfer matrix from r() to y(¢) is given by

—~[(C+DF)(zI —A—BF) 'B+D|F(d —A—LC)"'L.

3.25. Consider Theorem 3.28. Show that the realizations for

(i) [N(z) M(z)}:[AJrCLCI(BJrDLD)i |
M(z)] _
(ii) [N(Z)]_

are minimal, if and only if the realization (A,B,C, D) is minimal.

3.26. Suppose that (A,B,C,D) is a minimal realization for H(z) with size p x m.
Show that (3.38) and (3.39) hold true, and thus for all z € C, except those eigenvalues
of (A+BF)/(A+LC),

rank {[N(z) M(2)]} =p, rank{ [11\\148] } =m.

3.27. (i) Let G(z) = z/(1+2z) and K(z) = 1 in the feedback system of Fig. 3.6.
Show that y(¢) = r(t + 1), and the condition (3.29) fails. (ii) Assume that both K(z)
and G(z) are proper. Show that if (3.29) holds, then all signals in Fig. 3.6 are causal.

3.28. Let T(z) = D+ C(zI —A)~'B. Suppose that (A, B) is stabilizable, and (C,A)
is detectable. Show that the state-space system with realization (A,B,C,D) is
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DQ(z)

NQ(z) C(z) —~(+t P(z)

Fig. 3.8 Two-degree-of-freedom control system

internally stable, if and only if the transfer matrix T(z) has all its poles strictly
inside the unit circle.

3.29. Suppose that the feedback system in Fig. 3.6 is well posed, and the realiza-
tions of K(z) and G(z) are both stabilizable and detectable. Show that the feedback
system is internally stable, if and only if

is proper and stable. (Hint: Apply the result in Problem 3.28 to realization of T(z),
by assuming realizations of K(z) and G(z).)

3.30. Consider the two-degree-of-freedom control system in Fig. 3.8 where P(z) =

N(z)D(z) ! is right coprime factorization. Show that

Try(z) =N(2)Q(2), Tr(z) =D(2)Q(2),

where T,y (z) and T, (z) are transfer matrices fromr(z) to y(¢) and u(r), respectively.

3.31. Refer to the proof of Theorem 3.29, show that Q(z) = Q(z) if and only if
X(z)Yo(z) — Y(2)Xo(z) = Yo(z)X(z) — Xo(2)Y(z) where

Xo(z) = X(2) = Q(2)N(z), Yo(z) =Y(z) +Q(z)M(z),
Yo(z) = Y(2) + M(2)Q(2), Xo(z) =X(z) = N(2)Q(2).

3.32. Consider the double Bezout identity in (3.37). Suppose that {M(z),N(z)} and
{M(z),N(z) } are normalized coprime factors, i.e.,

M(z)M(z)~ +N(z)N(z)~ =1,, M(z)"M(z) + N(z)"N(z) = L.

Show that Y (2)M(z)™ — X(2)N(2)™ = M(2)~ ¥ (z) — N(2) "X (2).
3.33. Prove (3.61) and (3.62) by direct verifications.
3.34. Prove Theorem 3.34.
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3.35. An LTV system with realization {A,,B;,C;,0} is called periodic time vary-
ing, if

A=A, Byy=8B, CGu=G
for all # where £ > 0 is the smallest integer such that the above holds. Such an integer
£ is termed the period.

1. Show that for periodic time-varying state-space systems with period ¢ > 0, local
reachability over [y, 7o + ¢) is equivalent to ¢-step reachability.

2. Let t; = 1o+ £. Suppose that (C;,A;) is unobservable over [fo, f7). Show that
the similarity transforms {S,};gol exist such that (3.67) holds for 1o <1 < ty.
(Hint: Use the proof of Theorem 3.32.)

3. Show that (A;,B;,C;,0) is an ¢-step minimal realization, if and only if (4;,B;) is
reachable and (C;,A,) is observable over [f, t7) with 17 =15+ £.

4. Suppose that (A;,B;,C;,0) and (A,,E,,C‘,,O) are both /-step reachable and
observable realizations for the same LTV system. Show that there exist similarity
transforms {7;}72, such that

(Atvglaétvo) = (];+1A17;713]}+1317Ct7;7130) Vi

3.36. Show that x(r+ 1) = A,x(¢) is exponentially stable, if there exists p > 1 such
that x(r + 1) = pA;x(¢) is asymptotically stable.

3.37. Suppose that (C;,A,) is detectable. Let
x(t+1)=Ax(t), y@)=0Cx().
Show that llgg ly(H)||=0 = llgg [x(s)|| = 0.

3.38. Prove Theorem 3.39. (Hint: Use the same method as in the proof of
Theorem 3.38.)



Chapter 4
Model Reduction

Because real systems are highly complex and may involve physical phenomena
beyond mathematical description, plant models are likely to be of high order. In
addition, system models are obtained either from identification based on experi-
mental data or from modeling based on physics principles which add complexity
to state-space descriptions. Even in the case when such models do not involve pole
and zero cancellation which can be removed anyway with Kalman decomposition,
redundancies may still exist in the state-space model owing to its being nearly
unreachable or nearly unobservable or both. Hence, being minimal for realization is
not adequate. High order state-space models will lead to high order controllers and
increase overhead to analysis, design, and implementation of the feedback control
systems. For this reason, there is a strong incentive to reduce the order of the
system model. The real issue is how to quantify and remove redundancies in the
original high order model so that the reduced order model admits high fidelity in
representation of the physical process.

In the past a few decades, several techniques are emerged for order reduction
of state-space models. In this chapter, methods of balanced realization and optimal
Hankel-norm approximation will be presented. For a given state-space realization,
its Hankel singular values will be shown to provide a suitable measure of the
model redundancy. Specifically under the balanced realization, the subsystem
corresponding to small Hankel singular values contributes little to the system
behavior which can thus be truncated directly. This method can be further improved
to obtain reduced order models of higher fidelity. More importantly, upper bounds
will be derived to quantify the approximation error between the reduced model and
the original high order model. The contents of this chapter include error measures,
balanced truncation, and optimal Hankel-norm approximation, which rely heavily
on basic concepts and mathematical analysis from system theory in the previous
chapter.

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 125
DOI 10.1007/978-1-4614-2281-5_4, © Springer Science+Business Media, LLC 2012
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4.1 Performance Measures

Approximation errors are inevitable when low order models are employed to
represent the high order models. Performance of model reduction is measured by
the corresponding approximation error. The two most frequently used ones are %3
and J%,-norms.

For a given causal and rational plant P(z), it can be decomposed to

P(z) =H(z) + U(z), 4.1)

where H(z) is stable with all poles strictly inside the unit circle and all U(z) is anti-
stable in the sense that none of its poles is stable. Because feedback stabilization in
control requires the full knowledge of U(z), model reduction is normally carried out
for the stable component of P(z). The 4 norm of H(z) is defined by

1o .
||H|z=\/Tr{ﬁ | mEeomEe) dw} @2)

that is the same as (2.51) in Chap. 2 induced by power norm. This norm is often
encountered in feedback control and signal processing due to the white nature of
noises and disturbances. Collection of all stable transfer matrices with bounded .73 -
norm forms a Hardy space on the unit circle which is in fact a Hilbert space. On the
other hand, the 7%, -norm of H(z) is defined by

[H||. = sup &' [H(z)]. 4.3)

[z[>1

Collection of all stable transfer matrices with bounded 77.-norm is also a Hardy
space on the unit circle which is now a Banach space. Readers are referred to other
texts for more complete knowledge of Hardy spaces. For rational H(z), its .7Z2,-norm
has a simpler form:

[H]o = rar)lgéﬁ[H (e/*)]. (4.4)

Basically, .7Z,.-norm is the maximum “magnitude response.”

The mathematical expressions in (4.2) and (4.4) suggest that transfer matrices
can be regarded as matrix-valued functions of real variable ®. Thus, Hardy spaces
of % and . can be extended to Lebesgue spaces of .%3[0, 2] and .Z..[0, 27],
respectively. Indeed, let %[0, 27| be the collection of all transfer matrices H(z)
such that the integration in (4.2) is bounded in the sense of Lebesgue. It includes
% as a subspace. Another subspace of %[0, 27] consists of those transfer matrices
whose impulse responses are anticausal that is the complement of 7% and denoted
by 74, . In fact, each H (e®) € 5[0, 27] can be written as
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H(z) = Hs(z) + Has, Hs(z) € 54, Hus(z) € 751, 4.5)

owing to the nice geometry property of the Hilbert space. Similarly, 72, can
be defined as the collection of all anticausal transfer matrices whose frequency
responses are essentially bounded. Both %, and J#, | are subspaces of %[0, 27].
However, each H (e®) € .Z..[0, 27| does not admit a similar decomposition to that
in (4.5) because of the geometry complexity of the Banach space.

In engineering practice white noises and disturbances are abundant. See many
examples presented in Chap. 2. As a result, 73 norm is often adopted to measure
the model reduction error. Let H(z) be a reduced order model. Then small

value of HH — IA{H2 implies good quality of the reduced order model in terms of

approximation to the high order model H(z). It turns out that 2% norm is not
a good measure for applications to control systems because of the consideration
for feedback stability. Recall Nyquist criterion in classic control: It is the shortest
distance between the frequency response of the loop transfer function and the critical
point of —1 on complex plane that measures the stability margin. In other words,
if H(z) is the approximate loop transfer function, and results in stable feedback
system, then the closed-loop system with loop transfer function H(z) remains stable,

if HH — le is strictly smaller than the stability margin. Clearly, #.-norm is the

worst-case measure that can be conservative. However, because at which frequency
the shortest distance takes place is unknown prior to controller design, the J%-
norm measure is indispensable for model reduction in feedback control systems, if
the controller is synthesized based on the reduced order model.

For a stable SISO system H(z), there holds ||H||2 < ||H]|. In fact, the difference
between ||H||; and ||H||. can be substantial, if the magnitude response of H(z)
varies substantially implying that the .7Z2.-norm measure can be very conservative.
In addition, optimal model reduction under either % or -norm involves
nonlinear optimization and is thus not tractable. A different norm, termed Hankel
norm, is introduced to aid model reduction.

Let a causal signal {u(¢)}:* , of dimension d be energy bounded. The collection
of all such signals is denoted by é‘zl 4~ Its complement, 6‘217, is the collection of all
anticausal and energy-bounded signals of dimension d. As such, each d-dimensional
signal {s(¢)};2 _., with bounded energy admits the following decomposition:

s(t) =sc(t)+sa(t), sc(t) €45,, sa(t) €5 .

It follows that 6‘21 = 6‘21 i 69637 is the collection of energy-bounded signals of
dimension d which is also a Hilbert space with é‘zl 4 and 6‘217, two complementary
complete subspaces. For each s(¢) € 4, its DTFT is defined as

S(e/?) =3 s(t)e ¥, weR.

t=—o0
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In light of Parseval’s theorem, there holds ||s||, = [|S||> where

[Isll2 = ZH 2, |S||2—\/ /HS ei®)|)? do

f=—o0

are called 2-norms with | - ||, the Euclidean norm.

The transfer matrix H(z) of size p x m can be viewed as a mapping from ¢35,
to 5 .- Let §(¢) be Kroneker delta function and e, be a vector of size m with 1
at the kth entry and rest zeros. Denote {H(r)};*, the impulse response of H(z).
Then

Yi(t) = H(q)d(t)er = H(t)ex

is the impulse response with impulse excited at the kth input channel. It can be
verified that the .73 norm has the following time-domain expression:

H], = ému— > T {H(OH (1)}

f=—o0

However, the time-domain interpretation for .7Z2.-norm is more intriguing that is
presented in the next result.

Theorem 4.1. Let {u(r)} € ¢4, and {y(t)} € ¢4, be input and output of a causal
and stable system represented by its transfer matrix H(z) under zero initial
condition. Then

[Hllo = sup == (4.6)
0z£uely, H

Proof. Applying DTFT under zero initial condition yields
Y (/) =H (/) U (e/®) Vo eR.

By the definition of JZZ.-norm, there holds

Lo _
I¥l3 = IYII3 = E/,,,U(em) H(e/®) H (e/°) U (/%) do
< o [T B U U ) do
< [H|ZIU[3 = |2 ull3,

where Parseval’s theorem is used twice. Hence, ||H|| is an upper bound for
Ilyll2/|la]|2. This upper bound can be asymptotically achieved. Consider the first
case when H(z) admits continuous frequency response. Specifically, there exists @,
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at which G [H (e/“")| = ||H||.. Hence, there exists a pair of complex-valued unit
vectors {u,,,y,, } of appropriate dimensions such that

H (e/) u,, = [[H|coym 4.7

If a causal input u(r) with DTFT U (e/®) = u,, ¢ (®) is taken where
O A (48)
Ve ~ 1 0, elsewhere, '

and € >0, then u(t) € ¢3', and |Ju||> = ||U||2 = 1. For this input signal,
2 2 1 T 2 % joy* jo 2
Iyll> = [Hully = = | [ye(o)] u,H(e”) H(e!”)u, do — |[HJZ

as € — 0 in light of (4.7) and (4.8). The proof for the case when H(z) does not
admit continuous frequency response is similar but involves more sophisticated
mathematics which is skipped. a

It is interesting to observe that .7Z,-norm, defined in frequency domain, has
an interpretation as the induced f,-norm in time domain. Next consider an input
{u(r)},2 .. € £4 . The corresponding output is given by

oo

y(t)=H(q)u(r)= Y, H(ku(t—k) (5. 4.9)
k=t+1

Let IT, [-] be the orthogonal projection from /5 to ¢». Then the Hankel operator I},
associated with H(z) of dimension p x m, is defined via

¥(t) = Lyu = I, [H(q)u()] (4.10)

that is a mapping from £5'_ to Eg - The Hankel norm is defined via

([T [y]]]
[H[, := sup 2.
0£ucy ([ull2

Hankel matrices of finite size are used in the previous chapter in studying
minimal realizations. Let (A, B,C, D) be a realization of H(z). Its impulse response
is given by H(t) = CA'"'B for t > 1 and H(0) = D. The Hankel matrix of infinite
size associated with H(z) is given by

H(1)H(2)---  H(()

- lim H(2)H(3) - H(Z.—i—l)

H
{—oo

= lim ﬁg%g, (4.11)
{—roo

HO) o - H Q- 1)
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where 0y and %, are the observability and reachability matrices of size /,
respectively. For anticausal input {u(z)},! . € ¢2 and the projected output
{y(1)}72 € €5, there holds y = 7, u where

u(—1) y(0)
u(-2) .| y()
u= lim . , y=lim
{—oo : e :
u(—?) y(£)

Indeed, it can be verified rather easily using (4.9) that

¥(0) H()HQ) - H() ] [u(-1)
v | [HQHE) - HE+) | u(-2)
=B AU :
0 H(t) - - H20-1)] Lu(=0)

leading to y = 77, u. As aresult, [|[H||,; =& (7).

A salient feature of the Hankel matrix is its finite rank being the same as the
McMillan degree of the corresponding transfer matrix. Hence, model reduction can
be carried out via approximation of the Hankel matrix with a lower rank Hankel
matrix. For H(z) = D+ C(zl, —A) ™' B of order n, its observability and reachability
gramians are solutions to the following two Lyapunov equations

P=A*PA+C*C, Q=AQA*+ BB", 4.12)

respectively. Stability of A ensures that

oo

P=limoi0r =3 (cat)" (cat), (4.13)
0 = Jim##; = 3 (4'5) (4'5) @149

Properties of eigenvalues imply

G[(%)Z Ai (f%@f%’:) =\/A(PQ), i=1,2,...,n.

For this reason, square roots of eigenvalues of PQ are referred to as Hankel singular
values, which depend only on the impulse response of H(z). It is noted that neither
Hankel operator nor Hankel matrix involves D.



4.1 Performance Measures

131

Lemma 4.1. ForH(z) = C(zI —A)~'B of dimension p x m with A a stability matrix,

there holds 1

min{p,m}
Proof. By stability of A and definition of the Hankel and 5Z2.-norms,

|2 < [[H[]y; < [[H][eo.

[Hlly = sup [[[I[Hu], < sup  |Hullz = |[H]|.

[ul2=1,uets_ [ul2=1,uets,
For .74 norm, assuming m < p has no loss of generality. It is claimed that
|H|3 = Tr{B*PB}, P=A*PA+C"C.
Stability of A ensures that P > 0. In addition, there holds
(z'1—A*) Pzl —A) = P—zA"P—7 'PA+ A"PA

=2A*PA+C'C—zA*P—7 'PA
=C'C—A*P(d—A)— (' 1-A")PA

in which the Lyapunov equation from (4.15) is used. It follows that

C*C=A"P(dd —A)+ (z 'I—A")PA+ (2 'I—A") P(zI — A).

(4.15)

(4.16)

Recall H(z) = C(zI — A)~'B. Multiplying the above equality by (z/ —A)~'B from

right and by B* (z7'1—A*) " from left yields

H(z)'H(z) = B* (z 'I—A") ' A"PB+B*PA(zI — A)"'B+B'PB

4.17)

for each z on the unit circle. By Cauchy’s integral theorem, contour integration of
the above matrix function on the unit circle counterclockwise with trace operation
verifies (4.15). On the other hand, the Lyapunov equation Q = AQA* + BB* shows

that BB* < Q by again stability of A. Consequently,

1 1 1
—|H||? = —Tr{B*PB} = —Tr{PBB*
mH 2 - r{ } - r{ }

1 . .
= EZ{?L,‘(PBB ) < Amax (PBB*)

< )Lmax(PQ) = ”HHi

by positivity of all the eigenvalues that completes the proof.
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Example 4.2. Let us examine a specific H(z) from Problem 3.12 given by

z+1 1
@ 2—z+3 z—1
H(z) = (4.18)
—2+z+1 —%

3412 1, 12 1
+537—z2—5 +zitg

Its partial fraction is obtained as

1 1 . -1 0.5 0 0 . 0 0
1.250 0.675 0 -2.251 1.375 0.25
1\2 + 1\2
(z—3) (z+3)

The second column of the first term has only one pole at %, and the second term
is a rank 1 matrix and thus has McMillan degree 2. Hence, a minimal realization
(A,B,C,D) is constructed to be

H(z) =

1-0250 0 0 1 0
1 0 0 0 0 0 0
A=|0 0 05 0 0|, B=| 0 1,
00 0 —11 225 1
0 0 0 -0250] | 1375 -0.25
c—[ 1 1 100l foo]
1.25 -0.6750 10 | 100

The observability and reachability gramians are given by

12.65 —2.404 2.667 0.826 0.381 |
~2.404 2.246 0.667 —0.445 —0.206
P=| 2667 0.6671.333 0 0],
0.826 —0.445 0 2.963 —2.370
0381 —0.206 0 —2.370 2.963 |

2.963 2.370 0 —1.568 —0.944 |
2.370 2.963 0 0.624 0.392
0= 0 0 1.333 0.560 —0.320

—1.568 0.624 0.560 10.27 4.329
| —0.944 0.392 —0.320 4.329 2.595 |

As a result, ||H|j; = \/Tr{B*PB} = 4.414, |H||, = \/Amax(PQ) = 5.539, and

|H||.. = 8.28 that takes place at @ = 0.
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Lemma 4.1 and Example 4.2 show that the Hankel norm is between 7% and 5#.-
norms that can be an appropriate measure for model reduction. More importantly,
the Hankel matrix has finite rank. Model reduction can thus be converted to low
rank matrix approximation that is a tractable problem. In the next two sections, two
different techniques will be developed for model reduction. Surprisingly, both admit
good approximation error in #, norm.

4.2 Balanced Truncation

Algorithms for model reduction in this section are based on approximation of
gramian matrices with the lower rank ones via direct truncation. However, two
gramians exist for each transfer matrix. How to approximate them with lower
rank ones becomes a problem. A moment of reflection suggests that the two
gramians need to be balanced prior to truncation in order to help minimization of
the approximation error. There are two different ways for balancing the gramian
matrices leading to two different reduction methods based on balanced truncation
which will be studied in this section.

4.2.1 Balanced Realization

Given a state-space realization (A, B,C, D) with A stable, both observability gramian
P and reachability gramian Q are positive semidefinite, which are the unique
solutions to the two Lyapunov equations in (4.12), respectively. Moreover, P is
positive definite, if and only if (C,A) is observable, and Q is positive definite, if
and only if (A, B) is reachable. The next result illustrates that a similarity transform
can be applied to obtain a minimal realization, which admits equal and diagonal
observability and reachability gramians. Such a realization is called balanced
realization.

Proposition 4.1. Let P and Q be respective observability and reachability grami-
ans associated with realization (A, B,C, D) where A is a stability matrix. There exists
a similarity transform T such that the new realization

(Ap,By,Cp,D) = (TAT ', TB,CT ', D) (4.19)
admits observability and reachability gramians given by

P, = Q, = diag(o1,07,...,0,) =: X > 0. (4.20)

Proof. Let QP = SAS™! be eigenvalue decomposition. Since both P and Q are
nonnegative matrices, A is diagonal and nonnegative. It follows that A = X2 where
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X is diagonal with {o;} on the diagonal. In fact, P and Q are simultaneously
diagonalizable (refer to Appendix A). Hence, a nonsingular matrix S exists such
that X = S~'Q(8*)~! = §*PS and

2 =[s'o(s") " [s*PS] =S5 'oPs.

Let (Ap,Bp,Cp) be as in (4.19) and P, = Q) as in (4.20). Multiplying the second
Lyapunov equation in (4.12) by S~! from left and (S*)~! from right yields

Op = ApQA}, + BB},

if 7 = S~!. Similarly, multiplying the first Lyapunov equation in (4.12) by §* from
left and S from right yields

P, = ApPyAp + CpCp,

if T = S~!. The proposition is thus true by taking T = S~ a

The sequence {o;} is called Hankel singular values which can be arranged in
descending order:
6120220, 20.

It is noted that the required similarity transform 7 in Proposition 4.1 may not be
the same as the S~ matrix in eigenvalue decomposition of PQ. In this case, it
is suggested to first eliminate the unobservable and unreachable modes separately
as in Problem 3.20 and then find the similarity transform to obtain the balanced
realization. When P and Q are nonsingular, it can be verified that 7 = > 12U R
is the required similarity transform in obtaining the balanced realization where
P = R*R is the Cholesky factorization, and

ROR* =UZX*U*

is the SVD with U a unitary matrix.

There are two reasons for studying balanced realizations. The first is their
insensitivity to rounding off errors, compared with other realizations, subsuming
the ARMA models. Recall that discrete-time signal processing requires digital
implementations. The second is model reduction which is studied in this chapter.
Even for minimal realizations, not all the modes contribute equally to the dy-
namic behavior of the system. If insignificant modes are truncated directly, then
the reduced order dynamic system approximates the original system with little
noticeable error. However, direct truncation of less significant modes is not the
right approach in terms of minimization of the approximate error. A reflection on
Kalman decomposition indicates that the approximation error is suitably small, if the
truncated subsystems or state variables are nearly unobservable and unreachable.
It needs to be emphasized that for minimal realizations, a state variable that
is nearly unobservable does not imply that it has an insignificant contribution
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to the input/output behavior of the system. In fact, because (A,B,C,D) and

(A,pB,p~'C,D) describe the same input/output system with p # 0, the second

realization can be made nearly unobservable by making |p| sufficiently large.

Hence, there needs to be some balance between the observability and reachability.

A right measure is the observability and reachability gramians, which represent the

energy functions in the Lyapunov stability criteria, leading to balanced realizations.
Suppose that (A, B,C,D) is a balanced realization with A stable. Then

YX=A"2A4+C'C, X =AXA"+BB", (4.21)
where X is both the observability and reachability gramian, given by
X =diag(0y,02,...,0,), O] >0p > >0y (4.22)

with n the order of (A,B,C,D). Assume that there is a large gap between o, and
0,11 with 1 <r <n,i.e., 6,>>0,4;. Then X can be partitioned into £ = diag(Z;, X))
with X containing the first r significant Hankel singular values and X, containing
the less significant or tail of the n Hankel singular values. Partition the realization
compatibly as

A11A12} [31}
A= . B= . =[0Gl (4.23
|:A21A22 B [ ! 2} )

where (A1,B1,C1,D) has order r, and is called balance truncated model. It follows
that the state vector can be partitioned conformally as

x(1) = [x{(r) x3()]"

with x;(¢) much less observable and reachable as compared with x;(z) which
has size r. Kalman decomposition suggests that (A;,B;,C,D) should be a good
approximation to (A,B,C,D). This is indeed true. The following result provides an
a priori error bound in #Z. norm for the balance truncated model.

Theorem 4.3. Let (A,B,C,D) be a balanced realization of order n for H(z),
satisfying (4.21) and partitioned as in (4.23). Suppose that 6, > 0,41 with X as
given in (4.22). Then the balance truncated model (Ay1,B1,C1,D) of order r is
internally stable, and there holds error bound

n
HH—HH <23 o, (4.24)
o i=r+1

where H(z) = D+ Cy (zI, — A1) 'By.

Proof. It is noted that the Lyapunov equations in (4.22) can be written into the
following two inequalities:

(i) A*SA+C°C< X, (i) ASA*+BB* <%, (4.25)
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where X <Y stands for Y — X > 0, i.e., positive semidefinite. By the partitions in
(4.23) and X = diag(Z,X,),

AT121A11 +A;122A21 -2 < CTCI- (4.26)

Let A be an eigenvalue of Aj; with eigenvector ¥. Multiplying the above inequality
by ¥* from left and ¥ from right yields

(IA[> = 1) (V" Z19) + 9743, 2242, ¥ < — | C1 9]
Since X > 0, |A| < 1 is true. Moreover, if |A| = 1, then
Anv=0, C;v=0
by %, > 0, which implies that A is also an eigenvalue of A by
v Apv v
A = =1 .
HEREN

Because A is a stability matrix, A with |A| = 1 cannot be an eigenvalue of A;; that
concludes stability of A;. Define

A(z) = Ap +Api (el — Apy) ' Aay,
B(z) = Bo+Ax (e, —An) "By, (4.27)
C(Z) =G +G (er _A11)71A21.

It is left as an exercise (Problem 4.3) to show that

H(z) — H(z) = E(z) = C(2) (21, — A(2)] - B(z), (4.28)
B(e/®)B (/)" < @ (/) e ¥ + /05,0 (e/°)", (4.29)
C (/) C(e®) < @ (/) e/ +e /05,0 (e/9), (4.30)

for each @ where ®(z) = [zl,—, — A(z)]. To prove the error bound (4.24), assume
first that £, = o, . Then multiplying (4.29) by C (ej“’) [(D (ej“’)] ! from left and
by (€ () [@ (/)] ") from right leads to

E (/%) E (/%) < o€ (¢/°) (efw [@()] 4o o () 1) ¢ ()",
Therefore, at each frequency o,

||E(ej°")||2 < ZGHC‘(ejw) [ejwl,,fr—A(ejw)]flé(ejw)* '
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Denote IT (e/?) = C (e/?) [ (e/?)] e (e/)". Then

[E (e/°) || = /20 1T (e72)] (4.31)

at each frequency ®. Now multiplying (4.30) by [(D (e-iw)] e (ej “’)* from right
and by ([(p (e-"“’)} e (ejw)*)* from left leads to

11 (/) 11 (/%) < o [/ (/) +e /11 (/)]
The above is equivalent to

(11 (e/?) — 0e/®I,,] " [IT (/) — 0e/®I,_,] < %I,

That is, HH (e/®) — Gej“’I,,,,H < ¢ from which HH (e/®) H < 20 follows. Com-
bined with (4.31) yields ||E (¢/®) || < 20 for all ®. The error bound (4.24) is thus
true for the case ¥, = ol,_,. Note that the balance truncated model satisfies the
same inequalities as in (4.25):

A1 Z1A +CCL < %y, AXZiA}+BiB] <X

by (4.26) and its dual inequality. Hence, if X, # ol,_, and Hankel singular values
are all distinct, then balanced truncation can be applied repeatedly to each individual
Hankel singular value from o, to o,;;. Because each balance truncated model
satisfies the same inequalities as in (4.25), the truncation error is 20;,,—;4+1 at the ith

truncation stage with i = 1,...,n —r. The error bound (4.24) is thus proven, which
can be improved if there are repeated Hankel singular values. See Problem 4.4 in
Exercises. ad

The error bound in %, norm is a pleasant surprise. It will be shown later
that optimal Hankel-norm approximation admits a better error bound but involves
higher computational complexity. The next result follows from the proof of The-
orem 4.3 that will be useful in the next subsection. Its proof is left as an exercise
(Problem 4.5).

Corollary 4.1. Suppose that A1y is a stability matrix. Let A(z), B(z), C(z) be defined
in (4.27), and T(z) = C(z) [l — A(2)] ' B). If

=

()B(2)* <z ' [d—AQR)]Ur+2U, [ - A(2)]”,
C(2)*"C(z) < z[d—A@)| " Va+z 'V [l —A(2)],

for each z on the unit circle and U,V = 621 with ¢ > 0, then HTHOO <20.
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Fig. 4.1 Maximum error frequency response plots

Example 4.4. Consider the same transfer matrix as in Example 4.2. A similarity
transformation matrix can be computed to yield a balanced realization for H(z)
so that

% = diag(5.5386,3.8150, 1.3345,1.0299,0.0176) (4.32)

is both the observability and reachability gramians. The maximum singular values
of the error frequency responses are plotted in the following figure for approx-
imation with the second-order (upper solid curve), third-order (middle dot—dash
curve), and fourth-order (lower dashed curve) models based on balanced truncation
(see Fig.4.1).

It is seen that the error bound in Theorem 4.3 holds. In fact, the error bound is
quite conservative for small r.

A SISO plant is considered in the next example.

Example 4.5. The transfer function in consideration is given by

1 /1+082\°
H(z)= _—
) z—09 ( z+0.8 >
consisting of one subsystem having the pole at 0.9 and the subsystem with Blaschke
product! of order 6. It can be shown that all the Hankel singular values of the

IBlaschke product is a transfer function whose poles and zeros are in mirror pattern with respect
to the unit circle.
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Blaschke product are 1 (Problem 4.10 in Exercises), and thus, the order of H(z)
cannot be reduced without the additional pole at 0.9. However, with the pole at 0.9
included, its Hankel singular values are given by

5.5419, 0.8323, 0.5601, 0.5352, 0.5294, 0.5274, 0.5265.

Hence, except the first Hankel singular value oy, all others are very close to each
other and are considerably smaller than o;. The first- and second-order balanced
truncations provide pretty good approximation with maximum error roughly 10%
of the J#.-norm of H(z) that is 10. See the frequency response error plots in the
next figure with solid line for the first-order and dashed line for the second-order
approximations. It can be seen that the error bound is again very conservative. In
fact, the actual /%% -norm error is no more than 207 (see Fig. 4.2).

4.2.2 Inverse Balanced Realization

Balanced truncation yields an additive representation of the plant given by

~

H(z) =H(z) + A(z), (4.33)



140 4 Model Reduction

where the additive error A(z) is stable and satisfies an Z.-norm bound as in
Theorem 4.3. For feedback control, it is sometimes more desirable to obtain reduced
order model with multiplicative or relation errors in form of

-~

H(Z) = H(Z) [I + Amul(Z)L ﬁ(Z) = H(Z) [I + Arel(Z)] (4.34)

with H(z) the reduced order model and Apyi(z)/Arei () stable error matrices having
small .7ZZ, norm. In fact, the results in this subsection are indispensable for controller
reduction to be studied in Chap. 6.

Consider a square transfer matrix H(z) = D+ C(zI —A)~'B with D nonsingular.
Assume that both A and A — BD~!C are stability matrices. It is easily shown that

1 [A-BD 'c|BD!
| -p7lc |p' ][

H(z)

The model reduction algorithm is to balance the observability gramian of H(z) ™!
against the reachability gramian of H(z). Specifically, let W and Q be solutions to
the following two Lyapunov equations:
W= (A-BD'C)"W (A-BD 'C)+C'R'C, (4.35)
O = AQA*+BB*, R=DD". (4.36)

Stability of A and A — BD~'C implies that W > 0 and Q > 0. If
W =Q=S:=diag(sif;, 2Ly, ..,sn1iy ) (4.37)

with s; > s3> --- > sy > 0and i; + i + - -- + iy = n, then the realization of H(z)
is termed inverse balanced. Let i} + iz + -+ +ip = r for some p < 7. Partition the
realization {A, B,C} compatibly as in (4.23) that results in

A11A12} {Bl}
A= . B= L c=[c Gl (438
L\zlz‘\zz B, [ &) )

where (A11,B1,C1,D) has order r yielding the reduced order model
H(z) =D+C (zI,— A1) ' By.

Although same notations are used, the reduced order model is different from that
in the previous subsection due to the use of inverse balanced truncation (IBT).
A different error bound in %72, norm holds.

Theorem 4.6. Consider square transfer matrix H(z) = D +C(zl, — A)~'B of which
det(D) # 0. Assume that both A and A — BD~'C are stability matrices. Let H(z)
of order r < n be obtained through the 1BT procedure where {s;} in (4.37) are
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all distinct. Then the relations in (4.34) hold for some stable Amu(z) and A (2)

satisfying
L 2
[Amall- < T (1+23k\/1+s,%+2sk> ~1, (4.39)

k=p+1
d 2
[Awll- < ] (1+2sk,/1+sg+2sk>—1. (4.40)
k=p+1

Proof. The proof is similar to that for Theorem 4.3 by first recognizing that the
Lyapunov functions associated with IBT can be written as

(A—BD'C)"S(A-BD'C)+C'R'C < 8, 4.41)
ASA* +BB* < S, (4.42)

where S in (4.37) is diagonal. Next, the error matrices Ay (z) and Ay (z) in (4.34)
can be rewritten as

Agy = H! [H—ﬁ] C Ag=H"! [H—ﬁ]

Recall (4.27) for C(zI — A)~'B which is now modified to

A . AqlA
An(2) = An +Aa1 (el = Ann) A = [%}
Ari|A
B - Ap|B
Bu(0) = By+ Ani (el —An) "By = [_n 1}
Ar|By

~ _ N L TAL]A
Cn(z) =D '[Cy+Ci(ely,— A1) 'Ap| =D 1[%;%} (4.43)

for D~'H(z) — I = D~'C(zI — A)~'B. It follows from (4.28) that
D! {H(z) - ﬁ(Z)} =Cin(2) [ehy — An(2)] B, (z). (4.44)

The following transfer matrices

-A11 —BlD71C1 Al —BlD71C2
| A2y = BoD'Ci|Ay —BoD TGy |
-A11 —BlD71C1 B,

B =
(@) | A2y — BoDICy Bz]’

(4.45)

~ -A11—BlD71C1 A12—31D71C2
D¢ DG, ’
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are then defined based on I — H(z)"'D = D’IC(zI—A—l-BD’lC)AB by
appropriate modification of (4.27). The expression in (4.28) can be adapted to

suite the error matrix E;(z) = [I —H(z)"'D] — [I - ITI(z)’lD] to arrive at

o B . . s
Ei(z) =H(z) 'D-H(z) 'D=C(2) [2f, — A:(2)] T Bi(z).
It is left as an exercise (Problem 4.7) to show that

(i) A~r(Z) = Am(z) - ~in
(i) Bm(z) = Br(z)D~"H(z),
(iii) Ci(z) = H(z) 'DCp(

N

Multiplying (4.44) by I?I(z)*lD from left yields

Amai(z) = H(z) ' DCin(2) [ef — Am(z)]

= Col2) [ — An(2)] " Bun(2).

Bn(z2)

by (iii) of (4.47). Since

Awi(2) = H(z) " [H(x) - A
~1

~ [H(@)™ ~HE) ' A() = Ei()D'H(),

multiplying (4.46) by D’ll/-\I(z) from right and using (ii) of (4.47) yield

-~

Apel (Z) = r(z) [Zlnfr —Ar(z)} - B’r(Z)DilH(Z)

The Lyapunov inequalities in (4.41) and (4.42) lead to
B (¢/®) By (ej“’)* < D (e/9) Sre7 0 + /98, Dy, (ej“’)* ;
C: (e/?) e (e/?) < @ (e/?) " $e/? 4 e IOS, @, (e/?),

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)
4.51)

for each @ where @ (z) = [2ly—r — Am(z)] and @;(z) = [zl,—, — A,(z)]. The above
two inequalities are similar to (4.29) and (4.30), respectively. Suppose that S, =

snl,—r. Substituting (i) of (4.47) into inequality (4.51) gives

Sglér*ér S Zil(pm‘f'Zq):q'i‘ZilB‘mér‘f'ZC:B‘fn,
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where the argument e/® is suppressed and z = e/®. Applying the inequality from
Problem 4.8 in Exercises with U =z~ !B, and V = C; leads to

sEIC‘r*C} < zflCDm—I—z(D;l—I—OlemEx*n‘f'O‘Cr*Cr
< (T+spo ) (27 @ +2@7) +allC

in which (4.50) is used and o > 0. For asy < 1, the above inequality implies

o A 1 +spo! _ .
GG < (1—77> (Z IQ)m—i—ZQ)m),
Sn —

Recall that |z| = 1 is arbitrary. Together with (4.50) yields

Al < 254/ (0t 5) /[ex(1 = atsy)]

in light of Corollary 4.1 and S, = sy /. Noting that the right-hand side is minimized
by o = /1 —s3 — sy that satisfies sy < 1, there holds

”AmulHoo < 2sn (1 /1 +S% +STI)

that agrees with (4.39) in the special case p + 1 = 1. To prove the multiplicative
error bound for the general case, denote

An(k) = I?Ikill (I/:Ik_ﬁkfl)v p+1<k<nm,
where H = Hy,. Then [|Am (k)| < 25k ( 1 +s,§+sk) and
H = H, [T+ An(K)]. (4.52)
Let ﬁp =H. Repeated use of the above equation leads to

H:ﬁ ﬁnfl[l'i‘Am(n)]:"'

-
H[I+ Am(p +1)] -+ [+ Am(n)].

Since Ay = H-'H — I, there holds

Amul = [[+An(p+ 1))+ [+ An(n)] - I (4.53)
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Applying the inequality in Problem 4.11 in Exercises yields

n
lAmall-< TI (1+zsk 1+sg+zsg>_1
i=p+1

that completes the proof for (4.39). The proof for the relative error bound in (4.40)
is similar and is left as an exercise (Problem 4.12). O

Example 4.7. Consider H(z) = C(zI —A)~'B with (A, B,C) given in Example 4.2.
Since inverse balanced realization requires proper inverse, this example examines

ITI(Z)—ZH(Z)—[%'C%], CB_{_i”,

for IBT. Clearly, det(CB) # 0. By applying the IBT algorithm to the above H(z), the
reduced plant with order 3 is obtained. The following figure shows the maximum
singular value plots for both the relative (solid line) and multiplicative (dashed line)
errors in frequency domain (see Fig. 4.3).

It is seen that the model reduction error based on IBT does not exceed 11.35% in
the case of r = 3. The IB singular values are given by

S = diag(3.3882,2.6863,0.3614,0.1041,0.0150).

The error bound in the case of r = 3 is 0.2686 that is considerably greater than the
actual error. On the other hand, if » = 2 is taken, then the error bound is 1.5752
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exceeding 1, even though the actual error is 54.51%, which is not plotted. So the
error bound is conservative again, but it does provide some indication on the true
eITOr.

Although square plants are assumed, the IBT procedure is actually applicable to
nonsquare transfer matrix G(z) = D+ C(zl, —A) "' B, provided that it does not have
transmission zeros on and outside the unit circle, including at co. Without loss of
generality assume that G(z) is wide or its dimension is p x m with p < m. Then
D has full row rank and there exists a right inverse D and a matrix D of size
(m — p) x m such that

[D’ﬂ [DT D] =1y (4.54)

It is left as an exercise to show that (Problem 4.14) G(z) is strictly minimum phase,
if and only if {A —BD*C,BD } is stabilizable. Hence, there exists a stabilizing
state-feedback gain F' such that

Ar=A—BD'C+BD,F =A+BCr (4.55)

is a stability matrix with Cr = D F — DTC. Rewrite

G(z)=D {_—Cﬁ’% = G(g)" = [%}i’% D" (4.56)

The IBT balances the reachability gramian against the observability gramian of
G(z)" which are given respectively by

Q=AQA*+BB*, P=A}PAp+CiCr.

The following result is true.

Corollary 4.2. Consider G(z) = D+C(zl, —A)~'B of size p x m with p < m and D

Sfull row rank. Suppose that both A and Af in (4.55) are stability matrices for some
F. Then G(z)" in (4.56) is a stable right inverse of G(z). If realizations of G(z) and
G(z)" are inverse balanced or

P= Q =§:= diag(sllil 7s21i27"'7s711in)7

with sy > sy > -+ > sy > 0and iy + i+ - - +in = n, and G(z) is obtained through
direct truncation of the states associated with {sk},?: PURE then

G(2) =GR +Anu(2)], G(2) = GE)[I + Awi(2)] (4.57)

hold true for some stable Ay (z) and A (2), satisfying the error bounds in (4.39)
and (4.40), respectively.
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Proof. By Cr =D, F —D"C, D] in (4.54), and G(z) in (4.56),

w842 Jv-or-a

is square. Its inverse is given by
H(z) ' = [I+Cr(zd —Ar)'B] [D* DT ]

that is also stable. More importantly, inverse balanced realization for G(z) and
G(z)" implies that of H(z) and H(z)" as well. An application of Theorem 4.6 leads
to the existence of Ay (z) and A (z) such that

H(z) = HQ)[[ + Anu(z)], H(z) = H(2)[I + Al (2)]

from which (4.57) follows, and the error bounds in (4.39) and (4.40) hold. O

The error bounds clearly depend on P and thus the stabilizing gain F. Using the
procedure in proof of Lemma 4.1, it can be shown that

|G*|> =Te{(D*)" (1+B'PB)D*}.

See also Problem 4.1 in Exercises. Hence, minimization of the error bound is hinged
to find a stable right inverse of G(z) with the minimum .74 norm. This problem
will be studied in Chap. 7 in connection with the precoder design for wireless
transceivers.

4.3 Optimal Hankel-Norm Approximation

Model reduction based on optimal Hankel-norm approximation is much more
involved than that based on balanced realizations. Recall that the rank of the Hankel-
matrix ¢, in (4.11) is equals to the McMillan degree of H(z), the stable and
strictly causal part of the underlying plant model P(z) in (4.1). Optimal Hankel-
norm approximation seeks a lower rank Hankel-matrix 3{'; such that ||H — ITIHH =
o, — j%z ) is minimized.

For an arbitrary matrix without structural constraint, the optimal approximation
is easy to compute via an SVD procedure. Specifically, consider matrix M of size
n x m with rank ¢g. Let M = UXV* be its SVD where U has dimension n X g, V
dimension m X ¢, given by

U=[wuw-u, V=[viva-v,],
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respectively, and X = diag(o1,07,...,0,). Then

~

M= [uy --- u,|diag(oy,...,0:) [v; -+ vr}*

with r < g is the optimal approximation to M in the sense that

G (M - M) = min (M= M) =0y (4.58)

The proof is left as an exercise (Problem 4.17). However, if such an SVD procedure
is applied to the Hankel-matrix .5%;,, the resultant j?; may not admit Hankel struc-
ture and thus results in no reduced order transfer matrix ﬁ(z) It turns out that the
SVD procedure is not applicable directly, and optimal Hankel-norm approximation
needs to be developed in operator’s framework. By allowing unstable components
in H(z), optimal Hankel-norm approximation admits “allpass” characterization.
More specifically, for optimal Hankel-norm approximation of rth order, ﬁ(z) =
H,(z) + Hy(2) can be employed where Hy(z) is stable and has McMillan degree
r, and ﬁas (z) is antistable, i.e., it has all its poles strictly outside the unit circle.
Since the Hankel matrix depends only on the strictly causal part of the impulse
response, the Hankel matrix associated with H(z) indeed has rank r, independent
of Hy(z). The key is to come up with Hy(z) and Ha(z) such that H(z) — H(z) is
“allpass” with constant amplitude. It will be shown that a similar procedure to SVD
can be developed. More importantly, an .7Z2.-norm error bound exists for optimal
Hankel-norm approximation that beats the error bound for balanced truncation by a
factor of two.

4.3.1 Optimal Model Reduction

Let o; be the ith singular value of the Hankel matrix 7%, arranged in descending
order: 0] > 03 > --- > 0,. Let u; and v; be the left and right singular vectors of .77,
corresponding to o;. Then for positive integer k = r+ 1 < n,

KWy = Oy IV = Oy, (4.59)

where u; = vec ([ug(—1) ug(=2) - w(—t) ---]) corresponds to the past input
1)

and v, = vec ([ v¢(0) vi( vi(t) ---]) corresponds to the present and future
output. Recall that vec(-) stacks all its columns into a single vector sequentially.
Then Y(z) = 0 Vi(z) and X(z) = Uyg(z) satisfy the Hankel operator equation

Y(z) = I;,X(z) := I [H(2)X(2)] (4.60)
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with I}, the Hankel operator associated with H(z), and
Ui(x) = D ml(=0)7, Vilz) = 2 vilt) (4.61)
=1 =0

as 7 transforms of the input and output, respectively.

Suppose that 0,1 has multiplicity p > 1. Then 0,y = --- = 6,1p. Each o; with
its associated Schmidt pair (u;,v;) satisfies (4.59) for k < i < k+ p — 1. Recall
k =r+ 1. There thus holds

(Ui Ups o Upgp | = 0k [ Vit Via - Vi |

by the equivalence of (4.60) and (4.59). The remarkable result in optimal Hankel-
norm approximation is the following identity:

(H=H) [Upt - Urip] =0 [Vor o+ Voo ], (4.62)

where ﬁ(z) has exactly r poles strictly inside the unit circle plus those outside the
unit circle. Since HU; = I, [HU;] + I1_[HU;] for r+ 1 < i < r+ p, the identity in
(4.62) yields

m, [ﬁU,} —0, HU,=1IT [ﬁU,} = IT_[HU]),

for the same range of index i. Although o; and its corresponding Schmidt pair (u;,v;)

—17 =1
involve SVD for .77, of infinite size, they can all be obtained through computations
of finite size matrices.

Consider again H(z) = C(zl, —A)~'B with A a stability matrix. Let 0., and Z%..
be the corresponding observability and reachability matrices. Then

P=0:0., Q=RZ%
are bounded, and satisfy the Lyapunov equations
(i) P—A*PA=C"C, (i) Q—AQA* =BB", (4.63)

respectively. Denote A;(-) as the ith eigenvalue. Then .7, = 0%, implies

i = \/4i(QP) = \/2(PQ).
Let v; € R" be the eigenvector of QP corresponding to o;:

QPV; = 7V, (4.64)
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Define u; = Gfva,'. Then for 1 <i<n,
Qu; = ovi, Pvi=oill;, (4.65)
by (4.64). Hence, a dual equation to (4.64)
PQ; = o7 i (4.66)
holds. Multiplying (4.66) by %= from left yields
RLPOW; = A Ay (RLli) = OF (RLL) -
The above yields the following expression for the input vector:

u;(—1) B*u;

Similarly, by
OuPQV; = H; K (OV;) = 07 (OV)),

1

the output vector has the following expression:

It follows that for r+ 1 <i < r+ p, there hold

Ui()) = 3B (A" =B (' 1-A") ',
=1
Vi(z) = Y CA*z 'y, =72C(zI —A) v
=0
Denote U = [ty -+ lyip | and V = [ v,y - Vi |. Then
PV =Uc,, QU=Vo;. (4.67)

The optimal Hankel-norm approximation in (4.62) satisfies

HE) -HE)|X(@) = (), (4.68)

where X(z) = B* (Z*II—A*)71 U,and Y(z) = 2C(zf —A)~'V.



150 4 Model Reduction

Lemma 4.2. For H(z) = C(zI —A)"'B of size p x m, its rth or (k— 1)st order
optimal Hankel-norm approximation H(z) satisfies

H)B (' 1-A") ' 0=C0A" (z ' 1-A") "' 0. (4.69)

If the kth Hankel singular value Oy has multiplicity p > m and p = m, then
the optimal error function A(z) = H(z) — H(z) is “allpass” in the sense that
A(2)*A(z) = 071, V7] = 1.

Proof. Denote G(z) =H(z)B* (z~'1 —A*)71 U. The equality (4.68) can be rewrit-

ten as N 1
H(z)B* (z '1—A*) U =G(z)—0uzC(ed —A)'V. (4.70)

A dual form to (4.17) in the proof of Lemma 4.1 is given by
—1 *\ _ * —1 * *
(I —A)Q(z '1-A") =BB*—AQ (27 'I—A") — (d —A) QA"
in light of (i) in (4.63). The above can be rewritten as
BB* = (A —A)Q (2 '1—A") +AQ (z ' —A") + (zd — A) QA" (4.71)
Recall the expression of G(z). Multiplying (4.71) from left by C(z/ —A)~! and from
right by (z7'7—A%) "' T yields
G(z) = C(af —A)'BB* (z '1-4") ' 0
-1 7 *(—1 N7
=C[I+(d—-A)'A]QU+CQA* (z7'1-A*) U
= 0uzC(el — A) 'V +CoA™ (71— A") ' T, (4.72)

where QU = 0}V is used. Substituting the above into (4.70) gives

H()B (:'1-A") 'O=coa” (' 1-4") 'O

that is the same as (4.69). In other words, the optimal Hankel-norm approximation

~

H(z) has to satisfy (4.69). Let
Y (z) =X" (z ") X(z) = U*(d —A) " 'BB"* (zfll—A*)f1 U.

Then a similar derivation to (4.71) and (4.72) also gives

W (2) = U*QU + U*A(el — A) ' QU + T7Q (71— 4%) ' A*D. (4.73)
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Let W(z) = Y* (z ") Y(2) = V* (z T —A") "' C*C(eI —A)~'V. Then (ii) of (4.63)
gives the rise of the dual equation to (4.73):

) -

W (z) = VPV VA" (' 1—A") PVHV*P(d —A) "AV. (4.74)

By (4.67), V*PV = 6, V*U and U*QU = o0, U*V. Thus, both V*U and U*V are
hermitian. Consequently,

Hence, the constant term of (4.73) is the same as the one in (4.74). Furthermore, the
strictly causal term in (4.73) is, by using (4.67) again,

0*A (' 1-A) "' QU = a0 A(zl —A) "'V = V*P(al — A) AV
which is the same as the strictly causal term in (4.74). It follows that ¥, (z) = ¥, (z)

for all z. Hence, with A(z) = H(z) — H(z) and ¥5(z) = A* (z ') A(z), (4.68) can be
manipulated to yield

X* (271) 5 (2)X(z) = ofY* (271) Y(z) = o?X* (zfl) X(z)
in light of ¥, (z) = ¥,(z). It follows that
X* (z7") [ofln — ¥5(2)] X(z) = 0.

For the case p > m, it can be concluded that ¥s(z) = 621, V|z| = 1. O

The result in Lemma 4.2 indicates the allpass feature of the optimal Hankel-norm
approximation in the case of p > m and p = m. It will be shown later that

ﬁ(z) = ﬁs(Z) + Hag (Z)v

where I/-\Irms(z) is stable and has the McMillan degree r and ﬁas(z) is antistable.
However, (4.69) may have more than one solution in general. In fact, the optimal
Hankel-norm problem has more than one optimal solution if m > 1. Our goal in
this subsection aims to derive a particular optimal Hankel-norm approximation as a
solution to (4.69) for the case p =m = p.

An Optimal Solution

Several assumptions will be made in order to numerically compute the optimal
Hankel-norm approximation. The first two are:
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* Al: The realization (A,B,C) of H(z) is minimal, and balanced in the sense that
with P and Q the unique solutions to (i) and (ii) of (4.63), respectively, P =
diag(X,, 01l ) and Q = diag(Z;, oxlp ) where X; and X, are diagonal and positive.

Aqy Bl:|)
e A2:m=p=p and det 0.
p=p ([AZI B, #

Clearly, Al can be made true and thus has no loss of generality. The nonsingular
assumption in A2 holds generically, if m = p = p is true. However, m = p = p in
A2 does not hold in general. An extension theorem will be introduced in the late
part of the subsection to address this issue.

Under Al, the two Lyapunov equations in (4.63) can be decomposed into:

2 —AnZiAl — 6kAAL, = BB, (4.75)
—A11Z1A5) — OkA 124, = BB, (4.76)

0ily — Ay Z1A% — CiAnAL, = ByBS, (4.77)
2 — A1 2A 11 — 04A3A2 = CICy, (4.78)
ol — A, 2A 12 — GASAn = GGy 4.79)
—A]12A 10 — 0k A5 1A = C{ Gy, (4.80)

where A;j, B;, and C; for i, j = 1,2 are partitions of A, B, and C, such that they are
compatible with partitions of P and Q. In addition, U =V = [O I, ] *. Thus, with

~1
* * * \—1 4%
Gi(z) = [(le_Azz)_Alz(ZInfp_Au) AZl} >

— * * -1
(zflln—A*)ilﬁ = {Z 1I”*I’*_All _A21* ] [0}
—A7l, z, — A3, I

— [ (Zillnfp _ATI)AA;l Gi(2)

Iy

holds. As a result, (4.69) in Lemma 4.2 is equivalent to
H(z) [B; + B (z*ll—Afl)’lA;l} =0+ Q (T 1-A}) A3, @8))

where [Ql Qz] = CQA* given by

Q= C121AT1 + GkCZATZ’ Q) = C121A§1 + GkCzA;Z. (4.82)

Lemma 4.3. Let (A,é,é,ﬁ) be a minimal realization for ﬁ(z) that is the op-
timal Hankel-norm approximation to H(z) = C(zI — A)~'B. Under the Assump-
tion A1—A,, there exist a nonsingular solution W to

W = AWA}, + BB;. (4.83)
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Proof. The equality (4.81) can be rewritten as

- * [ _— N o~ * — « 1

H(Z)Bl (Z ll—All) A21 :QZ—H(Z)Bz+Ql (Z 1I—A11) AZI-
The left-hand side involves poles of ﬁ(z) (which are eigenvalues of A) and poles of
B} (z’ll —A}) 71A§1 (which are eigenvalues of (Afl)fl) in light of the hypothesis
on minimal realizations. These two sets of poles are decomposed into the summation
form as shown on the right-hand side, implying that (4.83) has a solution W. It
follows that the next equality

BB} = (A —A)W (2 '1—A})) +AW (z7'T—A})) + (A —A) WA}, (4.84)

holds that can be derived in a similar way to that in (4.71). Multiplying (4.84) by
C (21 —A) " from leftand by (z~'1—A},) " A3, from right yields

H()B} (' 1—A})) A3 = CWA3, +C (I —A) ' Awas,
+ CWAT, (' T- A7) A3,
if D = 0. Otherwise, the above can be modified to yield
Timp(2) == H(z) [334_3’{([11”7,_ T1)71A§1}
— CWA3, +DB;+C (1 —A) ' (AWAS, + BB)
+ (CWA;, +DBY) (' 1— A7) A3,
= Q4 (2 L —AY) A3
in light of (4.81). Therefore, there hold

AWA3, +BBj = 0,
CWA}, + DB} = @y,
CWA}, + DB = Q.

In conjunction with W = AWATI + EB’[ leads to

PWB] {A“Bl} _ {W 0 ] (4.85)
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Assume on the contrary that W is singular. Then there exists a nonzero row vector
q such that qW = 0. Multiplying the augmented vector [q 0] to the equality (4.85)
from left yields

The nonsingular assumption in A2 implies that
gAW =0, qB=0 — qW=0
by taking q; = gA. Applying the same process with q replaced by q; yields
QAW =0, qB=qAB=0 — qW =0

by taking q, = q;A = gA?. By induction, gA’B = 0 holds for i = 1,2, ..., leading to
nonreachability of (A, B) that contradicts to the hypothesis on minimal realization
for H(z). The lemma is thus true. O

By the proof of Lemma 4.3, diag(W~',/) can be multiplied from left to
both sides of (4.85). Because {W AW, W~'B,CW,D} is also a realization of
ﬁ(z), W = I can be assumed that has no loss of generality, yielding the new equality:

AB] AL B ] 10
~ A = . 4.86
[C D] {AZI BJ {Ql -Qz] (4.56)

Hence, a realization of the optimal Hankel-norm approximation ﬁ(z) satisfies (4.86)
under Assumptions Al and A2, and can be easily computed by inverting the second
square matrix on left. The following illustrates the use of the optimal Hankel-norm
approximation in model reduction.

Example 4.8. Recall the transfer function in Example 4.5:

1 (14+082)°
Hz)=——— ) .
) z—0.9 ( z+0.8 >
This is a SISO model, and its minimal realization can be easily obtained. Assump-
tions Al and A2 can thus be made true by noticing that p =m = p =1 and
by the fact that all the Hankel singular values of H(z) are different. A minimal

realization of the optimal Hankel-norm approximation H (2) can be computed based
on the relation derived in (4.86). For each positive integer r smaller than 6, allpass

frequency responses are observed for ‘H (ej “’) —H (ej “’) ’ with magnitude equal to
Ok = Opy1- R

It is noted that for 1 < r < 6, the Hankel-norm approximation H(z) has (n — p)
poles with exactly r stable poles and (n — p — r) unstable poles where p = 1. This
fact will be proven later. The extraction of the stable part of H (z) can be carried out
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in two steps. The first step uses Schur decomposition of A. The Matlab command
“lUr,Ar] = schur( )” can be used to obtain A = UrArUj; with A7 upper triangle
and Uy unitary. Unfortunately, the eigenvalues of A7 are not ordered. Thus, Matlab
command “[Ug,,Ar;,] = ordschur(Ur,Ar,“udi”)” needs to be used to obtain the
upper triangular A7, in the following ordered form:

As Ax
A =
b [0 AaJ’

where Ag and A;sl are both stability matrices. The keyword “udi” stands for “interior
of unit disk” and specifies the ordering of the matrix Ay, with respect to the unit
circle. There holds A = U7, Ay, U;D. In the second step, the solution to the following
Sylvester equation

—AZ+ZAx+ Ay =0

needs to be computed with the Matlab command “Z = lyap(—As,Aas,Ax).” It is left
as an exercise (Problem 4.16) to show that

I, Z
S=|" Uz
[0 Ink} Tp

is the required similarity transform to decompose H (z) = Hy(z) + Has (z) with Hy(2)
the stable and strictly causal part, and Ha(z) the anti-causal part of H(z). The next
figure shows the magnitude response of H(z) — Hy(z):

The solid line shows the error response based on the first-order approxima-
tion, while the dashed line shows the error response based on the second-order
approximation. Both are smaller than their respective counterpart based on balanced
truncation in Example 4.5. In fact there exits an error bound for the optimal Hankel-
norm approximation which is only half of that for balanced truncation (see Fig. 4.4).

To facilitate the derivation of the error bound associated with the optimal Hankel-
norm approximation, the last Assumption A3: det(B,) # 0 is made temporarily. This
assumption implies A2 and has no loss of generality. If A3 fails, By = B, + €I}, can
be used by taking € > 0 a small value such that det(By) # 0. After the error bound
is proven, € — 0 can be taken.

Under Assumption A3, the equation

43, 07 4
= B 4.87
{CZAEJ [‘D} g ( )

has unique solutions (@, @). It follows that

Q) = C1Z1A7, + 0kCrA5, = (C1210 + 0 D) By
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Maximum singular value
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Fig. 4.4 Frequency response error plot

by (4.82). Multiplying (4.86) by [1 0} " from right leads to

AB1[A3] [Ae+B Bt — 0 B
CD||B;| |CO+D|? [CZ04+0®| ?

which holds, if A©@ + B =0and CO +D = C,X,0 + o ®. The former gives
B=-A0 — A(A},—0OB) =1 (4.88)
by substituting B = —AO into AA}, + BB = I. The latter yields
D=C1%0+ 0, —-CO. (4.89)
Substituting the above into CA‘ATI + DBT = ) gives
C (A}, —OB}) = Q; — (C12,0 + 6,D)B;.
In light of (4.88) and the expression of €2; in (4.82), C can be solved as

C=C1Z +0; (CA}, — DB})A. (4.90)
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Substituting the expression of C into (4.89) and using the relation A® = —B yield
D =0, ® + 0, (C,A}, — DB})B. 4.91)

Thus, under Assumption A3, the state-space realization of ﬁ(z) has more appealing
expressions in (4.88), (4.90), and (4.91).

Characterization of Allpass

The next two lemmas will be useful.

Lemma 4.4. Let Q be a solution to Q — AQA* = BB*. (a) If (A,B) is reachable,
then A has no eigenvalues on the unit circle. (b) If A has no eigenvalues on the unit
circle, and Q is nonsingular, then (A, B) is reachable.

Proof. If A has an eigenvalue e/® for some real valued @ with eigenvector v, then
multiplying v from right, and v* from left to Q — AQA* = BB"* yields
(1—[A]*) v*Qv=|Bv|?*. (4.92)

Since A = e/®, Bv = 0 implying that (A, B) is not reachable that proves (a) by the
contrapositive argument. For (b), let A be any eigenvalue of A with eigenvector v
for which (4.92) again holds. Since |A|*> # 1, Bv # 0, and thus, (A, B) is reachable,
in light of the PBH test. O

Lemma 4.5. Let a square transfer matrix S(z) = D+ C(zl —A) ' B have a minimal
realization with nonsingular A. If S(z) is “allpass” or S* (zfl) S(z) =1, then there
exist X and Y such that

(i) Y—A*YA=C"C, (i) X —AXA* =BB*, (iii) XY =1,
(iv) BD* + AXC* =0, (v) D*C+B*YA=0),
(vi) D*D+B*YB = DD* +CXC* =1.

Proof. By §* (z7!') =D* + B* (Z*II—A*)71 C*, direct calculation gives
s* (Zfl) - D* _B*A*flc* —B*A*71 (ZI_A*)*IA*flc*'
ByS*(z7')S(z) =1,S* (z') =S(z)'. Thus

limS* (z ') =D*—B*A* 'C* = limS(z) '=D"".

Z—ro0 Z—ro0
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That is, A being nonsingular implies D being nonsingular. The above yields

D*D—B*A*"'C*D =1, (4.93)
DD* —DB*A*"IC* = I. (4.94)

The first equality is obtained by multiplying D~' = D* — B*A*~'C* by D from right,
and the second by D from left. Since D is invertible,

S(z)'=D"'-D'C(zI-A+BD'C) 'BD".

The minimality of the realization and S* (z~') = S(z) ! implies the existence of a
nonsingular matrix 7 such that

(a) T'A*"'T=A—-BD"'C, (4.95)
(B) T7'aA*'c*=BD"", (4.96)
(y) B'A*'T =D"!C. (4.97)

The equality (or) gives rise to
T =A"TA—A*TBD'C, T '=AT'A*—BD 'cT A" (4.98)

by multiplying both sides of (ct) by A*T from left and by 7-'A* from right,
respectively. Multiplying both sides of () by A*T from left brings to

C*=A*TBD™' — C*D=A"TB. (4.99)
On the other hand, multiplying both sides of (y) by 7~!A* from right yields
B*=D7'CT™'A* — DB*=CT'A". (4.100)
Setting ¥ = —T and substituting C*D = A*TB of (4.99) into (4.93) shows
I=D*D—B*A*"'C*"D=D*D—-B*TB=D*D+B'YB.
With X = —7~! and DB* = CT'A* in (4.100), (4.94) can be rewritten as
[=DD* - DB*A*"'C* = DD* —CT~'C* = DD* + CXC".

Thus, (vi) holds. Since XY = (—T’l) (—T) =1, (iii) holds as well. Substituting
A*TB = C*D of (4.99) into the first equality of (4.98) yields

A*TA—A*TBD 'C=A"TA—-C'C=T
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which is the same as (i) by ¥ = —T'. Substituting D~ 'CT~'A* = B* of (4.100) into
the second equality of (4.98) shows

AT 'A* —=BD'CT'A* = AT 'A* —BB* =T"!
which is the same as (ii) by X = —7 . Finally, (iv) is identical to (4.100) and (v) is
identical to (4.99) thereby concluding the proof. O

Under Assumptions A1-A3, the allpass property for the error matrix A(z) =

~

H(z) — H(z) holds. It can be represented by

Consider Lyapunov equations for the error system:
(a) P, _AZPeAe = C:Cev (b) Qe —AeQeA: = BeBZ- (4-101)

Partition P, and Q, compatibly with {A,,B,,C,} as

P, — [Pn P12]7 0, — [Qll le}'
Py Py 021 02

Then (a) is equivalent to the following three equations:

P11—A*P11A=C*C = P =P (4.102)
Py, —A*PpA = C*C, (4.103)
Py =A"PyA-C'C = Py=[I 1] (4.104)

with I3 of size (n — p) x (n— p) and I; of size (n — p) x p. For (b), there hold

Q11 —AQ1A"=BB" — 01=0 (4.105)

02 —AQnA* = BB, (4.106)
A% D* I,

Q1p =AQpA*+BB* — Q= [ "Op} (4.107)

The last equation can be verified by (4.88) that leads to

Q12 =AQA* — BO*A* < Q1 (A}, —B0") =AQ, — BO",
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and thus, Q1 in (4.107) is true in light of Ay = B,©* in (4.87). It is left as an
exercise to show that (Problem 4.20)

(D+CO)B*+CA 0y =COA* = [ Q) ]. (4.108)

Lemma 4.6. Let H(z) be an optimal Hankel-norm approximate to H(z) = C(zI —
A)’IB with its realization computed from (4.86). Under Assumptions A1—As3, there
hold

Li=06ilip—5%, L=0, On=-%0" Pp=-5L. (4109

Proof. Since p =m = p, the error function A(z) is indeed “allpass” with amplitude
Ok, implying that the solutions P, and Q, to the two Lyapunov equations in (4.101),
respectively, satisfy Q. P, = szlz,,, p» OF equivalently

(2 0 L,][% 0 I}

QePe = 0 lep 0 0 G/Jp 1}*

LIhp O Onl LI Iz P»

[+X%2, 0 Po+XIY
= 0 szlp le“z* = szlz,,,p,
L OnIi +25 00005 0P+ 17

in light of Lemma 4.5. Recall that Q = diag(Z, ox/) and P = diag(Z,, or/). Hence,
(4.109) can be easily verified. O

Since X% is diagonal consisting of Hankel singular values other than oy, both
Py, and Oy have exactly (k — 1) = r positive eigenvalues for the square “allpass”
A(z) (Problem 4.21 in Exercises). As a result, ﬁ(z) has no more than r poles inside
the unit circle as claimed earlier. Because the minimal achievable Hankel-norm
error is the same as & (%‘;, — ¢, ) that is no smaller than the kth Hankel singular

value oy over all possible ﬁ(z) with (k— 1) poles inside the unit circle, the allpass
property does yield an optimal Hankel-norm approximation, which in turn implies
that H(z) has exactly r poles strictly inside the unit circle. It is noted that I} = 0 as
in Lemma 4.6 converts equivalently (4.104) into

(i) ALLA=CC, (i) 1 +C;C = A} A (4.110)

4.3.2 Error Bound in 52, Norm

The most salient feature of optimal Hankel-norm approximation is the .7Z%-norm
error bound. Specifically, for H(z) = C(zl, —A) ' B with A a stability matrix, its
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optimal Hankel-norm approximation ﬁ(z) can be decomposed into
H(z) = Hy(z) + Has(2)

with Hy(z) and Hyg (z~') both stable transfer matrices. Suppose that H(z) has 7
distinct Hankel singular values given by {0y }}7:1 with i, = k and i, = n. Let H(z)
be the optimal Hankel-norm approximation obtained in the previous subsection.
Then there holds:

o

n
_< > o, (4.111)
j=x

This subsection is devoted to the proof of the above error bound. R
Several issues need to be resolved first, including the McMillan degree of Hg(z)
and Hankel singular values of Hys (z7').

Lemma 4.7. Let H(z) = D + CA‘(ZI—AA)71 B be the (k— 1) = rth order optimal
Hankel-norm approximation under Assumption Aj-Asz. If det(I7) = det(c?l —
313,) # 0, then A has exactly r and (n— p — r) eigenvalues inside and outside
the unit circle, respectively, and zero eigenvalue on the unit circle.

Proof. Suppose on the contrary that A has an eigenvalue A on the unit circle with
eigenvector x. Then multiplying x* from left and x from right to Py = A*P»A +C*C
yields
2 * A 112
(1—|A]7) x*Pox = ||Cx|" =0, (4.112)

concluding Cx = 0. Since HH - i-\IH = Oy by the allpass property, the assumption

on p =m = p reveals that H(z) has no pole on the unit circle. Hence, any eigenvalue
of A on the unit circle is unobservable by (4.112). Multiplying (4.110) by x from
right gives

(i) LA, I1x =0, (i) AA] I1x=Tx

The hypothesis on nonsingular I leads to

*HX_,IHX _
S R P e

that contradicts stability of A. It is thus concluded that A has no eigenvalue on the
unit circle. Recall that Hankel-norm of H(z) is dependent only on the strictly causal
part of H(z). There thus holds

(- 7) = -

[
H

= Ok.
H
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It follows that the McMillan degree of H; is (k—1). A similarity transform S can be
applied so that

. As 0 X11 X12
SAST!=|"% ] SP»S* =
[ 0 Aas]’ - {le Xzz}

with A and A;SI being stability matrices. It follows that A, has dimension no smaller
than (k — 1). The Lyapunov equation P»; = A*P»yA 4+ C*C is now converted to

X1 = A;X1iAq +é§‘ACA‘s,A

X22 = A;SXI lAas + C;scam

X12 = A:XIZAas + C:C357

where Xj; > 0 and X, < 0. The fact that Py, = —X;I] has (k — 1) positive
eigenvalues implies that X;; has dimension (k— 1) x (k— 1) and so does A that
concludes the proof. a

A crucial observation is made: For any antistable transfer matrix J(z), there holds
e

That is, the lower bound is achieved by taking J(z) = H,,. Optimal Hankel-norm
approximation takes H(z) as the reduced order model that is stable. Since

HH—ﬁs

< [jr-_+ [

, (4.113)

oo

the error bound in (4.111) is hinged to bounding Hﬁas

=3

Lemma 4.8. Let H(z) = Hy(z) + Ha(2) be the optimal Hankel-norm approxima-
tion in Lemma 4.7 where both Hs(z) and Hys (z’l) have all poles inside the unit

circle. Then 0;(J) = Ot it p—1(H) with J(z) = H (z7h).

Proof. Let P, and Q. be the solutions to the two Lyapunov equations in (4.101),
respectively. Since H(z) is square and H(z) is an optimal Hankel-norm approxima-
tion, the solutions P, and Q, are given as in (4.102)—(4.107), and as in Lemma 4.6.
By Q.P. = P.Qe = 6} hy—p, Q11P11 = 01, — Q12Pio, and Py Q1o = I3 = 0P, —
P>,(07,, there holds

det(AL, — 011 P11) = det (AL, — (o¢l, — Q12P12))
—det((A — o) I, + Q12P12)
= (A=) det[(A ~ ) hp+T1]
= (A — o) det(A—p — Pr02).
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In light of Q22P22 = 2122 and Q11P11 = QP = diag (2122,(7,(2],,),

Ai(QnPn), i=1,2,....k—1,
Ai(QuiPn) = o7, i=kk+1,... . k+p—1,
Aip(QnPrn), i=k+pk+p—1,....n

Because the first (k — 1) eigenvalues of Q2 and Py, are positive, \/A;(Q2P) is

the ith Hankel singular values of ﬁs (z),fori=1,2,...,k—1. Similarly, because the
last (n —k — p+ 1) eigenvalues of Oy, and Py, are both negative,

V Aigk—1(022P2) = \/ Aitk+p—1(QP)

is the ith Hankel singular values of J(z) = Hy (z V) fori=1,2,....n—k—p+1.
The fact that \/A;(Q11P11) = \/A(QP) is the ith Hankel singular value of H(z)
concludes the proof. a

Although the allpass property holds for the case p = m = p, an allpass embedding
procedure is available for the case when p # m and for p > 1. Due to the complexity
of the procedure, it is not presented in this textbook but will be assumed to hold in
proving the error bound.

Corollary 4.3. Let H(z) = C(zl, — A) "' B be a square transfer matrix with minimal
realization, and A a stability matrix. Suppose that H(z) has 1 < n distinct Hankel

singular values o;;, where j =1,2,....1n. Then there exists a constant matrix Dy
such that
n
IH-Do|l.. < Y 0. (4.114)
j=1

Proof. Taking optimal Hankel-norm approximation H(z) = Hy(z) with k = n
implies that Hjy(z) has all poles inside the unit circle. By Lemma 4.6 and
Lemma 4.8, Hy(z) has the same first (n — 1) distinct Hankel singular values as

H(z). Moreover,

H- ﬁn H = 0, = 0j,. Repeating the same optimal Hankel-norm
approximation to ﬁn (z) yields ﬁn,l (z) with the same first (1 — 2) distinct Hankel
singular values as H(z), and

I I T
By induction, (4.114) holds for some constant matrix Dy, that is the sum of all the
constant matrices from each one step optimal Hankel-norm approximation. a

By the result and proof of Corollary (4.3), the following identity:

1
H(z) = Do+ ) 0;,Ei (z)
=
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exists with E;; (z) allpass. Since

n
(Do) < sup & [H(z) — Do = [H—Dyl|. < Y o,
|z[>1 j=1

for the same Dy as in (4.114), there holds inequality

n
[H|.. <G (Do) + [H—Dol|.. <2 Y, o,
j=1

that coincides with the one deduced from balanced truncation.

Theorem 4.9. Let ﬁ(z) = H (z)+ Ha, (z) be an optimal Hankel-norm approxima-
tion 1o H(z), where both Hy(z) and Hyg (z71) have all its poles inside the unit circle,
and Hyg (z’l) is proper. Assume that H(z) has n distinct Hankel singular values

with oy = 0;,, and H,(z) has McMillan degree (k —1). Then the error bound in
(4.111) holds.

Proof. The triangle inequality (4.113) can be used. Since A(z) = H(z) — H(z) is
“allpass” with modulo oy, and since HHMH is no larger than the sum of its Hankel

singular values in light of Corollary 4.3 (note that the constant term is included in
H, s(2), the error bound in (4.111) is thus true, in light of Lemma 4.8. O

4.3.3 Extension Theorem

In the previous two subsections, p = m = p is assumed (Assumption A2). This
subsection presents an extension theorem to fulfill A2 when it is violated. Without
loss of generality, p = m is assumed for H(z) of size p x m by adding zero rows
to C or zero columns to B. Generically, all Hankel singular values are distinct. The
extension theorem asserts the existence of Hy such that

H(z) =z ' [H(z) + Ho]

admits p identical Hankel singular values at ¢ € (0}, Ok—1). There are r = (k— 1)
Hankel singular values greater than o, and the rest smaller than ¢. Hence, the rth
order optimal Hankel-norm approximation from the previous subsections can be
applied to H(z) from which the rth order (sub)optimal Hankel-norm approximation
to H(z) can be obtained.

Let (A, B,C) be a minimal realization for the square H(z). Then

AO0|B
:|2= COH()
01,]0
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With P and Q the observability and reachability gramians for H(z), respectively, the
corresponding two gramians for H(z) are given respectively by

F_|PO ~ 0 (HoB* + CQA*)*
0/,]" = |HoB*+CQA* HyH;+CQC* |’

By definition, the Hankel singular values of H(z), denoted by {5y }, are the square
roots of the eigenvalues of

PGP — P'2QP'2  PU2(HyB* +CQA*)*
(HoB* 4 CQA*)P'?  HoH; +CQC*

It follows that 6, > 6,11 = -+ 64+ p > G411, if and only if

= P2OPI2 62 — [ PIROPIE - PR (HoB" +CQA*)*}

(HoB* +CQA*)P'/? HyH 4+ CQC* — 621
has r positive eigenvalues and p zero eigenvalues. Denote
-1
R= (GZI—PI/ZQPI/Z) (4.115)

that exists by ¢ € (0}, 0x_1). Define

I I, 0
" | (HoB* +CQA" P2 I, |

It can be verified by direct calculations that

LWL — {PI/ZQPUZ —o’l 0]

0 Vv
where V is given by, using (4.115),
V = HoH;; + CQC* — 6*I — (HyB* + CQA*) P'/?RP'/? (HyB* + CQA™)".

The extension theorem holds for some Hy, if and only if V = 0, in light of the fact
that ¥ and L¥Y'L* have the same inertia, i.e., their respective eigenvalues have the
same signs. This congruent relation is represented by the mathematical expression
of ¥ ~ LWL*. Hence, the central issue in proving the extension theorem is hinged
to the existence of Hy that zeros V. Define

E = CQA*P'?RP'?AQC* + CQC* — 671,
F = COA*P'/*RP'/?B,
G = 1,+B*P'/>RP'/?B. (4.116)



166 4 Model Reduction

Then by the expression of V, the condition for V = 0 is equivalent to
V =FHy +H)F*+HyGHy +E = 0. (4.117)

The above is in the form of continuous-time ARE. The extension theorem amounts
to the existence of a solution Hy.

Theorem 4.10. Assume that G is nonsingular. Then G and FG™'F* — E are
congruent, and thus, there exists at least one solution Hy to (4.117).

Proof. The proof is quite long. First, it is noted that the continuous-time ARE in
(4.117) can be written as

(Ho+FG")G(Hy+FG™ ") =FG 'F* —E.

Hence, the existence of a solution Hy to (4.117) is equivalent to the congruent
relation between G and FG~'F* — E. If the congruent relation holds, then there
exists a nonsingular matrix 7" such that

TGT*=FG 'F*—E = T=Hy+FG"'
from which Hy can be obtained. Next, it will be shown that
~ ~1
o - — ~ =]+ ol —
FG'F*—E ~ G=1+C0"*(c*1—0"2P0"?) o'/2c*

thatis dual to G and () G ~ G, thereby concluding the congruent relation between
Gand FG'F*—E.
To prove (), matrix inversion formula:

X+vZ'w) ' =x ' -x "y (z+wxy) wx! (4.118)
is useful. An application of the above formula yields
(é)fl _ {I—l—CQl/z(GzI—Q1/2PQ1/2)71Q1/2C*}71
—1—-C0' KGZI—QI/ZPQI/Z) —I—QI/ZC*CQI/ZTlQl/zC*.
Recalling P — C*C = A*PA leads to
(G)fl _ I_CQI/Z (021— QI/ZA*PAQ1/2)71 QI/ZC*
_ I—G*ZCQl/Z [1+Q1/2A*P1/2

% (GZI—PI/ZAQA*PUZ)IPI/ZA*Q1/2:| Ql/zc*’
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-1

where (621— YY*) =g 2 [I—I— Y (021— Y*Y)71 Y*} is used. Note that

(021 _ P1/2AQA*P1/2) T {R’l —i—Pl/zBB*Pl/Z} B

by AQA* = Q — BB* and the expression of R in (4.115). Applying the matrix
inversion formula again leads to

(ozl—P%AQA*P%) ~ _ R_RPiB (1+B*P%RP%B)7IB*P%R
= R—RP'’BG™'B*P'/’R
by the definition of G in (4.116). It follows that
(G)"' =1-067200C" — 6 2CQAP? [R _ RP%BG’lB*P%R} PrAQC*
“2(-E+FG 'F¥)
that concludes (o). For (), it is claimed that
( o2+ P'/2A0A" Pl/z) (
( 21+P1/2QP1/2) N ( 21+Q1/2PQ1/2)
-

|: 2]+Q1/2PQ1/2 :|
0

0’1+ Pag'?),

o+ QI/ZA*PAQU2 0
I,]

—o%1+ P'/2QpP'/? 0} [—621+P1/2AQA*P1/2 0}

Mimp = [ 0 G 0 I,

Only the last congruent relation will be proven. The rest is left as an exercise
(Problem 4.23). To verify the last congruent relation, denote

I, 0 1, P'/?B
Li=| niner |0 L2= |, :
B*P'?R 1, 0 I

Direct calculation shows that

. —021+P1/2QP1/2 _Pl/ZB .
LlethleLz - Lz |: B*P1/2 IP Lz
_ [-o®1+PV/2QP'/2—P1/2BB*PY/2 0
B 0 I,
_ [—c?1+PY2A0A*P'/? 0
- 0 I,

in which definitions of G and Q — BB* = AQA* are used. O



168 4 Model Reduction

An example is worked out to illustrate the use of the extension theorem and the
optimal Hankel-norm approximation for MIMO models.

Example 4.11. Consider the same transfer matrix as in Example 4.2 with the
second- and third-order approximations (r = 2,3) based on the optimal Hankel-
norm approximation. For r =2, 0 = 03 +0.1(< 0,) is used. Applying the extension
theorem yields
Ho — [3.56194 —0.84895} '
2.37756 —3.51080

For r =3, 6 = 04+ 0.001(< 03) is used. The extension theorem yields

_ 1 5.68751 —1.69553
07 [2.49880 —2.58960 |

Trial and errors are used to determine the value of o. Normally, the closer o is to
Or+1, the better the approximation error, but numerical problems may arise if ¢ is
too close to Gy 1.

Once H is available, the optimal Hankel-norm approximation ﬁ(z) to H(z) =
7~ '[H(z) + Ho| can be computed rather easily based on the relation derived in (4.86).

The stable and strictly proper part of H(z), denoted by Hy(z), can then be extracted
following the same steps as those in Example 4.8. The error responses of H(z) —

H; are plotted in Fig. 4.5 that shows smaller frequency response errors than the
corresponding ones computed by the BT method. This error response plot validates
the smaller error bound for the Hankel-norm method, although it is not as much as
by half. Recall H(z) = z ' [H(z) 4+ Hy)]. Setting

~
-~ ~ -~ )

H(o) =2, ~ Hy — H()-H(2) =z [A() -1,

Hence, the magnitude error responses do not change. Since H;(z) does not include
the constant term, ﬁs (z) is both stable and proper. In fact, for our example, the
constant term is zero for both the second- and third-order optimal Hankel-norm
approximations.

Notes and References

Balanced truncation to model reduction was first introduced in [86]. See also
[28, 36]. It also has applications to digital filters design with minimum roundoff
noises [3,88]. Optimal Hankel-norm approximation was initiated in [2] and was later
introduced to the control literature for model reduction in [70], which was further
explored in [13,36,40,42,71,72]. Inverse balanced truncation (IBT) can be traced
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Fig. 4.5 Frequency response error o; (H (e/*) — A (e/®)) fori=1,2

back to [28]. The algorithm presented in this chapter is generalized from [125] that
is derived for continuous-time systems. The paper [41,76] considers application of
IBT to controller reduction.

Exercises

4.1. For H(z) = D+C(zI — A)~'B with A a stability matrix, show that
|H||3 =Tr{D*D+ B*PB},

where P > 0 solves the Lyapunov equation P = A*PA + C*C. (Hint: Modify the
procedure in the proof of Lemma 4.1.)

4.2. (Balanced realization) Suppose that (A, B) is reachable, (C,A) is observable,
and A is a stability matrix. Let

P—A'PA+C'C, Q—AQA"+BB",
Show that under the similarity transform 7' = X'/2U*R !,

(Ap,By,Cp) = (TAT ', TB,CT")
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is balanced where Q = RR*, and R*PR = UX?U* is the SVD. Note that this
algorithm is numerically more reliable and efficient than the one in Proposition 4.1
but assumes minimal realization.

4.3. For the proof of Theorem 4.3, show that (4.28), (4.29), and (4.30) hold true.
4.4. For Theorem 4.3, suppose that

ZZdiag(Gllul,...,GgIW), o >--->0p>0,

with n =y +--- + 1y the order of (A,B,C,D), and 6x>>011 with 1 <r=p; +
-+ Ux < n. Show that

!
] <2 % o
< i=k+1

where H has realization (A11,B1,C1,D), which is a balance truncated model.
4.5. Prove Corollary 4.1.

4.6. Find a similarity transform to realization of
H(z)=D+C(z—A)"'B (4.119)

that is inverse balanced, i.e., the solutions to Lyapunov equations in (4.35) and (4.36)
satisfy (4.37).
4.7. Prove the relations in (4.47).

4.8. For possibly complex valued matrices U and V such that UV is square, show
that for each o > 0, there holds

1
Uv+viur< EUU* +aV*V.
4.9. In the proof of Theorem 4.6, show that

JAnlP < 20||C (27— Am) ' (4.120)

—1 =~

Ad? < 20’ B (A — &) B

’. (4.121)

4.10. Consider the Blaschke product

21+ prz
Blz)=]]—: Iml<l.
L

(i) Show that |B(e/®)| = 1 for all real . Such a transfer function admits the
“allpass” property.
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(ii) Consider a transfer matrix T(z) = D+ C(zI —A)~'B with A a stability matrix
and (A, B,C) a minimal realization for T(z). Let P and Q be the observability,
and reachability gramian, respectively. Show that T (ej “’)* T (ej “’) =1 for all
o, if and only if

(a) D'D+B*PB=1, (b)D*C+B*PA=0,
and T (¢/®) T (¢/%)" =1 for all w, if and only if
(a) DD*+CQC* =1, (b) BD*+AQB=0.

(iii) If T(z) is square, show that PQ = I, and thus all the Hankel singular values of
T(z) are 1. (Hint: Use similar derivation in the proof of Lemma 4.5.)

n

4.11. Suppose that the square transfer matrices {A;(z)}?_, are all stable satisfying
|4l < A; < 1 for each i. Show that

[T+A) T+ A) — o < (14+8) - (14 8,)— 1. (4.122)

4.12. Complete the proof for relative error bound in Theorem 4.6.

4.13. Let D be of size p x m with m > p. If D has rank p, show that there exists a
right inverse D™ and a matrix D of size (m — p) x m such that

[DDJ [DT D] =1n, (4.123)

where Dt = D*(DD*)~! can be chosen. Show that all right inverses of D are given
by D' = D" + DO with © of size (m— p) x p a free parameter.

4.14. (Continuation of Problem 4.13) Consider the transfer matrix G(z) = D +
C(zI — A)~'B of size p x m with D the same as in Problem 4.13:

(i) Show that G(z) is strictly minimum phase, if and only if (A —BD*C,BD ) is
stabilizable.

(i) Let F be stabilizing or (A — BDTC + BD_ F) is a stability matrix. Show that
G(z) admits a stable right inverse given by

_BD+ « +
Gz = [A=BD C+BDLF|BD+ '
D'F-D'C |D
(Hint: G(z) =D [I— (D F —D"C)(zI —A)~'B].)
(iii) Let G, (z) =D, —F(zI—A)~'B. Show that G | (z) admits a stable right inverse
given by

A —BD+C+BDjF|BDj] '

SERES *
+ D\F-D'C |D*
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(iv) Let A be a stability matrix. Show that for all |z| > 1, there holds

Lg((?)] [G¥(2) GI(2)] = Im-

(v) Show that each stable right inverse of G(z) is given by
G™(2) =67 (2) +61(2)Q(:)

for some stable transfer matrix Q(z).

4.15. Let D and D, be in Problem (4.13) satisfying (4.123). Show that D™D +
DD, =Iand
G(D'D)=G(DiD,).

(Hint: Both D™D and DID | are projection matrices.)

4.16. Let G(z) = C(zI — A)~'B where A has eigenvalues strictly inside or outside
the unit circle. Show that there exists a similarity transform S such that the
transformed realization (SAS~!,SB,CS™!) can be partitioned compatibly into

SAS~! = [f:;f? ] SB = [gs], cs'=[c G,

where Ag and A ! are both stability matrices.
4.17. Show that (4.58) holds.
4.18. Consider Assumption A2 in Sect. 4.3.1. Suppose that m = p = p holds.

Show that
Ay By })
det 0,
([Am B, 7

if and only if Ay (I — GkATZZI’lAlz)’IA;z has no eigenvalue at 1.

4.19. Consider G(z) = D+ C,(zI — Ag) "' B, of size p x m with (A4, B,) reachable
and p > m. Let Y, be a solution to Y, — AY,A, = C;C,. Show that G* (z’l) G(z) =
L, if and only if

(i) DiCy+BY,A; =0, (ii) DiDg+BY,By = I,
(Hint: Use (4.17) by setting G(z) = D+ H(z).)

4.20. Show that (4.108) holds, if Qs; = [I,_, 0].

4.21. Suppose that (A, B) is reachable and there exists a solution X = X™* such that
X =AXA*+ BB*. Show that (i) X is nonsingular and A has no eigenvalue on the unit
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circle, (ii) number of eigenvalues of A inside the unit circle is equal to the number
of positive eigenvalues of X, and number of eigenvalues of A outside the unit circle
is equal to the number of negative eigenvalues of X.

4.22. Let A and B be square matrices of the same dimension. Suppose that A and B
are congruent. Find a nonsingular matrix 7 such that TAT* = B. (Hint: Use Schur
decomposition with the Matlab command “[U,,T,] = schur(A)” and “[U,,T,] =
ordschur(U,, T,,“lhp™)”, do the same for B to figure out the required matrix 7'.)

4.23. Consider the proof of Theorem 4.10. Show that
(—021+P1/2AQA*P1/2) ~ (—621+Q1/2A*PAQ1/2),
(_621+P1/2QP1/2) N (—621+Q1/2PQ1/2),

—021+Q'?PQ'% 0 —021+Q'?A*PAQ'/% 0
0 G 0 1)

(Hint: For the first two equalities, use the property A;(rl + M) = r + A;(M) and
Ai(NM) = r + A;(MN) for eigenvalues; For, the last equality, it is dual to the
congruent relation for My, in the proof of Theorem 4.10.)



Chapter 5
Optimal Estimation and Control

Estimation and control are the two fundamental problems for dynamical systems.
Many engineering design tasks can be formulated into either an estimation or control
problem associated with some appropriate performance index. In order to simplify
the design issues in practice, dynamical systems are usually assumed to be linear
and finite-dimensional. Otherwise, various approximation methods can be applied
to derive linear and finite-dimensional models with negligible modeling errors. As
such, state-space representations are made possible providing computational tools
for optimal design and enabling design of optimal estimators and controllers.

Estimation aims at design of state estimators that reconstruct the state vector
based on measurements of the past and present input and output data. Due to
the unknown and random nature of the possible disturbance at the input and the
corrupting noise at the output, it is impossible to reconstruct the true state vector in
real-time. Therefore, the design objective for state estimators will be minimization
of the estimation error variance by assuming white noises for input disturbances and
output measurement errors. The focus will be on design of optimal linear estimators.

Disturbance rejection has been the primary objective in feedback control system
design in which white noises are the main concern. The emphasis will be placed on
the design of state-feedback controllers to not only stabilize the feedback control
system but also minimize the adverse effect due to white noise disturbances. With
the variance as the performance measure, optimal control leads to linear feedback
controllers that are dual to optimal linear estimators.

Without exaggeration, optimal estimation and control are the two most celebrated
results in engineering system design. They have brought in not only the design
algorithms but also the new design methodology that has had far reaching impacts as
evidenced by the wide use of Kalman filtering and feedback control in almost every
aspect of the system engineering. Nevertheless, it is the conceptual notions from
linear system theory that empower the state-of-the-art design algorithms and allow
applications of optimal estimation and control in engineering practice. This chapter
will cover the well-known results in Kalman filtering and quadratic regulators that
have enriched engineering system design. It also covers optimal output estimators
and full information control that are developed more recently.

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 175
DOI 10.1007/978-1-4614-2281-5_5, © Springer Science+Business Media, LLC 2012
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5.1 Minimum Variance Estimation

5.1.1 Preliminaries

As a prelude to optimal estimation for state-space systems, a simpler and more
intuitive estimation problem will be investigated. Let X and Y be two random vectors
with the PDFs px (x) and py (y), respectively. A natural question is how knowledge
of the value taken by Y can provide information about the value taken by X. In other
words, how an estimate of X = X can be made based on the observation of Y =y?
Clearly, with Y =y being observed the PDF of X is modified into the conditional
PDF given by Bayes’ rule:

pX,Y(Xay)

5.1
pr(y) oD

pX\Y(X|Y) =

assuming that py (y) # 0.

The quality of estimation is better measured by maximum a posteriori (MAP).
That is, x = % should maximize pxy(x|y). As a result, computation of the MAP
estimate involves nonlinear optimization procedures, which is not tractable in
general due to the existence of multiple peaks in py|y (x]y) or high dimension of x.
An alternate measure is the conditional error variance E { X —%|* |y =y } The

minimum variance estimate X = X satisfies
E{[IX —%|*]y =y} <E{|IX —x[’]Y =y} Vx. (5.2)

The left-hand side of (5.2) is often termed the minimum mean-squared error
(MMSE). The MMSE estimate or the minimum variance estimate has the closed-
form solution which is a contrast to the MAP estimate, as shown next.

Theorem S5.1. Let X and Y be two jointly distributed random vectors. The MMSE
estimate X of X given observation Y =y is uniquely specified as the conditional
mean (by an abuse of the notation for integration)

S=E{X|Y =y} = [ xpyy(xly)ix. (5.3)

Proof. Let h(z) = E{||X —z||*|Y =y} with z to be chosen. Then

nz) = [ Ix—2lPpy (xly)ax

/7 x> pxpy (x|y)dx + [|z||* — 2Re {z"E[X|Y = y]}
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-
— =B L0 =y} + [ IxIpwy (xly) dx— [EQX]Y =y}
> [ Iy (xly) dx = [E(X]Y =y

The minimum is achieved uniquely with z =X in (5.3). a

Theorem 5.1 indicates that the MMSE estimate is the same as the conditional
mean. Its closed-form offers a great advantage in its computation compared with
the MAP estimate. In some cases, the conditional mean can be experimentally
determined which can be extremely valuable if the joint PDF of X and Y is
unavailable. Clearly, the MMSE estimate is different from the MAP estimate in
general unless the global maximum of pyy (x]y) takes place at the conditional mean
x = E{X|Y = y}. The next example is instrumental.

Example 5.2. Let the two random vectors X and Y be jointly Gaussian.Then the
random vector Z = [X Yy* } " is Gaussian distributed with

m, — E{Z} — [E] 50— cov{Z} — E" ?‘ﬁ
Yy yx Yy

Clearly, vy = E{(x —my)(y —my)*} and

my = E{X}, X =cov{X} :=E{(x—my)(x —my)"},
my =E{Y}, Zyy =cov{Y}:=E{(y —my)(y —my)"}.

Suppose that the covariance matrices 2yyx and Xyy are nonsingular. Then X and Y
have marginal PDFs

S S S O Y
px(x) = Trrder X)e p{ 2(x my) X (x mx)}7 5.4
pr(y) = Ty det(zyy)e p{ 5 (y —my)" 2y (y my)}, (5.5)

respectively. It is left as an exercise to show that the conditional PDF of X, given
Y=y,is

_ pxy(x,y)  pz(z)
pX\Y(X|Y) - py(y) - py(y)
1 1 -
= exp{ —= (x—1y) Il (x—1iy) },  (5.6)
EEE p{ =5 - m 5 (x-my |
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where my = my + nyzy’yl (y —my) and Sk = Zux — nyZy’yIZyx. Hence, the
conditional PDF in (5.6) is also Gaussian. Its MAP estimate is identical to the
MMSE estimate given by

=1y =my+ 5y X, ! (y—my). (5.7)
Suppose that X and Y have the same dimension and are related by
Y=X+N,

where N is Gaussian independent of X with zero vector mean and Xy, the
covariance. Then by the independence of X and N,

my =my, 2y =2yw, 2Zyy=2x+2Zm.
The optimal estimate in (5.7) reduces to
£ =my + Zex (Zxx + Zon) ' (y —my). (5.8)

The linear form (strictly speaking it is the affine form) of the estimate in terms of
the observed data Y =y is due to the Gaussian distribution which does not hold in
general.

Example 5.2 reveals several nice properties about the Gaussian random vectors.
First, one needs know only the mean and covariance matrix in order to have the
complete knowledge of the PDF. Often such statistical quantities can be experi-
mentally determined. Second, if X and Y are jointly Gaussian, then each marginal
and conditional distribution is also Gaussian. Moreover, a linear combination of
Gaussian random vectors is Gaussian as well. Finally, the Gaussian assumption
leads to the linear form of the optimal estimate for both the MMSE and MAP
criteria. Because the observed data y in (5.7) can be any value and is in fact
random, (5.7) actually gives the expression of the optimal estimator (a function of
the observation) for jointly Gaussian random vectors. More generally, the following
result on the MMSE estimator holds.

Theorem 5.3. Let X and Y be two jointly distributed random vectors. Then the
MMSE estimator X of X in terms of Y is given by X = E{X|Y}.

Proof. The difference between E{X|Y} and E{X|Y =y} lies in that E{X|Y} takes
the expectation over all possible values of X and Y. Hence, the MMSE estimator
is more difficult to prove than the MMSE estimate. However, the following two
properties of the conditional expectation are helpful:

Exy {f(X. Y)Y =y} =Exy {f/(X,y)[Y =y}, (5.9
Ey {Exy[f(X,V)[Y =y]} =Exy{f(X,Y)}, (5.10)
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where the subscripts indicate the variables with respect to which expectation is being
taken. Hence, by the MMSE estimate in (5.3),

o 2 > 2
By {[[X=X0)[*1¥ =¥ } < By { X=X Py =¥}
for any other estimator X (-). On the other hand, (5.9) implies that

Exr {[X =) 1Y =¥} < B { X =X 0)* 1Y =v}.

The above inequality is preserved with expectation being taken with respect to Y.
Now with the aid of (5.10), there holds

B { X =%)[*} < Exr { X —X()|*}

which establishes the desired result. O

The next example shows that the MAP and MMSE estimators are nonlinear in
general. For convenience, the estimator X () is still denoted by %.

Example 5.4. A typical case in digital communications is when the random vari-
ables X and Y are related as ¥ = X 4+ N. Suppose that the random variable X is
binary and equiprobable with the probability

Px[X=1]=05, Px[X=-1]=0.5.

The random variable N represents the additive noise which is assumed to be
Gaussian distributed with zero mean and the variance ¢>. Suppose that X and N
are independent. Then X and Y are jointly distributed. If X = x (x only takes values
+1) is transmitted, then the PDF of Y =y is given by

1 )2
pY‘X(yM:\/EG exp{—(yw);) } (5.11)

It is easy to see that the marginal PDF for Y =y is given by

pr(y) = Px[X = 1]pyx(v]x = 1) + Px[X = —1]pyx (y|x = —1)
=0.5pyx(vlx=1)+0.5pyx (y]x = —1). (5.12)

By an abuse of notation, the conditional probability for X = 1, given ¥ =y is
received, is given by



180 5 Optimal Estimation and Control

PY\X(y|x: 1)Px[X =1]
pr(y)
_ 0.5py;x(v]x=1)
~ 0.5pyx (Ylx = 1)+ 0.5pyx (yJxr = —1)

~1 ~1
pyx(yIX——l)) ( { 2y })
=(1+————— =(1+exps —=
( PY\X()’|X =1) op
in light of (5.11) and (5.12). Similarly, the conditional probability for X = —1, given
Y =y is received, is given by

x=1) 2 -1
Pey[X = -1y =) = (1+ Prix (] ) (1+exp{—y2}> :
prix(vx=—1) O,

It is easy to verify that Pyy [X = 1Y = y| + Pyjy[X = —1]Y =y] = 1. 1f y > 0, then

Pyy[X =1y =y =

Because X is binary, the maximum of Py|y[X = x|V = y] for y > 0 takes place at
X =1.1f y <0, then

and thus, the maximum of Py|y[X = x|¥ = y] takes place at X = —1. Consequently,
the MAP estimator is obtained as
1, for y>0
X = ’ ’ 5.13
MAP {—1, for y <0. >.13)

This is identical to the optimal decision rule as discussed in Sect. 2.3 in the sense
that the BER is minimized.

On the other hand, given received data Y = y the conditional mean for X is given
by (recall that X is binary valued):

2 -1 2 -1
et = (vsenf -G} - (e ()
n n

Different from the MAP estimate, Xyvskg 1S not binary valued. Its values as function
of the received y are plotted in the following figure where the dotted line is for the
case 02 = 1, the dash—dotted line for 6 = 0.1, and the solid line for > = 0.01 (see
Fig.5.1).

As the variance G,% decreases (which corresponds to increase of the SNR), the
MMSE estimate approaches the MAP estimate. It is noted that both estimators are
nonlinear functions of the received data y.
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Fig. 5.1 The conditional mean estimates X as function of y

In spite of the fact that optimal estimators are nonlinear in general, the linear
estimator (strictly speaking it is the affine estimator) has its appeal owing to its
simplicity and mathematical tractability. Moreover, in the special case of Gaussian
random vectors, both MMSE and MAP estimators are linear. Hence, there is an
incentive to focus on linear estimators and search for the optimal estimator among
all the linear estimators. The next theorem contains the complete result for MMSE
estimators.

Theorem 5.5. Let X and Y be two jointly distributed random vectors with

ALl =Bl -5 e

Then the linear MMSE estimator for X in terms of Y is given by
X =my+ 2542 (Y —my), (5.15)

where X can be used if Xyy is singular (Problem 5.1 in Exercises). The error
covariance associated with X is unconditioned and given by

E{(X=8) (X=%8)"} = B — By 2y e (5.16)
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IfX andY are jointly Gaussian, then (5.15) is also the MMSE estimate X = E{X|Y}
and is optimal among all (linear and nonlinear) estimators. Its error covariance
conditioned on'Y is the same as in (5.16).

Proof. For any random vector Z its covariance satisfies
cov{Z} =E{(Z—m,)(Z—m,)"} =E{ZZ"} — m,m,,
where m; = E{Z}. As a consequence,
E{||Z|*} = Tr{cov[Z]} + Tr{m,m}} = Tr{cov[Z]} + |m,|*. (5.17)

Now parameterize linear estimators as X = FY + g with matrix F and vector g free
to choose. Setting the random vector

Z=X-X=X—-FY—-g
yields mean m, = my — Fmy — g and the covariance
COV{Z} = Xy + FEyyF* —FXyx — ZyF™.
Hence, the error variance E {||Z||*} = E{||X — FY — g||*} is given by
E{||Z|I*} = Tr{cov[Z]} + [lm,||* > Tr{cov[Z]}
= Tr{Su + FIyF" — FEpy — SyF"}
= Te{[F — S| Sy [F — S 2] + Do — B 5 B}
> Tr{ S — Sy Zyy Zyx}
for any F and g where (5.17) is used. By taking
F=Fp= nyzy}l and g = gop = My — Fopamy,
m, =0 and B {||Z||*} = Tr { Zx — Sy Z,y' Zyx } = E{[|Z]|*} which is the uncondi-

tional error variance. Therefore, the error covariance in (5.16) holds and the linear
MMSE estimator is given by

X= FoptY + opt = My +F0P1(Y _my)

which is identical to (5.15) by Fop = EXyZy’yl. It is noted that the linear MMSE
estimator is identical to (5.7), if ¥ =y, due to the fact that the linear MMSE
estimator coincides with the overall MMSE estimator (among all linear and
nonlinear estimators) for the Gaussian case. a



5.1 Minimum Variance Estimation 183

Fig. 5.2 Signal model for va (1)
Kalman filterin
: vi(0) Ly

—— Linear System —{)—

It should be emphasized that (5.16) is the unconditional error covariance in
general. Only when X and Y are jointly Gaussian is it also the conditional error
covariance. In the case when Xyy is singular, Zy’yl needs to be replaced by its pseudo-
inverse Zy+y for which the results in Theorem 5.5 still hold. See Problem 5.1 in
Exercises.

5.1.2 Kalman Filters

The design of state estimators is considerably more difficult than that of the
estimator in the previous subsection due to the dynamical model for the random
processes.

Consider the time-varying state-space system

x(t+1)=Ax(t)+vi(t), y(t)=Cx(t)+va(t), (5.18)

where both {v;(¢)} and {v,(¢)} are random processes. Traditionally, {v; ()} is
called the process noise and {v,(t)} the observation noise. See the signal model
in Fig. 5.2.

It is assumed that both {v;(¢)} and {va(¢)} are white random processes with
Gaussian distributions for each ¢ and with zero means:

E{vi()} =0, E{v2(1)} =0.
Since {v;(¢)} and {v,(r)} are white, the covariance matrices are given by
E{vi(t+k)vi(t)*} = BB 5(k),

E{va(t +k)va(t)*} = D:D;6(k),
E{va(t+k)vi(t)"} = D:B;6(k),
for some matrices B; of size n x m and D; of size p x m where n and p are the sizes

of the state vector x(¢) and the observed output y(z), respectively. For this reason,
the state-space model (5.18) can be equivalently written as

x(t+1)=Ax(t)+Bv(t), y(t)=Cx(t)+Div(r) (5.19)
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for some equivalent white Gaussian random process {v(r)} where
E{v(t)} =0,, and E{v(t+k)v(¢)"} =1,0(k). (5.20)

Basically, substitutions of v;(t) = B;v(¢t) and v,(t) = D,v(t) are employed in
arriving at the state-space model (5.19).

Suppose that the initial condition X9 = x(0) is also random, and Gaussian
distributed with mean and covariance

E{xo} =X¢ and cov{xp} =Py, (5.21)

respectively. Assume further that xo is independent of {v(¢)}, and x¢ and v(0) are
jointly Gaussian. Then

X(l) = ApXp —I—B()V(O)

is a linear combination of two jointly distributed Gaussian random vectors. Thus,
x(1) is Gaussian distributed as well. By the white assumption on {v(¢)} and
independence of x¢ to {v(¢)}, x(1) and v() are independent random vectors for
all > 1. As a result, x(1) and v(1) are jointly Gaussian. Hence, by the induction
process, the state vectors {x(¢)} are Gaussian random processes. In fact, x(¢) and
v(t) are jointly Gaussian for each ¢ > 0. Optimal state estimators are concerned with
the MMSE estimate of x(r + 1) for r > 0, based on the observation data {y(k)}}_,.
Due to the Gaussian property, such an MMSE estimator is also a MAP estimator.
The solution to the optimal state estimator is the well-publicized Kalman filtering
which will be studied in this subsection.

Under the Gaussian assumption, the MMSE estimator is easy to derive for x(7)
and x( + 1) based on {y(k)}_, using the basic result in Theorem 5.5. Specifically
in the case of x(t + 1), denote

X(t+1)=E{x(t+1)}, %;=E{%]},
where %/ is the observation up to time ¢ > 0 with an expression

% =vec([y(0) y(1) - y(1)])- (5.22)

ThenX(7+1) = A/X(t). The state vector x(t + 1) and the observed data % are jointly
Gaussian with mean {A,X(),%, } and covariance

X(t"'l) _ Pt+1 Zz
OV{[ 7 ”‘[z,* IP} 629

It is easy to see that ¥ = cov{%;}, P41 = cov{x(r+ 1)}, and

z,:E{[x(t+1)—i,+1] [JJ‘,—@,]*}. (5.24)
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Note that ¥ is nonsingular provided that det (DkD,t) # 0 for 0 < k < t. Hence,
Theorem 5.5 can be applied to compute the MMSE estimate for x(¢ 4 1) based on
%; which is given by

R =AX+ZY (% -T) (5.25)
by X(r+ 1) = A;X(t). The associated error covariance according to (5.16) is
Sy =B{[x(t+1)=%,01)] X+ 1) =K1, } =P —ZW 2. (5.26)

However, the MMSE estimator as described in (5.25) and (5.26) has no value in
practice because the associated computational complexity grow with respect to the
time index ¢. A remarkable feature of the Kalman filter is its recursive computation
of the MMSE estimate %, ; and recursive update of the optimal error covariance
2+1 with complexity dependent only on the order of the state-space model in (5.19)
rather than the time index.

Theorem 5.6. Consider the state-space model in (5.19) where {v(t)} is the white
Gaussian random process satisfying (5.20) and the initial condition x(0) = xq is also
Gaussian distributed, independent of {v(t)}, with the mean Xo and the covariance
Py. Suppose

BD; =0, R =D >0,V 1>0. (5.27)

Denote Xy ; as the MMSE estimate of x(k) based on %;, and 2y as the correspond-
ing error covariance where k > i > 0. Then

R =Ko + L [y(t) —CRypi ] (5.28)
L=, ,C (R+CZy1C) (5.29)
S =Z1 = G (R+CEy G Gy, (5.30)
Rt = ARy Sap = ASA; + BB, (5.31)

initialized by ﬁo‘,l =X and Z0\71 = R.

Proof. Given %,,_1, X;,_, and observation %, it can be verified that

ol
=1+

Applying Theorem 5.5 with X = x(¢) and ¥ = %/ leads to the MMSE estimate
X,|; and error covariance X, in (5.28)—(5.30) which are referred to as measurement

R (5.32)
Ctxt\t—l
Zt\tfl Zt\tflct* 1

. (5.33)
Ctzt\tfl R + C,Z}‘t,lC,
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update. Because of (5.27), the random vectors B,v(¢) and D,v; are uncorrelated or
E{B/v(t)[D;v;]*} = B,D; = 0. 1In fact, B,v(¢) and D,v, are independent of each other
due to the Gauss assumption. It follows that B,v(r) and y(r) are independent of each
other. Hence

E{Bv(1)|%} =E{Biv(1)ly:} = 0.

The above leads to E{x( + 1)|%/} = A%, + E{B:v(1)|%} = A%, and
1 = Az Al + BBy

or (5.31) that is referred to as time update. The proof is now complete. a

Theorem 5.6 indicates that Kalman filtering is basically an efficient and recursive
algorithm for implementing the MMSE estimator. Recall that the computational
complexity for those in (5.25)—(5.26) grows with respect to the time index. It is
surprising that the MMSE estimator is linear and finite-dimensional with the same
order as that of the signal model in (5.19), rather than nonlinear and infinite-
dimensional as one might have speculated at the beginning. Of course, such linear
and finite-dimensional properties of the MMSE estimator are owing to the Gaussian
assumption. If the noise process {v(¢)} is not Gaussian, then the Kalman filter can
only be claimed to be optimal among all linear filters of arbitrary orders in light of
Theorem 5.5. In addition, its property of being an MAP estimator is lost in general.

It is observed that the Kalman filter in Theorem 5.6 actually consists of two
MMSE estimators: One is the measurement update as described in (5.28)—(5.30),
and the other is time update as described in (5.31). While Theorem 5.6 is the main
result of Kalman filtering, Kalman filter is often referred to the recursive algorithm
for computing %, , 1|, based on X;|, ;. The next result shows the structure of such an
optimal one-step predictor. The proof is left as an exercise (Problem 5.9).

Theorem 5.7. Denote X = Xy for each integer k > 1. Under the same
hypotheses of Theorem 5.6, the MMSE estimate %X, ,y; for x(t + 1) based on the
observation % = {y(k)}}_, is given recursively as

f‘z+1\t = [At +I{tCt]ﬁt\t71 - KtY(t)a ’A(O\fl =Xo, (5.34)
K, = —A5C (R +CZCH) ™!, (5.35)
Zt+l = AtZtAz* +Bth* +KICIZtAt*7 Z:0 =h. (5-36)

It is interesting to observe that (5.34) can be written as

f‘z+1\t :Atﬁt\tfl - K [yz\zfl _Y(t)]

with §;; 1 = GX;—1. So, it is similar to (5.19) with only one difference in that
Bv(t) is replaced by —K; [y(r) —GX)i - 1]. A reflection on this indicates that the
vector (y(t) —C,f(,‘,,l) provides new information that is not contained in %;_;.
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For this reason, { (y(t) — Ci&,_1) } is called innovation sequence which is in fact a
white process (refer to Problem 5.12 in Exercises). It is also interesting to observe
that the error covariance X, is independent of the observation %;. That is,
no one set of measurements helps any more than any other set to eliminate the
uncertainty in X;. For convenience, %, := %, 1, will be used in the rest of the
text. Equation (5.36) governing the error covariance is called the difference Riccati
equation (DRE).

The initial covariance Xy = Py measures the confidence of the a priori information
on the initial estimate Xo|—1 = Xo- Small Py means high confidence whereas large Py
means low confidence. In practice, the knowledge on the a priori information of
Xo and Py may not be available. In this case, Xo = 0 and Py = pl1, are often taken
with p > 0 sufficiently large. However, so long as the Kalman filter is stable (to be
investigated in the next subsection), the impact of Xy and Py to the MMSE estimate
X;1; will fade away as ¢ gets large. The next result is obtained for time-invariant
systems.

Proposition 5.1. Suppose that (A;,B;,C;,D;) = (A,B,C,D) for all t and the hy-
potheses of Theorem 5.6 hold. If Xy = 0, then the solution to the DRE (5.36) is
monotonically increasing, i.e., 211 > % for allt > 0.

Proof. For t = 0, the DRE (5.36) gives X = BB* > Xy = 0 in light of the time-
invariance hypothesis. Using the induction, assume that X, > 3;_; for k > 1. The
proof can be completed by showing X | > %;. Denote A, = %, — %, fort =k and
k+ 1. The DRE (5.36) is equivalent to

S =A(I+5CR'C) ' LA +BB, R=DD".

See Problem 5.10 in Exercises. Taking the difference Ay = X — 2 gives
Ay = A {(1+zkc*1rlc)’1 S =% (1+C*Rc2k,1)*1} A
=A(I+5CR'C)  A(I+CRCE ) A7

—A(I+ 5 C'R'C+MCRC) A (I+CRCE ) ' A
— Ay [1+ ACH(R+CZCF) ! c} AL >0

by Ay =2 —-212>0 wherezk,l =A (I+Zk,1C*R71C)71. O

Before ending this subsection, the removal of the assumption (5.27) needs to be
addressed. It is noted that the difference between the estimated and the true state
vectors satisfies the difference equation

&(t+1) = (A +K.C)é(t) + (B, + K.Dy)v(t) (5.37)
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by taking the difference of (5.19) and (5.34) where &(¢) = x(¢) — %;,_;. This is
the error equation for the associated Kalman filter under the assumption (5.27)
or B,D;} = 0 for all . For the case B;D; # 0, it is claimed that the error equation
associated with the MMSE estimate has the form

ét+1)= (A +KG)e{t)+ (B, +KD,)v(t), (5.38)
A=A —-BD{R'C,, B,=B,[l,—D;R 'D,], (5.39)

where B;D;} = 0. Specifically, the state-space system (5.19) can be written as
x(t+1) = Ax(t) + Bv(t) + BD;R, 'y(r). (5.40)

Because B,D; =0, and y(¢) is the measured output, the Kalman filter can be adapted
to compute the MMSE estimate for x(# + 1) in accordance with

R = [A+ KGRy — Koy (1) +B.D;R, 'y(t), (5.41)
where the Kalman gain and the error covariance are given by

K = -A%5C (R+GCEC) ', (5.42)
S = ASA + BB —A%5CH(R+CXCH T CEAL, (5.43)

respectively. The Kalman gain K, is associated with (At , E,) , but % is the same error
covariance as before. Subtracting (5.41) from (5.40) yields (5.38) as claimed earlier.
On the other hand, (5.41) can be equivalently written as

%11 = (A +KGC) X1 —Ky(t) K=K —BD/R ", (5.44)
where K; is the Kalman gain associated with (A;, B;). There holds
K, =K —BD'R' = —(A5C +BD}) (R +CEC) ™. (5.45)

Therefore, the Kalman filter has the same form with a slight increase in the
complexity of computing the Kalman gain and the associated DRE for the error
covariance. The next result summarizes the above discussion.

Corollary 5.1. Let A; and B, be as in (5.39). Under the same hypotheses of
Theorem 5.7, except that B,D; # 0, the Kalman filter for x(t + 1) based on the
observation % = {y(k)},_,, is given recursively by (5.44), (5.45), and (5.43) which
collapse to those in Theorem 5.7 for the case B;D; = 0.

Corollary 5.1 indicates that there is no loss of generality in focusing on the
case B;D; = 0 for Kalman filtering. The case B;D; # 0 causes only some minor
computational modifications for (linear) MMSE estimators.
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5.1.3 Stability

An immediate question regarding the Kalman filter is its stability. Are Kalman filters
always stable? What stability properties do Kalman filters possess? Such questions
will be answered first for time-varying systems and then for time-invariant systems.
The following stability result holds.

Theorem 5.8. Let the state-space model be as in (5.19) with {v(t)} the white
noise satisfying (5.20). For the case B,D} = 0, assume that (A;,By) is uniformly
stabilizable and (C;,A;) is uniformly detectable. Then the Kalman filter as described
in Theorem 5.7 is asymptotically stable. For the case B;D; # 0, assume that (A} , B,)
is uniformly stabilizable, and (C;,A,) is uniformly detectable where A, and B, are
as in (5.39). Then the Kalman filter as described in Corollary 5.1 is asymptotically
stable.

Proof. If B;D} = 0, then the stabilizability and detectability assumptions imply the
existence of linear state estimation gains {L, } such that

X(l + 1) = (A[ +L[C[)X(l)
is asymptotically stable. Hence, the difference Lyapunov equation
Qt+1 = (Az + LzCz)Qz (At + LzCz)* +LtRzL;* +BIB;*

has bounded nonnegative solutions {Q; }. On the other hand, the DRE (5.36) which
governs the error covariance of the Kalman filter can be written into the same form
as the above difference Lyapunov equation:

i =A+KG)% (A +KCG)" + BB + KiRK; .

See Problem 5.10 in Exercises. It is noted that (A—i—K,C,, [B, K,R,I/ZD is

stabilizable. In light of the discussions at the end of Chap. 3, stability of the Kalman
filter is hinged to the boundedness of X; as ¢t — co. But the Kalman filter is optimal
among all linear estimators. It follows that Tr{%;} < Tr{Q,}. The Kalman filter is
thus asymptotically stable. The proof for the case B, D} # 0 is similar, and is skipped.

O

For asymptotically exponentially stable systems, the assumptions of uniform
stabilizability and detectability hold. Hence, the Kalman filter preserves the stability
property that is owing to the fact X; < P, or the error covariance for the estimated
state vector is no larger than the covariance of the state vector to be estimated,
which is in turn owing to the optimality of the Kalman filter. The hypothesis on
stabilizability of (4;,B;) in Theorem 5.8 might seem unnecessary by the argument
on the existence of the stable linear estimators. However, it cannot be removed for
the stability result in Theorem 5.8 to hold true. Nevertheless, this hypothesis can be
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weakened for stability of Kalman filters if the underlying state-space system is time
invariant and the additive noise process is stationary. For this purpose, consider the
following signal model

x(t+ 1) =Ax(t) +Bv(t), y(t)=Cx(r)+Dv(z), (5.46)

where x(0) = xo with mean X, and covariance Py. Suppose that xo and {v(¢)} are
independently distributed and {v(¢)} satisfies (5.20). Then {Bv(¢)} and {Dv(¢)} are
both WSS white processes. Stability of A and E{x(¢)} = 0 imply that {x(¢)} can be
made a stationary process, provided that P = P, satisfies the Lyapunov equation

P = APA* + BB". (5.47)

Assume that A is stable. Then there is a unique solution P > 0 to the above Lyapunov
equation. If Py # P, then {x(z)} is not a WSS process in general. But, it is WSS
asymptotically. Indeed, let P, = cov{x(k)} for k > 0. Then

1
1 =APA" 4 BB = A Ry(A") !+ Y AFBB* (A%
k=0

by Py = cov{xy}. Stability of A implies that

P:tlggpprl :]Zz)AkBB*(A*)k

exists and is bounded that is the unique solution to (5.47). However, if A is not a
stability matrix, then {x(¢) } may diverge and is thus nota WSS process in general. A
somewhat surprising fact is that the error state vectors &(#) = x(t) — %, associated
with the Kalman filter are WSS process asymptotically, provided that the Kalman
filter is asymptotically stable. Stability of A is not required. Consider the following
nth order LTI estimator

%1 = (A+KC)% —Ky(t), %o=%(0), (5.48)
K =—-AXC"(R+CxC*) ", (5.49)
S=A(L,+2C'R'C)” ZA* +BB". (5.50)

This is the same as the Kalman filter in (5.34)—(5.36) after removing the time indexes
of the matrices. The equation for the error covariance in (5.50) is called the algebraic
Riccati equation (ARE).

Example 5.9. Consider the inverted pendulum system. Its state-space realization
after discretization with sampling period 7y = 0.25 is obtained in Example 3.16
of Chap. 3. Suppose that 0.1BB* is the covariance for the process noise and
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diag(0.1,0.01) is the covariance for the measurement noise, assuming that the
noises for measurements of position and angle are uncorrelated. The Matlab
command “dare” can be used to compute the solution X to the ARE in (5.50) and
the stationary estimation gain K in (5.49). The numerical results are given by

21.762 5.5171 1.6675 0.7219 0.4017 —44.5166
5 5.5171 1.6269 0.6957 0.4560 K— 0.4402 —10.6004
1.6675 0.6957 0.4602 0.3910 |’ 0.4451 —2.5400
0.7219 0.4560 0.3910 0.3699 0.4330 —0.6398

It can be easily verified with Matlab that the eigenvalues of (A + KC) are all positive
real, and strictly smaller than 1. Hence, (A 4+ KC) is a stability matrix, implying that
the error for estimation of the state vector approaches zero asymptotically.

The ARE solution computed in Matlab, if it exists, is called stabilizing solution
that is defined next.

Definition 5.1. The solution X to the ARE (5.50) is said to be stabilizing, if K as in
(5.49) is stabilizing. That is, (A + KC) is a stability matrix.

The stabilizing solution to ARE (5.50), if it exists, is unique (refer to
Problem 5.13 in Exercises). The next result regards stability of the Kalman filter.

Theorem 5.10. Suppose that (A, B) is stabilizable, BD* = 0, and R = DD* > 0 for
the random process in (5.46) where {v(t)} is WSS with zero mean and identity
covariance. If the ARE (5.50) admits a stabilizing solution, then the Kalman filter
for (5.46) is asymptotically stable and its associated state estimation error vector
&(t) = x(t) — %, is WSS asymptotically.

Proof. Let X; be the solution to the DRE (5.36). Since the time-invariant estimator
described in (5.48)—(5.49) is a special case of the linear estimator in Problem 5.11,
its error covariance X > %, > 0 for all # > 0, provided that ¥ > Py > 0. In this case,
{Z,} is monotonically increasing in light of Proposition 5.1 and uniformly bounded
above by X. Hence, its limit X exists. Since the limit of the DRE (5.36) is identical
to the ARE (5.50), it can be written as

Y= (A+KC)Z(A+KC)"+KRK +BB",

where K = —AZC* (R+CZC*) "' Stabilizability of (4,B) implies that T is
stabilizing, and thus X = X by its uniqueness. As such the Kalman filter converges
to the linear estimator as described in (5.48)—(5.49) which is stable. The fact that the
Kalman filter is linear implies that its stability is independent of the initial condition
Xo|—1 = Xo which in turn implies that the convergence of %, to X is independent of
the boundary condition Xy = Py. Moreover, the conditional mean and covariance
associated with &(z) are zero and X (asymptotically), respectively. So, the state error
vector &(7) is WSS asymptotically. The proof is completed. a
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The LTI estimator in (5.48)—(5.49) is referred to as stationary Kalman filter.
It is the state-space version of the Wiener filter. In lieu of the optimality properties
of the Kalman filter, the stationary Kalman filter outperforms all LTI estimators of
arbitrary orders. If, in addition, the noise process is Gaussian, then the stationary
Kalman filter outperforms all (linear or nonlinear) time-invariant estimators. The
premise is the existence of the stabilizing solution to the ARE (5.50) for which the
following result provides the necessary and sufficient condition.

Theorem 5.11. There exists a stabilizing solution to the ARE in (5.50), if and only
if (C,A) is detectable and

rank{[A—ej“’I,,B]} =n VYV wekR

Different from time-varying systems with nonstationary noises, stabilizability
of (A,B) is not required so long as (A,B) does not have unreachable modes on
the unit circle. The proof is delayed to the next section. After the brain-storm of
materials on Kalman filtering in the style of theorem/proof, it will be wise to pause
for a while with readings of a few examples. It does need to be pointed out though
that the results on time-invariant systems and WSS noises are established under
the assumption that BD* = 0. If the assumption does not hold, then the stationary
Kalman filter is still the same as in (5.48) but the Kalman gain in (5.49) and the
ARE in (5.50) need to be replaced by

K = —(AXC"+BD") (R+CczC ), (5.51)
S =A(l,+2C'R"'C)"' A" +B(I-D'R'D)B", (5.52)

respectively, where A = A — BD*R~'C. Moreover, the ARE (5.52) has a stabilizing
solution, if and only if (C,A) is detectable, and

_ e
rank{{A g I g]}zn—i—P VoeR

with p the number of rows of C. Its proof is again delayed to the next section.

Two examples will be presented which are designed to help digest the theoretical
results in this section. The first example is modified from digital communications as
illustrated in the following Fig. 5.3 and discussed next.

Example 5.12. Consider estimation of the symbol s(7) in multiuser wireless data
communications. The multipath channel is described by

r() = é Hi(1)s(t — k) (5.53)



5.1 Minimum Variance Estimation 193

Fig. 5.3 Estimation of the n(t)
symbol inputs
S(t) Multipath I‘([) Y(l) Linear _S(t - d)
Channel Receiver
coms |5C—9) &(t —d)
Delay \__b

which is an MA model. It is assumed that the channel information or the impulse
response {Hy(t)} is known at time ¢ and has dimension p x m. The objective is to
design linear receivers that estimate the symbol s(r — d) for some d satisfying 1 <
d < ¢ with the minimum error variance. The design problem seems to be different
from Kalman filtering but is intimately related to the estimation problem in this
subsection.

First, the input symbols are assumed to be independent and have the same
(equiprobable) distributions. As such, {s(¢)} is white with the zero mean and
covariance 621 where 672 is the transmission power for each symbol. For simplicity,
o; = | is taken via some suitable normalization. Secondly, the channel model can
be associated with a realization with the state vector

x(t) =vec([s(t—1)s(t—2)---s(t—0)]). (5.54)

Denote v(t) = [s(t)* n(t)* | ", The observed signal y(7) at the receiver site can be
described by the same state-space model in (5.19) with

A,_A_[ 0 OMXM],B,_B_{I’” 0 }

Lyg-1y 0 0 0,0 1)%p (5.55)

G =m0 H0)].D=[o5i].

where X, > 0 is the covariance of n assumed to be white and WSS. Hence, the
signal to be estimated is given by

s(t—d)=Jx(1), Jg=[0--01,0---0], (5.56)

where 1 < d </ and I, is the dth block of J;. Finally, it is noted that v(z) is white
but not Gaussian. If Hy(r) = 0, i.e., there is a pure delay in the multipath channel,
then BD; = 0. An application of Kalman filtering yields the optimal linear estimator
fors(t —d) = Jyx(t) = Jy11x(t + 1) based on observations {y(k)},_, given by

%010 = A+KC)%1 —Ky(t), K =-A%C (R+CGEC) ™,

T = ASA*+BB —A%C (R+CZCH G EAY,
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where R = X,. Any other linear estimator for x(z + 1) has an error variance no
smaller than Tr{X,,}, and the error variance for §(r — d) is also the smallest
among all linear receivers. Recall that {s(t —k)}{_, are subsumed in x(¢). It is
thus concluded that §(r — d|t) = Jy%, = Jg1+1%,41); is an optimal linear estimate
of s(+ —d). See also Problem 5.11 in Exercises. If the channel is time invariant, then
Hi(t) = Hy, and thus, C; = C V t. In this case, the linear MMSE estimator converges
to the stationary Kalman filter:

ﬁH’l‘t = (A—f—KC))A(t‘t,l _KY(I)a §(t_d|t) :Jd+1f(z+1\t=
S=A(l,+EC'R™'C) ' ZA" 4+ BB*, K = —AZC* (R+CEC") .

As A is a stability matrix, the solution X > 0 exists and is stabilizing.

Example 5.12 shows that if the signals to be estimated are output of the form
z(t) = Jx(r + 1), then the optimal output estimator is the same as the optimal state
estimator. Hence, the Kalman filter serves as the optimal linear estimator for both
state and output estimation, provided that both estimators are restricted to being
strictly causal. The following example regards the application of Kalman filtering to
system identification.

Example 5.13. Suppose that the system is described by an ARMA model
n m
Y(t) =3 oyt —k)+ Y Bu(t — k) +n (1),
k=1 k=1

where {n(¢)} is white and Gaussian. Suppose that

h= [al Oy Bl Bm]*

is also Gaussian with a priori mean h and covariance P. It is reasonable to assume
that {n(¢)} and h are independent. The goal of system identification is to estimate
the true value of h based on measured data {y(¢)} and the deterministic input data
{u(t)}. For this purpose, consider the fictitious state-space equation

x(t+1) =x(1) =h, () = q(O)x() + (1), (5.57)

where q(r) = [y(t—1) -+ y(t —n) u(t — 1) -+ u(t —m) | is a row vector. This cor-
responds to the random process model (5.19) with A; = L1, B; = 0,4, C; = q(2)
and D, = [cov{n(¢)}]"/?. An application of the Kalman filtering with h, = K1)
yields the estimator:

b, = b1+ Zq() R +a(O)Zq (1) () —q()h, ],
S =5 -5q0) R+a(0)Zq(0)] a0, Z=P, (558
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where h_; = h and R, = cov{n(¢)}. It is noted that %, is not truly the error
covariance associated with h, by the fact that C, = q(z) is random to which the
Kalman filter in Theorem 5.7 does not apply. Hence, the estimator in (5.58) is
not an MMSE estimator for h. This also explains why the MMSE estimator in
(5.58) is nonlinear in terms of the observed data {y(k)}\,_!  in C; = q(t), even
though the Kalman filter is linear. On the other hand, if at time #, y(k) is treated
as deterministic containing the realization of the noise process 7 (k) for k < z, then
the estimator in (5.58) can be interpreted as an MMSE estimator for h. However,
this interpretation is rather far-fetched. A more interesting case is when n =0, i.e.,
the system is an MA model. In this case, the row vector q(¢) does not contain
any measured output data {y(k)}}_,. Since the input {u(z)} is deterministic, the
estimator in (5.58) becomes linear, and thus, the estimator in (5.58) is truly the
MMSE estimator for h outperforming any other system identification algorithms
for FIR models. Moreover, %, is truly the error covariance associated with ﬁt. If
the joint Gaussian assumption is dropped, then the estimator in (5.58) is the linear
MMSE estimator outperforming any other linear algorithms for identification of FIR
models. Nonetheless, such claims do not hold for the case n > 0 or the IIR models.

5.1.4 Qutput Estimators

The Kalman filter estimates x(¢) or x(z + 1) based on observations % = {y(k)},_,
at time # > 0. A more practical problem is the output estimation or estimation of
the linear combination of the state vector and the process noise at time ¢ based on
observation %;. Such an estimation problem is described by the following state-
space model:

X(f-'—l) At B[
2(t) | =|Cu Dy ﬁg;] (5.59)
y() Cy Dy

where v(z) is the white noise process as in (5.20), the initial condition x(0) = xj is
arandom vector, and z(¢) is the signal to be estimated. The goal is design of a linear

estimator represented by state-space realization (A\,,E,,CA‘,,B,) such that Z;,, the

estimate of z(¢) based on the observation {y(k)}}_,, minimizes the error variance
of e,(t) = z(t) — 2,,. Figure 5.4 shows the schematic diagram for output estimation
that is different from the state estimation problem in Kalman filtering. In the special
case of Cj; = I and Dy, = 0 for all 7, it aims to estimate x(¢), based on observation
{y(k)}\_,- On the other hand, if Cj, = 0 and Dy, = I for all 7, then it is an estimator
for the noise process v(r) based on observations {y(k)},_,. Therefore, the output
estimation problem is more versatile and more useful in engineering practice. It
turns out that among all linear estimators, the MMSE estimator can be obtained
from the Kalman filter with some minor modifications.
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z(t)
v(t) AlB,
T [8: gﬂ y() Al 2t\t _-2_\ e ()

Fig. 5.4 Schematic diagram for linear output estimator

Theorem 5.14. Let the state-space model be as in (5.59) with {v(t)} the white
noise satisfying (5.20). Suppose that R, = D2, D5, is nonsingular and x(0) = Xo has
mean Xo and covariance Py which is independent of {v(t)}. Let (A;,B;) be as in
(5.39), ie.,

A, =A,—B.DyR; 'Cy, B, =B, [I—D5R; 'Dy]. (5.60)

Then the linear MMSE estimation of z(t) based on observation {y(k)},_, is given
recursively by

Xep1 = [As +I(tc2t]ﬁz\z71 —Ky(1), K01 = X0,
Z), = [Clt‘i‘LtCZz]ﬁ,\,,l —Liy(t), (5.61)

where the Kalman gains K; and L, are given by

A %,C5 + B/D;j
{KI} = | TR R 4 ) (5.62)
L C1,%,C3, + Dy.D3,
A * pD— -1 A * D D*
Zl*‘rl = A[ (In + Z[CZIRI 1C2t) EZA[ +B[Bt 5 Z() = P(). (563)

Proof. The trick of the proof is to convert the output estimation to Kalman filtering.
For simplicity, assume that B;D3, = 0 and D1,D3, = 0 for each . Augment the state

vector
()= | *X® x(0) = | X0
z2(t—1) |’ 0]
Its associated a priori covariance is By = diag(Py,0). There holds
X(t+1)=AX(t)+Bv(t), y(t)=Cx(t)+Dv(r) (5.64)

by straightforward calculation where D, = Dy, and

o A 0 o B, v
. {cn 0}, A [DJ’ C=1[Cy0] (5.65)
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Since x(¢ + 1) and z(¢) are subsumed in X(7 + 1), the MMSE output estimator for
z(t) is equivalent to the MMSE estimation of X(7 + 1), among all linear estimators,
based on {y(k)}_,. Recall the discussion after Example 5.12. Hence, the optimal
solution is the Kalman filter in Theorem 5.7 for the random process in (5.64) due
to B;D; = 0 by the hypothesis B;D}, = 0 and D;,D;, = 0 leading to the DRE and
Kalman gain:

3 A ¢ -1\~ ¢ xx D %
S =A(I+ZCR'C) LA+ BB, (5.66)
K= AL (R+GEE) (5.67)

Partition 3 into a 2 x 2 block matrix with X the (1,1) block which is the error
covariance for Xy, at k =7 and k =7+ 1. Then the (1, 1) block of the DRE (5.66)
and the Kalman gain in (5.67) are obtained as

*x pD— -1 * *
S = A (I+ZCyR'Cy)  ZA; + BB,
i = [Kt} _ | AEG,

(R + CZ,Z,CE,)*I
Cltzt C;l

which are the same as in (5.63) and (5.62), respectively, for the case B,Dj, = 0. It
follows that the Kalman filter for X(z 4 1) in the system (5.64) is given by

X g R, o
[ tjlt} = (At‘f'KtCt) A =1 —Kiy(t),
an Zi -1
A+ K Cy ] . [Kz}
= R — 1),
|:C1Z+Ltc2t tle—1 L y(t)

by substitution of the expressions in (5.65). The above are the same as the linear
MMSE output estimator in (5.61) for the case B;D;, = 0. If B,D3, # 0 and
D;Dj;, # 0, the same procedure can be carried out using the Kalman filtering
results in Corollary 5.1 that will lead to the linear MMSE estimator in (5.61) with
the Kalman gains in (5.62). The details are omitted here and left as an exercise
(Problem 5.15). a

Theorem 5.14 indicates that the optimal output estimate Z, is a linear function of
the optimal state estimate X,|,_; in light of (5.61) and the associated error covariance
is irrelevant to Cy; and Dy,. In this sense, optimal output estimation is equivalent to
optimal state estimation. The realization of the linear MMSE output estimator in
(5.61) is given by

(@,E,a,ﬁt) = (A + K Cp,—K;,C1y + LiCoy, —Ly)
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which has the same order as the original state-space model in (5.59). Its input is
y(¢), and output is 2, as shown in Fig. 5.4. In light of the Kalman filtering, the linear
estimator in (5.61) is optimal among all linear estimators with arbitrary orders. If, in
addition, the noise process {v(¢)} and the initial condition x( are independent, and
jointly Gaussian, then the linear estimator in (5.61) is optimal among all possible
output estimators, including those nonlinear ones. The next example is related to
Example 5.12, and illustrates the utility of output estimators.

Example 5.15. A commonly seen state-space model in applications is
X(1) = Ax(t— 1)+ By(1),  y(t) = Gx(t) + Dv({) (5.68)

that appears differently from the ones discussed in this chapter thus far. It will be
shown that the results on output estimation are applicable to derive the optimal state
estimator for the model in (5.68).

For simplicity, assume that B, 1D} = 0 and R, = D,D; > 0. Under the same
hypotheses on white and Gaussian v(¢), and on the initial state x(0) that has
mean X( and covariance Py, Theorem 5.14 can be used to derive the equations for
measurement update:

& = [[+LC] &1 — Liy(1), (5.69)
Sy =5 -5C (R +GEC) G, (5.70)
initialized by Xo|_| = Xo and covariance Xy = Py where
L =-%C (R+GXCH) ™", (5.71)
Recall 2; = %), ;. Moreover, the time update equations can be obtained as
K1 =A%y T = A DAl + BB (5.72)
Specifically, the state-space model in (5.68) can be rewritten as
X(t+1)=A1x(1) +Beav(t +1),  y(r) =Cx(r) +Dyv(t). (5.73)
Because B, v(r+ 1) and D,v(¢) are uncorrelated, replacing A, by A;.; and
B, by B;;; in Theorem 5.14 leads to the optimal state estimator or one-step
predictor %, = E{x(t +1)|%}:
K1) = A1 KGR — Kiy(2) (5.74)
initialized by Xo|_; = Xo where K; = A, 1L, is the Kalman gain. In addition with

Xy = Py, the associated error covariance X, for ¢t > 0 can be computed according
to the DRE
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* p— -1 *
S =A X (I+CR'CGE) Al +BiiBr. (5.75)

For %, = E{x(t)|%}, setting z(t) = x(t) leads to the optimal estimator in (5.69)
by Ci; =1, Dy, =0, and Cy; = C;. The fact of K; = A, 1L, and optimal estimate in
(5.69) yield time update equations in (5.72). A comparison of X, in (5.72) with
the one in (5.75) shows

o ~1
2 =2 (1+Cz R, ICtZt) (5.76)

that is the same error covariance in (5.70).

The linear MMSE output estimator as in Theorem 5.14 has the same stability
properties as those of the Kalman filter by the fact that they have the identical covari-
ance matrices for the state vectors. Hence, all the results in the previous subsection
apply to the linear MMSE output estimators, which will not be repeated here except
for the following. Suppose that the state-space realization in (5.59) is independent
of timet. Let A=A —BD3R 'C,, R=D,Dj, and B=B (I — D3R 'D,). If the ARE

S=A(L,+ZCGR'C) ' TA*+ BB (5.77)

has a stabilizing solution X > 0, then the output estimator in (5.61) is asymptotically
stable, in light of Theorem 5.10. In this case, the output estimator in (5.61) converges
asymptotically to the following time-invariant system

X1 = [A+KC] %1 —Ky(t), %o/-1 =Xo,
2[\1 = [Cl +LC2] f(z\zfl —Ly(t), (5.78)

where K and L have the same expressions as in (5.62) with the time index ¢ removed.
One may employ the time-invariant estimator (5.78) directly for output estimation
which can be computed off-line in order to reduce the computational complexity
in its implementation. Clearly, the estimator in (5.78) admits the transfer matrix,
denoted by F(z) and given by

F(z) = — |L+ (C +LG) (zl, —A— KG) 'K |. (5.79)

This section is concluded with an example on Wiener filtering (see Fig.5.5).

Example 5.16. (Wiener filtering) Consider the signal model as in Fig.4.5 where
v () and v, (¢) are independent white noises of zero mean and identity covariance,
and G| (z) and G (z) are causal and stable rational transfer matrices. Wiener filtering
aims to design a LTI filter W(z) which estimates z( —m), the output of G;(z), based
on observations y(k) for all k < and some integer m. It is termed as smoothing, if
m > 0 (estimation of the past output), filtering, if m = 0 (estimation of the present
output), and prediction, if m < 0 (estimation of the future output). It is claimed
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Fig. 5.5 Signal model for va (1)
Wiener filtering l
Ga(2)
vi(1) z(t) y(t)
— G](Z)
z(t —m)
V() T
G(z) | v s J\ezo —m)
W ®

Fig. 5.6 Wiener filter as an output estimator

that these three estimation problems can all be cast into the output estimation as
illustrated in the figure below, provided that z "G (z) is causal.
Indeed, if z7G(z) is causal, then

_ A|B
z77"Gi(z) O

G(z) = (@) 1|y

Gi(z) Gaz) oD,

for some realization matrices. Let v(¢) = [ v1(¢) v2(t) }/. Then Wiener filtering can
be converted into output estimation as shown in Fig. 5.6. Consequently, the results
on output estimation can be applied to design the stationary optimal estimator
represented by W(z) which is the required Wiener filter. If z7"G (z) is not causal,
decompose

7 "G1(z) = Ga(z) + Gc(2)

with G¢(z) causal and Gy(z) strictly anticausal. A state-space realization of
G(z) can again be obtained with z7™G(z) replaced by G¢(z). It can be shown
(Problem 5.19 in Exercises) that the Wiener filter does not depend on G4 (z).

5.2 Minimum Variance Control

A common control problem is disturbance rejection. Engineering systems are de-
signed to operate in various environments where unknown and random disturbances
are unavoidable and detrimental to the system performances. Disturbance rejection
aims to design effective control laws that suppress the devastating effects of the
disturbances and ensure that the system operates as desired. Often it results in
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feedback control laws. This section investigates the case when disturbances are
white noise processes and the variance is the performance measure for control
system design.

The system under consideration is described by the state-space model

x(14+1) =Ax(t) +B1,v(t) + Byu(t), z(t) =Cx(1) + Dou(t), (5.80)

where v(¢) is the white noise disturbance with the same statistics as in (5.20), u(z) is
the control input signal, and z(¢) is the output to be controlled. The initial condition
x(0) = xq is assumed to be random and has mean Xy and covariance Py. Due to the
random nature and the dynamic impact of the initial condition, X¢ is accounted as
part of the disturbance. The objective is to design a control law % = {u(r)}"_ that
minimizes

T-1
Vor = X Vo V=B{la0)?|%} =Tr(E{za()| %)) G8D
=0

with V; the variance of the controlled output.

The aforementioned control problem is very different from the estimation
problem in the previous section, but the two are closely related. In fact, there
exists a duality relation between the linear minimum variance control and the linear
minimum variance estimation. As a fortiori, optimal disturbance rejection can be
obtained from the Kalman filtering. However, such a derivation may blur out the
distinctions between control and estimation and is thus not adopted in this text.
Instead, linear minimum variance control will be derived independently. The duality
will be interpreted at a later stage to deepen the understanding of the resultant
optimal feedback control.

5.2.1 Linear Quadratic Regulators

Before tackling the problem of disturbance rejection, design of linear quadratic
regulators (LQRs) will be studied. The LQR is a deterministic control problem.
Yet, its solution coincides with that for disturbance rejection. Let

x(t+1)=Ax(t)+Bu(t), x(0)=x#0. (5.82)

It is desirable to regulate the state vector x(7') to the origin 0 in finite time 7 > 0
through some suitable control action {u(r)}’_,'. However, the exact regulation to
x(T) = 0 may not be feasible in some finite time 7. Even if it is feasible, the cost
of control input can be prohibitively high. Hence, it is appropriate to consider the
quadratic performance index
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Jr(to) =x(T)"Qrx(T) + 2 x(1)"Qix(t) +u(t) Rou(t) (5.83)
=1y

for typ = 0 which provides the mechanism of trade-offs between the regulation of
x() and the energy constraint on u(z). The weighting matrix Q; = Qf > 0 represents
the penalty on the state vector and thus the quality of regulation, and R, = R} > 0
shows the penalty on the control input and thus the measure of the energy at time ¢.
For convenience, J; = Jr(0) is used.

The hypothesis on the weighting matrices in Jr implies that

Q[ C*Ct, R[ D D[, D[*Cl = 0 (584)
for some C; of dimension p x n and D; of dimension p X m with n the order of the

state-space model in (5.82) and m the dimension of the control input. Let z(r) =
Cix(t) + Dyu(t). Then together with the state-space equation (5.82),

o l=1a o) )

which represents the system model. The decomposed LQR cost at time ¢ is
I12(1) 1> = x(1)* Qx(t) +u() ‘Reu(r).
For any square matrix X; 1 = X;" | > 0 with size n X n, let
Wit = X(1+ 1) X x(t+1) + [|2(0) ]|
be the candidate Lyapunov function for 0 <¢ < 7. Then

Wisr = x(t+ 1) X x(t+ 1) +2(0) (1)

= [x(t+ 1) 2(t)"] [Xto+1 (I)] {X(;(j;)l)]

_ A[ B[ X(t) : Xt+1 0 A[ B[ X(l)
C Dy [u(t) 0 I C Dy [u(t)
A X 1A+ O AfXi1 By [x(t) ]
B X,11Ar R +BiX, B, | lu(®)]’
where (5.85) and the relations R; = D} Dy, O; = C/C;, and D;C; = 0 are used. Let

lf’[ = A;(Xt+1A[ + Q[,Q[ = BI*X[+1A[, and @[ = R[ +B1*Xt+1B[. Because @[ >0 by
R; > 0, the Schur decomposition

= [x(0)" u()”]
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v (1 Q06X 0 I 0
Q 6] [0 I 06,]|67'Q 1

holds (refer to Problem 5.8 in Exercises) with X; = ('H — .Qt*@fl.Q,) the Schur
complement. The Lyapunov function candidate W;1 can now be written into

Werr = [x(1)* (u(r) = Fx(1))"] [}g gt} [u(t)x—(;)z“f)}

where F, = —0,'Q, = — (R, —l—B,*XtHB,)*l B/ X,11A; and X; satisfies

X = AfXe1Ai+ O — Af X1 B (R + B X, 11B,) ' B Xe1 Ay
—1
= A Xes1 (I +BR; 'Bi Xi11) A+ O (5.86)

which is a DRE dual to the estimation DRE as in Theorem 5.7. Because ©; > 0, the
minimum value of W, | is achieved by setting

u(t) = uop(t) := Fx(t), F=—(R+BX1B) "B X, 1A (5.87)

for which W, ;| = x(7)*X,x(¢) is the minimum possible.

Let X7 = Qr be the boundary condition and {X; tT;Ol be the solution to
the DRE in (5.86). Then an induction process can be applied to W, with
t=T—-1,T—2,...,0in the performance index (5.83) yielding

Jr =x(T)"Xrx(T) + Z |lz(k)||* = Wr + 2 |z (k)|>
>x(T—1)Xr_x(T—1)+ 2 l|lz(k H2

=Wri1+ Z [2(k)[|* > --- > x(0)*Xox(0),

where the fact W, > x(¢)*X;x(¢) is used to arrive at the lower bound of Jr. It is
noted that the lower bound x;Xoxo for Jr is achievable by employing the optimal

control law {llopt(l)},tol as in (5.87) which constitutes the optimal solution to the

LQR control problem. The above derivations are summarized into the following
result.

Theorem 5.17. Suppose that Q; > 0 and R, > 0 for 0 <t < T. Let {X, tT;Ol be
the solution to the DRE in (5.86) with the boundary condition X = Qr > 0. Then
the optimal control law minimizing the performance index Jr in (5.83) and subject
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to the dynamic equation (5.82) is given by {uop(t)} 2} in (5.87). The associated
minimum performance index of Jr is X;XoXo with X # 0 the initial condition of the
state vector X(t).

It is surprising that the optimal control law for the LQR problem is linear and
static. After all, one might have expected nonlinear and dynamic control laws as
the possible optimal solution. On the other hand, the feedback structure of the
control law is more or less expected. The optimal feedback gains {F,}IT:’O1 as in
(5.87) are functions of the solution to the DRE in (5.86) which has the form of
backward recursion. Such a backward recursion is deeply rooted in the principle
of optimality which states that an optimal control policy over the time interval
[k, T) for 0 < k < T constitutes the optimal control policy over the time interval
[0, T) regardless of the states and control inputs before the time k. Indeed, denote

Uy ar) = {u(t)};f;ol with 7 > 9. There holds

in J7(0) = min {J;(0) +Jr(k)} = min ¢ J;(0 in Jr(k
i J7(0) = min 3,(0) +37(4)) = in { 4(0)+ pin 10}

f0.6) i)

for 0 < k < T in light of the causality of the state-space equation. That is, minimiza-
tion of J7(0) can be carried out in two stages with stage 1 for minimization of Jr (k)
over all possible @/[k,T) and stage 2 for minimization of J;(0) 4+ min {JT (k) : 62/[,(@ }
over all possible @/[O,k)- The repeated use of this two-stage method for k =T — 1,
T —2,...1is what is called dynamic programming and is employed in the derivation
of the optimal control law for the LQR problem. It is worth emphasizing that, by
again causality,

min J7(0) # min {JT (k) 4 min Jk(O)} = min Jr (k) + min J;(0).
%) ) K %1 K

One should also realize that the principle of optimality applies to more broad
optimal control problems beyond the LQR for linear state-space systems.

Example 5.18. As an application of the LQR control, consider the tracking problem
for the state-space system (5.82) with output y(¢) = G;x(¢). Given a desired output
trajectory ¥(-), how does one design a state-feedback control law which minimizes
the tracking error and consumes the minimum energy? A reasonable measure is the
quadratic performance index

T-1

Jr= 23 [y0) =3O Q1) [y() = §(0)] +x(1)" Qa2 (1)x(1) +u(r) Ru(r), (5.88)

t=0

where R, > 0, Qi (t) > 0, and Qy(t) = I — C* (G,C;) "' C; for all ¢ assuming that
rows of G are linearly independent. Let the dimension of y(7) be p < n with n
the dimension of the state vector x(¢). A small tracking error imposes only the p
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constraints on the state vector or in the subspace spanned by p columns of C;.
The weighting matrix Q,(¢) regulates the state vectors with the remaining (n — p)
constraints or in the null space of C;. The weighting factors can be changed through
adjusting Q; (¢) and R,. The terminal penalty QO (T') is omitted for convenience. The
desired output trajectory §(-) is assumed to be the output of a LTI model

w(t+1)=A,w(t), §(r)=Hw(r).

Such a model includes step functions, sinusoidal signals, and their linear combina-
tions. Together with the system model (5.82), there holds

(i +1) = Ax(t)+ Bu(t), 8y(1) = Gx(1),

where X(1) = [x(t)* w(t)* ] "8y (1) = y(t) — §(z), and thus,

- A, 0 ~ B
A’:[ot AW]’ B’:[d’ o =lc —-#].

It follows that the performance index Jr in (5.88) can be written into the same form
as in (5.83) with x(¢) replaced by X(¢) leading to

_ le(t)—l—C,*Ql(t)C, —Ct*Ql(t)H]
t _H*Ql (I)Ct H*Ql (I)H .

Hence, the LQR control law in Theorem 5.17 can be readily applied.

In reference to the LQR control, a similar solution approach can be adopted to the
minimum variance control. Recall the expression of V; in (5.81) and the augmented
performance index

Vigr) =Vig + Vi + -+ Vr_1, 0<1<T. (5.89)

Then the control law {u(z)}"" " minimizing Vjo,r) is reminiscent of LQR control
law as shown next.

Theorem 5.19. Consider the state-space system (5.82) where {v(t)} is white
satisfying (5.20) and x(0) = X¢ is a random vector independent of {v(t) } with mean
Xo and covariance Py. Suppose that Ry = D;D; > 0 and D;C; = 0 for all t. Let Q; =
C;Cy, and {X;}" ! be the solution to the DRE in (5.86) with the boundary condition
Xr = 0 and B; = By Then the optimal control law minimizing Vo 1y in (5.89) is
the same as oy (1) in (5.87). Denote Ur = {u()}). Let = = E{x(1)x(t)*| % }.
Then Xy = Py and

Zt+l = (At —|—Bz;F;)Z¢(A; +BZZFI)* +BltBT;- (5-90)
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The minimum variance for the controlled output over [0, T) is given by

T-1
n};nvOT ZTr (Ci +D,F) % (C +DF)*} . (5.91)

Proof. It is noted that the state-space equation in (5.82) can be written as

T o

which is similar to (5.85). Let Wy = E{x(k+ 1)*Xp41x(k+ 1)| %1} + V. Since
the solution to the DRE (5.86) with the boundary condition X7 = 0 satisfies X; > 0
(refer to Problem 5.21 in Exercises), Wy | is nonnegative for 0 < k < 7. Similar to
the derivation for the LQR control, there holds

Wer = E{x(k 1) Xeprxlk-+ 1) + 2(0)"2(0)| 2}
- E{ [x(k+1)* 2(k)* ] [X’;)“ (I’] {X (k+ 1) H% }

Z

s e S8 58] 54 )

by the independence of u(k) and x(k) to v(k) where @ = Ry + B5 X By, Su(k) =
u(k) —ugp(k), and uep (k) is defined as in (5.87) with By = By. It follows that
u(k) = ugpt(k) minimizes Wy fork=T7 —1,7 —2,...,0 and thus V| 7) in (5.89).
Indeed, with X7 = 0,

T—1 T—2
Vor) = X, Ve =Wr+ Y E{z(k)z(k)| %r}
k=0

T-3
= Te{ Bl XrBir 1) p+Wro1+ 3, E{2(0)'2(K)| 1)
k=0

T-1
> o> Y Tr{B) X1 Bix} +E{x(0)"Xox(0)| %1 }.
k=0

The lower bound for Vo 1) is achieved by % = {uop(t )3} which also minimizes
V; for all € [0, T) in light of the principle of optimality. The expression in (5.91)
can be easily verified by direct computation. O

It is observed that Bj; has no influence on the optimal feedback gain {F;}
although it changes the performance index V;. This feature is important and induces
the duality between the minimum variance control and the Kalman filtering for
which F; is dual to the Kalman gain K;, and the backward control DRE (5.86)
is dual to the forward filtering DRE (5.36). For this reason, many properties of
the Kalman filter also hold for the minimum variance control. In particular, the
condition D;C; = 0 can be removed as shown next.
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Corollary 5.2. Under the same hypotheses as in Theorem 5.19 except that D} C; #
0, the optimal control law minimizing V; in (5.89) is given by u(t) = uop (1) = Fx(t)
with

F, = — (R +B3X+1Bx) " (B3 Xen1A +DiG,), (5.93)

A * —1 p* -1 2 ra
X, = A Xe1 (I +BuR, "By Xe1) A +C/C, (5.94)

where A, = (A, — ByR; 'D;C,), C, = (I— DR, ' D}) C;, and Xy = 0.
Again the control gain F; in (5.93) is dual to the filtering gain K, in (5.45), and
the control DRE in (5.94) is dual to the filtering DRE in (5.43).

Proof. Introduce the variable substitution u(r) = —R, ' D} C,;x(r) 4 () with @(z) to
be designed. Then (5.92) is changed into

x(t+1) A By ] [x(1) By,
= ~ t .
[ z(t) ] [C, DJ [ﬁ(f) Lo ")
The result in Theorem 5.19 can then be applied to obtain the DRE in (5.94)

and the optimal control gain as F; = — (R, +B§tX[th)7lB§tXtA~[. Hence, u(f) =
—R;'DiCx(t) + Fix(r) = Fx(t) with

F, = F—R;'D;C, = -6, " [B5,X,A, + (R, + B3,X,Bx)R, ' D; G}
= —0, ' [B5,X, (A, — ByR, 'D;C,) + D;C;, + By X, By R, ' D; G|

= — (R, + B X,By) " (B3, XA + D))

which is identical to (5.93) where O, = (R; + B3, X;B2) is used. O

Corollary 5.2 shows that it has no loss of generality to study the minimum
variance control for the case DfC; = 0 from which the results can be easily carried
to the case D;C; # 0. Moreover, there is no loss of generality to study the LQR
problem in place of the minimum variance control. Both result in the same linear
feedback control law. Hence, the rest of the section will focus on the LQR problem
under the condition D; C; = 0 for simplicity.

5.2.2 Stability

State-feedback control was briefly discussed in Chap. 3 in connection with the
notion of stabilizability. The LQR control is an effective way to design state-
feedback control laws for the system model in (5.82) and is aimed at minimizing the
quadratic performance index (5.83). A more general LQR control problem can be
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found in Problem 5.24 in Exercises that includes the cross term for the performance
index. It is natural to study stability of the closed-loop system for the LQR feedback
control which is governed by

x(t+1)=[A,+B:F]x(t), x(0)=xp (5.95)

with F; given in Theorem 5.17. An important question to be answered is under what
conditions the closed-loop system (5.95) is asymptotically or exponentially stable
as T — oo in the performance index Jr. It needs to be pointed out that difficulties
exist in computing the LQR control law in the limiting case because of the time-
varying realization for the system in (5.82) and time-varying weighting matrices
in the performance index. Nevertheless, theoretical analysis can be made to obtain
similar stability results to those for the Kalman filter. The next result is dual to
Theorem 5.8 in the previous section but with strengthened stability property.

Theorem 5.20. For the state-space model in (5.82) and the performance index
in (5.83), assume that (A;,B;) is uniformly stabilizable and (C;,A;) is uniformly
detectable with Q; = C; C;. Then the closed-loop system (5.95) for the LOR control
as described in Theorem 5.17 is exponentially stable as T — oo.

The proof of this theorem is again left as an exercise (Problem 5.26). It is noted
that exponential stability can be concluded for the LQR control different from that
for the Kalman filter which is only asymptotically stable. Its reason lies in the
Lyapunov stability criteria as discussed in Chap. 3. Recall that the filtering DRE
in (5.36) can be written as the forward Lyapunov difference equation (Problem 5.10
in Exercises) for which the result of Lemma 3.4 can only ensure the asymptotic
stability. On the other hand, the control DRE in (5.86) can be written as the
backward Lyapunov difference equation (Problem 5.23 in Exercises) for which the
result of Theorem 3.37 can in fact ensure the exponential stability.

While a stronger stability result holds for the LQR control than that for the
Kalman filter, optimal state-feedback gain is difficult to compute for the limiting
case T — oo. The exception is the stationary LQR control when the realization and
the weighting matrices in the performance index Jr are all time invariant, and the
time horizon T — oo. Consider the ARE

X = A'XA—A'XB(R+B*XB) 'B'XA+C*C
= A" (I, + XBR™'B") "' XA+ C'C, (5.96)
where R = D*D and D*C = 0. The above is the same as the DRE in (5.86) except

that all the time indices are removed. It is often called the control ARE, versus the
filtering ARE (5.50) for the stationary Kalman filtering.

Example 5.21. Consider the flight control system introduced in Problem 1.11 in
Exercises of Chap. 1. Its state-space realization after discretization with sampling
period Ty = 0.025 is obtained in Example 3.17 of Chap. 3. Suppose that the LQR
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control is employed with Q = C'C and R = I. The Matlab command “dare” can be
used to compute the solution X to the ARE in (5.96) that is given by

112.3476 18.2824 1647632 25.6960 —102.8198
18.2824  43.9026 38.9169 8.1070  —24.7280

X = 164.7632 389169  382.4594  81.6639 —213.8244
25.6960 8.1070 81.6639  23.1625 —42.9162
—102.8198 —24.7280 —213.8244 —-42.9162 129.6328

The corresponding stationary state-feedback gain is obtained as

0.1230  0.0096 —0.0520 —0.0853 —0.0399
F=- (R—l—B*XB)*lB*XA = | —0.4477 —1.0709 —0.9530 —0.1986 0.6062
0.8648 0.2892 29645 0.8771 —1.5290

It can be easily verified with Matlab that (A + BF) is a stability matrix by examining
its eigenvalues, implying that the state vector under this LQR control approaches
zero asymptotically.

A similar notion to that for Kalman filtering is defined next.

Definition 5.2. The solution X to the ARE (5.96) is said to be stabilizing, if the
state-feedback gain F = — (R + B*XB) ' B*XA is stabilizing.

With the feedback gain F = — (R+ B*XB*) "' B*XA, the ARE in (5.96) can be
written into the Lyapunov equation (refer to Problem 5.23 in Exercises)

X = (A+BF)*X(A+BF) +C"C+ F*RF. (5.97)

The following is the stability result for the stationary LQR control.

Theorem 5.22. Let Q = C*C and (C,A) be detectable. If the ARE (5.96) admits a
stabilizing solution X, then the solution {X,(T)} to the DRE

* — & 71
X(T)=A*Xe1(T) [L,+ BR'B*X, 1 (T)] A+Q, Xp(T)=0 (5.98)
converges to X as T — oo. In this case, the closed-loop system
x(t+1)= (A+BF)x(t), F=—(R+B*XB) 'B*XA (5.99)

for the stationary LOR control is stable.

Proof. The solution to (5.98) satisfies (refer to Problem 5.31 in Exercises):

Xe1(T) < X(T) = X1 (T + 1),
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where X, (T + 1) is the solution to the same DRE in (5.98) with T replaced by
T + 1. Hence, {X,(T)} is monotonically increasing with respect to T. Let Jr(z),
t > 0, be the performance index associated with DRE (5.98). Then

0 < lim Jr(t) = lim x(8)* X, (T)x(r) < x(¢)*Xx(¢)
T —roo T —roo
implying 0 <X, (T) = X,(T)* <X Vt < T by the fact that the stabilizing solution X is
maximal (Problem 5.27 in Exercises). Thus, it has a unique limit X = X satisfying
0 <X < X. Since the ARE (5.96) is the limit of the DRE (5.98), X is a solution to
(5.96) which is the same as the Lyapunov equation (5.97) with X replaced by X and
F replaced by F = — (R+ B*XB") ~'B*XA. The detectability of (C,A) and X > 0
imply that (A + BF) is a stability matrix in light of the Lyapunov stability result or
X is a stabilizing solution to the ARE in (5.96). By the uniqueness of the stabilizing
solution to the ARE (Problem 5.13 in Exercises), X = X. It follows that the closed-
loop system in (5.99) is stable. O

Theorem 5.22 offers a numerical algorithm for computing the unique stabilizing
solution X to the ARE (5.96) through computing iteratively the solution to (5.98).
That is, one may set X (*) = X7(T') = 0 then compute

. ~1—1 .
X (1) — 4 {1,1 —i—BR’lB*X(’)} xDa+ 0

for i = 1,2,... until HX(N“) —X(N)H < & with &€ > 0 some prespecified error

tolerance and then take X = XW+1). The next result answers under what condition
there exists a stabilizing solution to the ARE (5.96). Since the ARE (5.50) for the
stationary Kalman filter is dual to the ARE (5.96), it also provides the proof for
Theorem 5.11.

Theorem 5.23. Let Q = C*C and R > 0. There exists a stabilizing solution to the
ARE in (5.96), if and only if (A, B) is stabilizable and

o0
rank{[A Z I”]}:n V weR. (5.100)

Proof. Ttis obvious that stabilizability of (A, B) is a necessary condition for the ARE
(5.96) to have a stabilizing solution. To confirm that (5.100) is also a necessary
condition, assume on the contrary that (5.100) does not hold but the ARE (5.96)
admits a stabilizing solution X. The Lyapunov form of the ARE in (5.97) implies
that (A 4+ BF) is a stability matrix with F as in (5.99), and thus, X = X* > 0. Since
(5.100) does not hold,

Aq=¢e/’q, Cq=0 (5.101)

for some 0 real and q # 0. That is, (C,A) has at least one unobservable mode on the
unit circle. Multiplying both sides of the ARE in (5.96) by q* from left and q from
right, and using the relation in (5.101) yield
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qQ'XB(R+B*XB) 'B*’Xq=0 = B*'Xq=0.
By the expression of F, the above leads to
(A+BF)q= [A — BB*(R+B*XB) 'B*XA|q = ¢/

So e/% remains an eigenvalue of A + BF contradicting the stabilizing assumption on
X. This concludes the necessity of (5.100).

For the sufficiency part of the proof, assume that (A, B) is stabilizable and (5.100)
holds. Then some Fy exists such that (A 4+ BFp) is a stability matrix. It is claimed
that the following recursion

X; = (A+BF)" X; (A + BF) + F'RF; + 0, (5.102)

Fy = —(R+BX;B) 'B"XA, i=0,1,..., (5.103)

converges to the stabilizing solution X of the ARE (5.96). The proof of the claim
proceeds in three steps. At the first step, it will be shown that stability of (A + BF})
implies stability of (A + BF;y) for i > 0. For this purpose, rewrite (5.102) as (refer
to Problem 5.27 in Exercises)

X; = A" (I, + XiBR™'B*) "' XA+ Q+ Ar(i)* [R+ B*XiB) Ar (i)
= (A+BF 1) X; (A+BFiy 1) + F/\RF 1 +Q
+ Ap(i)* [R+ B*X:B] Ar (i) (5.104)

with Ap (i) = Fi41 — F; where (5.97) is used with X replaced by X; and F by F;| to
obtain the second equality. Now suppose that

(A+BF)v=Av, |A|>1. (5.105)
Multiplying both sides of (5.104) by v* from left and v from right yields
(L= |AP) V' X;v = v* [F{ RFi1 + Q+ Ap(i)* (R+B*X;B) Ar(i)] v,

where (5.105) is used. Because the left-hand side < 0 by |A| > 1 and positivity of X;
due to stability of (A + BF;) and the right-hand side > 0 by positivity of R, Q, and
X;, it is concluded that |A| = 1 and

Cv=0, F1v=0, Ar(ilv=0 = Fv=0.
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The above together with (5.105) imply Av = Av which in turn implies
(A+BF,)v=Av=Av.

Because (A + BF;) is a stability matrix, v = 0 concluding that A is not an eigenvalue
of (A+BF;;1). As A with |A| > 1 is arbitrary, (A + BF;;) is also a stability matrix.
The fact that (A + BFy) is a stability matrix implies that F;; in (5.103) is stabilizing
for each i > 0. As a second step, it is noted that (5.104) and the definition of X;;

imply
Ax (i) = (A+BF1)" Ax (i) (A + BFis1) + Ap (i) (R + B*X:B) Ap (i)

with Ax (i) = X; — X;11. Stability of (A + BF;;) implies that Ax (i) > 0 or {X;} is
a decreasing matrix sequence. Since X; > 0 by stability of (A 4+ BF;), the recursion
in (5.102) and (5.103) converges with limits X > 0 satisfying the ARE (5.96) and
F as given in (5.99). Finally, as (A + BF;) is stable for all i > 0, the n eigenvalues
of (A + BF;) converge to the n eigenvalues of (A4 BF) on the closed unit disk.
The condition (5.100) prohibits any eigenvalues of (A + BF) from being on the unit
circle because if it does, then

(A+BF)v=¢v, v#0

for some O real. Multiplying both sides of (5.97) by v* from left and v from right
leads to Fv = 0 and Cv = 0, and thus Av = e/®v with the same argument as before.
This contradicts the condition (5.100). The proof is now complete. a

The proof of Theorem 5.23 shows that the condition (5.100) is indispensable.
Stabilizability of (A, B) alone does not ensure that the LQR problem is well posed. If
the condition (5.100) is violated, then any unobservable mode of (C,A) on the unit
circle does not contribute to the LQR performance index. Thus, in this case, even if
the ARE (5.96) admits a solution X = X* > 0, the optimal performance index (for
the stationary LQR control)

=

Jopt = 2. x(t)*0x(t) +u(t)*Ru(t) = D x(1)" (Q+ F*RF)x(t) = x;XXo
=0 t=0
and stability of (A + BF) cannot be achieved simultaneously. The reason lies in the
facts that stabilization of any unobservable mode of (C,A) on the unit circle will
increase the energy cost of the control input by R > 0 and that such unstable modes
of (C,A) do not contribute to the LQR performance index anyway. This is illustrated
in the following example.

Example 5.24. Consider the stationary LQR control with

-10 1
A= B= C =
[00}’ [0] [o1]
and R = 1. Clearly, (A, B) is stabilizable, but the condition (5.100) does not hold. It
can be verified that with Fy = [% 0} ,(A+ BF)) is a stability matrix. The recursive
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algorithm as in (5.102) and (5.103) gives

1
202 _1 0 ’ A+BE — 21+ 1 0
0 1 0 O

for 0 <i < 0. Hence, (A + BF;) is stable for any finite i and X; > 0 is monotonically
decreasing. However, the limits

Xi=

. 00
limX; = [01}’ hmF_hrn [2!_” O} = [OO]

[—»o0 [—poo

and thus (A + BF;) — A as i — o which is unstable.

Example 5.24 leads to the deduction that if (C,A) has unobservable modes strictly
outside the unit circle but the stabilizability of (A, B) and (5.100) hold, then the ARE
has more than one nonnegative definite solutions. One is the stabilizing solution X.
There is at least one more, denoted by X, which is not stabilizing. That is, the
unobservable modes of (C,A) strictly outside the unit circle are not stabilized by
F,=- (R—i—B*X,,B)f1 B*X,A. Since the unstable modes strictly outside the unit
circle do not contribute to the performance index by the hypothesis, X > X, > 0.
In this case, the maximal solution of the ARE is always the stabilizing solution. It
is now clear why the detectability of (C,A) is required in Theorem 5.22, without
which X7 (r) may converge to X, as T — oo with 7 > 0 finite.
The next result states the solution to the general stationary LQR control.

Corollary 5.3. Forx(t+ 1) = Ax(t) + Bu(t) with x(0) = xo # 0, let
2 |Cx(¢) +Du(?)||>, R=D*D>0, D*C+#0.

Let A= (A—BR™'D*C) and C = (I — DR™'D*) C. Suppose that the ARE
X = A" (I+XBR™'B") "' XA+ C*C (5.106)
has a stabilizing solution X. Then the optimal control law is given by
u(t) =Fx(t), F=—(R+BXB) ' (B*XA+D"C) (5.107)

which is stabilizing and minimizes J.. Moreover, the ARE (5.106) admits a
stabilizing solution, if and only if (A, B) is stabilizable and

_el®
rank{[A Z‘ Ing}}—n—l-m V 0 €R, (5.108)

where m is the dimension of the input and n the dimension of the state vector.
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Proof. Since the general LQR control is the same as that for Theorems 5.22 and 5.23
with A replaced by A and C replaced by C, the proof of the first part of the
corollary is simple and skipped. For the second part of the corollary, it is noted
that stabilizability of (A,B) is the same as stabilizability of (A,B), and thus, the
proof can be completed by showing that the condition

rank{ [A _gjwln} } =n (5.109)

is equivalent to (5.108). It is straightforward to compute

I, —BR'D* . A—el®, 0
0 I-DR-D* {A_ejwl" B}z c 0
0 R 1D* ¢ b R 'D*C 1,

The first matrix on the left is an elementary matrix that does not alter the rank of the
second matrix on the left. It follows that

_el® A_el®
rank AP B m -+ rank A=y ,
C D C

and hence, the condition (5.108) is equivalent to the one in (5.109). a

5.2.3 Full Information Control

In minimum variance control, the controlled output z() in (5.80) does not involve
the disturbance input. This is the main reason why the optimal feedback control law
is a function of only x(r). Suppose that the state-space model and the controlled
output are specified respectively by

X(t+1) = Ax(r) + By,v(r) + Byu(r),
z(t) = Cx(t) + Dy,v(t) + Dyu(t). (5.110)

It can be expected that the optimal feedback control law will be a function of not
only x(¢) but also of v(¢) which is the white noise process satisfying (5.20). Such a
control law is termed full information control. One needs to keep in mind that often,
in the practice of feedback control, both x(¢) and v(¢) are not measurable directly
for which output estimators in the previous section can be employed to provide
information on x(¢) and v(¢). The next result provides the optimal solution to full
information control.
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Theorem 5.25. Consider the state-space system (5.110) where {v(t)} is the white
noise process satisfying (5.20). Suppose that Ry = D3,D, > 0. Let

A=A —BxR;'D3C,, C =[I-DxR; 'D3]C,.

Let X; be the solution to the DRE (5.94). Then the optimal control law that
minimizes E{||z(t)||| %} with %r = {u(t)}Vis u(t) = Fi;x(t) + Fyv(t) with

Fiy = — (R + By Xi1By) " (B3, X11A1 +D5,C,),
Py = — (R +B3,Xi41B2) " (B3 Xi11B1: + D3 Dyy) . (5.111)

Theorem 5.25 for full information control is dual to Theorem 5.14 for output
estimation. Its proof is similar to that of Theorem 5.14 and is thus left as an exercise
(Problem 5.33).

It is noted that the closed-loop system for (5.110) under the full information
control law (5.111) is given by

X(t+1) = (A + B Fi1)X(1) + (Bir + B Fo ) V(1)
z(t) = (Ci + Dy Fy,)x(1) 4 (Dy; + Do Fo, ) v (1), (5.112)

The above is dual to (5.143) in Exercises for output estimation. The optimality of
the full information control shows that the static feedback gains (Fy,, Fy;) in (5.111)
outperform any other controllers such as dynamic or nonlinear ones in minimization

of E { 2(1))? |%T} under the white noise disturbance {v(¢)} forall € [0, T'). This
observation is important as shown in the next example.

Example 5.26. In wireless data communications, the processing burden at the
receiver site is sometimes shifted to the transmitter site which often has more
computational power for the downlink channels (from the station to the cellular
users). A precoder is designed at the transmitter site to compensate the distorted
channel so that the receivers can pick up the data directly without further digital
processing. The block diagram below shows the use of such precoders in data com-
munications where the state-space model with realization (A;, B;,C;,D;) represents
the (downlink) wireless channel which is asymptotically stable. For simplicity, the
additive noise at the receiver site is taken to be zero, and det (D; D, ) # 0 is assumed
for each 1.

Our objective is to design the linear precoder that minimizes the error variance of
e;(¢) under the assumption that the transmitted signal s(7) is white with zero mean
and identity covariance. It is claimed that any linear, causal, and stable precoder has
the form

X,(t+ 1) = (A +B:F)x,(t) +Bw(t), u(r) =Fxp(t)+w(r) (5.113)
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s(7) u(r) 8(1)
Linear A|B;
Precoder [Ct |D; ]
—s(1) /L (1)
- @

Fig. 5.7 Precoder in data detection

for some asymptotically stabilizing F; and w(t) = Q(z,k) xs(¢) with {Q(z,k)} the
impulse response of some causal and stable LTV system at time ¢. Indeed, given
a linear, causal, and stable precoder with impulse response {G(t,k)}, consider the
inverse of the system in (5.113):

% (0 1) = A (0) + Baar), Wr) = —F%y(r) +u(r).
Denote the impulse response of the above system by L(z, k). Then Q(¢,k) = L(z,k) %
G(t,k) is causal and stable. Thus, G(z, k) can be implemented by (5.113) with w(z) =
O(t,k)xs(t). The channel is now described by

x(t+1) = Ax(t) + Bou(t) = Ax(t) + BiFxp (1) + B, Qs (1),
8(t) = Gix(t) + Dyu(r) = Gix(t) + Dy Fixp(t) + D, Qss(1),

by (5.113) and w(t) = Q,s(r) where Q(t,k) = Q, is taken as a static gain for each ¢
temporarily. The overall system in Fig. 5.7 has a realization

A +BF| B,

0 A;+B/F| B
1+ Bk 1O Ct+DtE‘|DtQt_I

G DiF DO —1

A Bk B0y |:

after using the similarity transform

I -1
T =
o]
to eliminate the unreachable modes. Therefore, the overall system in Fig.5.7 is

described by

X(t+1) = (A + B:F)X(t) + B Qs (1),
es(t) = (G +DiF)X(1) + (D:Qr — I)s(1),
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which has the same form as in (5.112) by taking By; = 0, By, = B;, Dy; = —I, and
Dy; = D,. Hence, the results in Theorem 5.25 for optimal full information control
can be applied to compute the optimal precoder gains F; and Q;. It is noted that the
use of dynamic gains Q(r,k) do not improve its performance any further.

The closed-loop system for full information control as in Theorem 5.25 admits
the same stability properties as those for LQR control and minimum variance control
in light of the fact that they share the same DRE (5.94). Hence, all the stability
results in the previous subsection apply to the case of full information control which
will not be repeated here. In the case of stationary full information control, the
realization matrices in both the state-space model and the controlled signal are all
time invariant and the time horizon 7 — oo for the performance index. It can be
expected that the DRE (5.94) converges to the ARE

X =A*(I+XBR'B;) ' XA+¢°C (5.114)

with R = D3 D, which is identical to (5.106) except that B is replaced by B> and D
by D;. In this case, the transfer matrix from v(z) to z(z) is given by

T(z) = (D1 + D2F>) + (C+ DaFy ) (2l — A — BoFy) " (By + BoF),
where F; and F> are the same as in (5.111) with all the time indices removed. It

is interesting to note that with the white noise disturbance {v(z)} WSS satisfying
(5.20), there holds E {||z(z)||*} = ||T||3 where

| T|l2 = /Tt {(D1 + D2F)* (D1 + D2F>) + (By + B2F>)*X (By + BoF>) }

with X the stabilizing solution to (5.114). By the optimality of the solution to full
information control, || T||, is minimized by static feedback controllers F; and F;. In
fact, dynamic feedback controllers do not outperform static feedback controllers for
stationary full information control.

5.3 LTI Systems and Stationary Processes

This section intends to explore further optimal estimation and control for LTT state-
space models and stationary white noises. As shown in the previous two sections,
both Kalman filters and LQR controllers tend to stationary ones as the time horizon
approaches to infinity. Hence, the results for optimal estimation and control can have
frequency domain interpretations which will help deepen the understanding of the
results in the previous two sections. Several results will be presented which have
applications to various problems in design of communication and control systems
in later chapters.
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5.3.1 Spectral Factorizations

A PSD transfer matrix ¥(z) has the form

Y()= Y h*, L'=I (5.115)
k=—o0

and ¥(e/?) > 0 for all real . There exist spectral factorizations
¥ (z) = HL(z)HL(z)” = Hg(z) " Hg(2), (5.116)

where Hy (z) and Hg(z) are both causal, stable, and minimum phase. The transfer
matrices Hz(z) and Hg(z) are called left and right spectral factors of ¥(z),
respectively. This section shows how Kalman filtering and LQR control can be used
to compute spectral factorizations.

Recall the random process in form of state-space model

x(t+ 1) =Ax(t) +Bv(t), y(t)=Cx(r)+Dv(z), (5.117)

where v(¢) is the white noise satisfying (5.20) and y(¢) is the observed output.
Assume that x(0) = X is independent of {v(¢)}, has mean Xy = 0, and covariance
P satisfying the Lyapunov equation (5.47). Then the white noise hypothesis on v(¢)
implies that the PSD of the observed output is

% (0) =G (e/°)G(e/*)", G(z)=D+C(z—A)"'B. (5.118)
The zero mean initial condition for xq yields the ACS of y(¢) given by

CA*=Y(APC* + BD"), k>0,
Ry(k) =E{y(r)y(r —k)"} = ¢ R+CPC", k=0,
(CPA* + D*B)(A")*1c*, k<0,

by Problem 5.7 in Exercises. Hence, ¥ () is the Fourier transform of {Ry(k)}
which exists, if A is a stability matrix. Let A = A — BD*R™'C and R = DD* > 0.
Then the associated filtering ARE is (5.52) which is copied below:

$—A(L,+2C'R'C) ' ZA*+B(I-D'R 'D)B".

Lemma 5.1. Consider the state-space system in (5.117) with v(t) of dimension m
and y(t) of dimension p. Assume that m > p and R = DD* > 0. Let K be the Kalman
gain as in (5.51) with X satisfying (5.52). Then the PSD ¥y (®) as in (5.118) has the
expression



5.3 LTI Systems and Stationary Processes 219
¥ (o) = [I—C(e/°I —A)"'K] (R+CZC*) [I-C(e/°1 - A)'K]".  (5.119)
Proof. Direct state-space computations yield
W(z) = [[+C(d —A—KC) K| G(z)
A+KCK] [A|B - [0
c |1]lclp i
A 0 B
= |KCA+KC|KD | = [

A+KCB+KD]7 (5.120)

C D

where the similarity transform 7 is used to eliminate the unobservable subsystem.
It is claimed that

F(z) = [[+CI—A—KC) 'K] = [I-C(zI—A)'k] (5.121)

is a “whitening” filter in the sense that
Pw(z) =W(z)W(z)” =R+CZC". (5.122)

Indeed, denote Ax = A + KC, Bx = B+ KD, and Il = BgBj. Then the ARE (5.52)
can be written as

IT = BBy = (B+KD)(B+KD)" = 3 — AxZA}
= (2 —Ax)Z (21— Af) + (d — Ak) ZA) + Ak Z (21— Af) .
Multiplying both sides of the above equation by C(z — Ag)~! from left and
(z7'1-Ay) “'¢* from right gives
@p1(z) = C(d — Ax) 'BkBy (2 '1—A) C*
= CEC* +C(al — Ax) ' AR ZC* + CZAy (2 ' T—AY) ' C*.
It follows from the state-space realization of W(z) that
— * * — L
®w(z) = R+C(zl —Ax) 'BxkD* + DBy (z 'I—-Ay)  C*+@p(2)
= R+CEC* +C(zl — Ag) " (BkD* + AxZC¥)

1

+ (BkD" +AxZC*)* (z '1-Ay) C.
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By the expression of the Kalman gain,
BgD* +Ax2C" = (B+KD)D" + (A+KC)XC*
= BD*+AXC"+K(DD"+CXC*) = 0.

Therefore, substituting the expression of @y(z) into Pw(z) yields (5.122) con-
cluding the fact that F(z) is a “whitening” filter. In light of (5.120) or G(z) =

[1+C(el = A=KC) K] W(2) = [1- C(aT ~ A) K] W(a),
(o) = [1-c(er-a)" K] ow (o) [1-c (1 -a) " k]

which is the same as (5.119). The proof is thus completed. a

In the case when A is a stability matrix and the stabilizing solution to the ARE
(5.52) exits, then I — C(zI — A)~'K is not only causal and stable but also admits a
causal and stable inverse. Let R+ CXC* = Q2Q* be the Cholesky factorization and
Go(z) = [I—C(d—A)"'K]| Q. Then

D(z) =G(2)G(2)” = Go(2)Go(2)™, (5.123)

and thus, Go(z) is the left spectral factor of ®@(z). Kalman filtering provides an
algorithm to compute spectral factorization of @(z) = G(z)G(z)"~. Conversely, (left)
spectral factorization can be used to compute the Kalman filtering gain K by the
expression of (5.119). It is noted that F(z) in (5.121) satisfies the following state-
space equation

X1 = (A "’Kc)ﬁt\t—l —Ky(1), 6&y(r)=y()— CRyfr-1, (5.124)

where Xy ;1 is the stationary MMSE estimate of x(k) based on the observation up
to time (k— 1). Hence, the output of F(z) is the innovation sequence.

Example 5.27. In the traditional Wiener filtering (refer to Example 5.16), a whiten-
ing filter is designed first to obtain the innovation sequence, and an estimator is then
designed for smoothing, filtering, or prediction. The whitening filter can clearly be
obtained using the spectral factorization for

D(z) = G1(2)G1(2)” +G2(2)G2(2)™ = Go(2)Go(2)™
by the fact that v; (¢) and v,(¢) are independent of each other and have zero means.
Thus, ¥ (@) = G| (e-iw) G (e-iw)* + Gy (e-iw) G (e-f‘“)*. To proceed, a realization
(A,B,C,D) for [Gl(z) Gz(z)] needs to be obtained before applying Lemma 5.1

for computing the whitening filter Fo(z) = G, !(z). It is noted that Wiener filtering
can be approached by Kalman filtering, if G»(z) = D and G(z) = C(zI —A) " 'Bin
Example 5.16. In this case,

®(z) =R+C(I—A)"'BB* (:'1-4%) ' C*
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which is identical to ¥ (@) at z = e/® as in (5.118) provided that BD* = 0. Hence,
Kalman filtering can be employed to compute the whitening filter for Wiener
filtering. If in addition v{(¢) = v,(¢) = v(¢), then Wiener filtering for m =1 in
Fig.5.5 coincides with Kalman filtering in Fig.5.2. Recall that optimal output
estimation is the same as the optimal state estimation for one-step prediction or
strictly causal filtering.

The next result is dual to Lemma 5.1,and thus, the proof is omitted.

Lemma 5.2. Let G(z) = D+ C(zl — A)~'B. Assume that R = D*D > 0, A is a
stability matrix and the ARE (5.106) has a unique stabilizing solution X > 0 so
that F in (5.107) is stabilizing. There holds factorization

G(2)"G(z) = [I-F(zd—A)"'B]  (R+B'XB)[I-F(zI —A)"'B]. (5.125)
Let R+ B*XB = Q*Q, and Go(z) = Q [I — F(zI —A)~'B]. Then
D(z) = G(2)"G(2) = Go(z) " Go(z). (5.126)

Hence, G,(z) is a right spectral factor of @(z). Spectral factors G,(z) in (5.123) and
Go(z) in (5.126) are also called outers because both are stable and their inverses are
analytic outside the unit circle. Moreover,

Gi(z) =G, ' (2)G(z), Gi(zx)=G(2)G, ' () (5.127)

satisfy Gi(z)Gi(z)~ = I and Gi(z)~Gi(z) = I. Hence, all transmission zeros of G;(z)
and Gj(z) are unstable, or their inverses are analytic inside the unit circle. For this
reason, Gj(z) is called inner and Gj(z) called co-inner. In light of (5.127) and
Lemmas 5.1 and 5.2,

G(2) = GoGi(z), G(z) =Gi(2)Go(2)

which are termed inner-outer factorizations. The next result is thus true.

Theorem 5.28. Let A be a stability matrix and D have size p x m. (1) If p < m,R =
DD* > 0, and the ARE (5.52) admits a unique solution £ > 0, then G(z) = D +
C(zl — A)~'B admits inner-outer factorization G(z) = G,Gi(z) with

A |KQ A+KC|B+KD
G() = [TC'?] ) GI(Z) = |: ,Q71C QilD :| 5 (5128)

where K is the Kalman gain as defined in (5.51) and Q = (R+ CZC*)I/Z. (i) If
p > m,R = D*D > 0, and the ARE (5.106) admits a uniqtfe solutl;on X~Z 0, then
G(z) = D+C(zI —A)~'B admits inner-outer factorization G(z) = Gi(z)Go(z) with
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~ A |-B ~ A+BF|BQ!
o= |22 Gilr) = < 1
¢ {QF Q] Gi() {C—FDF D& 1] (5.129)

where F is defined as in (5.107) and Q = (R + B*XB)'/2.
Remark 5.1. The hypothesis R > 0 in Theorem 5.28 can be weakened to

(i) rank{[C D]} =p, (ii) rank{[g}}:m, (5.130)

respectively, even if D may not have the full rank. Indeed, for (i) there holds
G(2)G(z)~ = [I-C(d —A) K| (R+CZC*) [I-C(zd —A)'K]™  (5.131)
in light of (5.119) in Lemma 5.1. Hence, (i) of (5.130) implies that G(z) has normal
rank equal to p that in turn implies that (R + CXC*) is nonsingular. Similarly, for
(ii) there holds
G(2)"G(z)= [I-F(z—A)"'B|  (R+B'XB)[I - F(zI —A)"'B]  (5.132)
that is dual to (5.131). Hence, (ii) of (5.130) implies that (R + B*X B) is nonsingular.

Consequently, the formulas in Theorem 5.28 for computing inner-outer factoriza-
tions are valid under the weak conditions in (5.130).

5.3.2 Normalized Coprime Factorizations

Coprime factorizations have been studied in Sect. 3.2.3. For a given plant model
P(z) =D+C(zI—A)"'B (5.133)

coprime factorizations search for {M(z),N(z)} and {M(z),N(z)} which are stable
transfer matrices such that

P(z) =M(z) 'N(z) =N(zx)M(z) "

and the augmented transfer matrices
G(z) = [ < ] , G(z2)=[M(z) N(z) | (5.134)

void zeros on and outside the unit circle. In other words, G(z) and G(z) are outers.
Normalized coprime factorizations search for coprime factors such that G(z) and
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G(z) are not only outers but also inner and co-inner respectively:

G(2)~G(z) =M(z)"M(z) +N(z) "N(z) =
G(z)G(z)” =M(z2)M(z)~ +N(z)N(2)~ =
Such G(z) and G(z) are termed power complementary in the signal processing

literature. The following result shows that normalized coprime factorizations can
be solved via Kalman filtering and LQR control.

Theorem 5.29. Denote R, = I + DD*/R, = I+ D*D for P(z) in (5.133).
(i) Assume that (C,A) is detectable and (A,B) has no unreachable modes on the
unit circle. Let A, = A — BD*R; 'C. Then the following ARE
S =AZ(I+CR;'Cx) AL+ BR;'B* (5.135)

admits a unique stabilizing solution ¥ = X* > 0. A state-space realization of
the normalized (right) coprime factors is given by

A+KC| K B+KD
G(Z) = [M(Z) N(Z)} = 9716‘ IQI QilD ’
0 0 0

(5.136)

where K = —(AZC* + BD*)(Ro + CZC*) ! and Q, = (R, + CZC*)'/%.
(ii) Assume that (A, B) is stabilizable and (C,A) has no unobservable modes on the
unit circle. Let A, = A — BR; ' D*C. Then the following ARE

X =A:X (1+BR;'B*X) A, +C'Ry'C (5.137)

admits a unique stabilizing solution X = X* > 0. A state-space realization of
the normalized (left) coprime factors is given by

: (5.138)

where F = — (R, + B*XB) ' (B*XA+ D*C) and Q, = (R, + BXB)'"".

Proof. For (i), the pair {M(z),N(z)} in (5.136) is a pair of left coprime factors for
K is stabilizing. To show that {M(z),N(z)} is normalized, denote By = [0 B] and
Dy=[ID]. Let

T(z) = Dy +C(zl —A)"'By (5.139)
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and associate T(z) with the following Kalman filtering problem:
x(t4+1) =Ax(t) + Bywv(t), y(t)=Cx(t)+Dyv(z),

where v(¢) is an independent white noise process with zero mean and identity
covariance. Applying the results of the stationary Kalman filter yields the ARE
(5.135) and the required Kalman gain K which is stabilizing by the hypothesis. In
light of the proof of Lemma 5.1, the filter

W) = [+l - A— KC) 'K|T(z) = |ATKC|By+ KDy
c | Dy
_ [A+KC|K B+KD
L ¢ |1 D

has the white PSD. That is, W(z)W(z)~ = Q,QF = R, + CZC*, and hence,
Q:'"W(z) is co-inner and has the same realization as in (5.136). It follows that
{M(z),N(z)} is a pair of the normalized left coprime factors. Since (ii) is dual to
(i), the proof for (ii) is similar and omitted. O

For the given left and right normalized coprime factors in (5.136) and (5.138),
respectively, the following result gives their respective reachability and observability
gramians.

Theorem 5.30. Consider Theorem 5.29. The reachability gramian P and observ-
ability gramian Q of G(z) as in (5.136) are given respectively by:
P=3, 0=(1I+x2)'x (5.140)

while the reachability gramian P and observability gramian Q of(}(z) asin(5.138)
are given respectively by

P=(1+zx)"'z, 0=X. (5.141)
Proof. By definition the controllability gramian of G(z) in (5.136) satisfies
P=(A+KC)*P(A+KC)+ (By+KDy)(By +KDy)*

with By = [0 B and Dy = [I D|. The above is the same as the ARE (5.135) if P =
X. Hence, X is indeed the controllability gramian of G(z). Now assume temporarily
that det(A,) # 0 and det(A + KC) # 0. Since D*R; ' = R;'D*, A, = A,. The ARE
in (5.137) can then be written as

Ao T(A5) T =T(A7) !
—y) ' (!

(4]

[—XI]S[Q —0, S=
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where IT = C*R;'C and I = BR; ! B* (refer to Appendix A). Denote

1z o [1-=
T_L)I} — 7 _[0 1]-

Let S=TST~!. The ARE in (5.137) can be written as
[~z I}S‘[é} =0, Zz=(I+x2)"'x. (5.142)

Direction computation yields

. Si1 812
S=1_ _
S$21 522

Ao+ (I =XZ)(A5) T 0
—(ay)"'m (45) 1Mz +1)

due to S1p = — [AZ(I+11X)'A; + T — X] (A5) "' (ITZ +1) = 0 by the ARE in
(5.135). On the other hand, the results on Kalman filtering with the dynamic model
in (5.139) show that
A+KC=A,(I+1Z)"" = Spn=[A+KC)T "
Since the ARE in (5.135) can be written as ' — X = —A X (I + I1X) ' A},
Sii=A0—AZ(I+TZ) ' [T = A, — AZC* (R, +CZC*) " 'C=A +KC.

Finally, by the expression of S5,

So1 = —(A) ' = —[(A+KC) ) 1+ 112) "'
= —[(A+KC)*|"'C* (R, + CZC*)C = —[(A+ KC)*] ' C5Ca,

where Cq = Ic. Substituting the above into (5.142) yields

A+KC 0
—[(A+KC)* | IChCq [((A+KC)* !

0=[-21I] [ é}
= —Z(A+KC)+[(A+KC) )| 'Z—[(A+KC) ] 'C5HCa.
Multiplying the above by (A 4+ KC)* from left leads to
Z=(A+KC)"Z(A+ KC) 4+ CHCq
which verifies that Q = Z = (I + X X)X is the observability gramian of G(z). If

A and (A + KC) are singular, then A and (A + KC) can be perturbed to A and A¢,
respectively, by adding €7 such that both are nonsingular. Similar proof can thus be
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adopted to obtain the observability gramian Z.. The limit € — O can be taken to
conclude the proof for the case when A and (A + KC) are singular. As (5.141) is
dual to (5.140), its proof is skipped. O

Notes and References

There are many papers and books on optimal control for continuous-time systems.
See [5,39,57,58,74, 122, 126] for a sample of references. For linear discrete-time
systems, readers are referred to [1,7, 11, 16,25, 68, 69] for a glimpse of work on
optimal control. For optimal estimation or filtering, most of work has been focused
on discrete-time systems, except the Kalman-Bucy filter [60]. Many books are
available with [8, 54] as the representative.

Exercises

5.1. Let X be a random vector of dimension n > 1 that is Gaussian distributed with
mean zero and covariance Xyx. Suppose that Xyx has rank m < n. Show that its PDF
has the form

1 1
ik on= L onf Lo,
2m)" T}, o}

where X, is the pseudoinverse of Xyy and {cri2 } | are the m nonzero singular values
of Zxy. (Hint: Consider first Zxy = diag(c?,...,02,0,...,0) and then extend it to
the general case.)

5.2. Suppose that the system is described by state-space model
x(t+ 1) =Ax(t) +Bv(t), y(t)=Cx(r)+Dv(z),

where {v(7)} is a WSS white noise with mean zero and covariance Q,. Let H(z) =
D+ C(zI —A) "' B be the transfer matrix. Show that

lly ).

o, fe{ oo ao)

= /Tr{CPC* +DQ,D*},

where P =APA*+ BQ,B* is the covariance of the state vector x(r). Recall that || - || »
is the power norm as defined by (2.49) in Chap. 2.
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5.3. Consider the nth order state-space system
x(t4+1)=Ax(t), y@)=Cx(t)+v(t)

with x(0) = xo # 0 and v(r) the measurement noise. Assume that (C,A) is
observable. Let & be the observability matrix of size ¢ > n and

% =vec{[y(0) y(1) --- y({ - )] }.
Show that the estimate %) which minimizes the estimation error ||%) — O%o|| is
givenby %0 = (676,) " O;%.

5.4. Prove the expression for the conditional PDF in (5.6). What modifications
are needed for the PDFs of X and Y and for the conditional PDF in (5.6), if the
dimensions of X and Y are different from each other?

5.5. Let X and Y be two jointly distributed random variables. Let £ be the optimal
estimate, given observation Y =y, such that

E{IX -3 |Y =y} <E{{X =2 [Y =y} Vz

That is, £ minimizes the absolute error of the estimation. Show that £ is the median
of the conditional density pyy (x[y); i.e.,

Pyy [X <E[y] = Pxyy [X > &[y] = 0.5.

5.6. Let X and Y be jointly distributed. If E{XY*} = 0, then X and Y are termed
orthogonal. Show that the linear MMSE estimate X in (5.15) as in Theorem 5.5
satisfies the orthogonality condition

E{(X-X)r*} =0.

Give a geometric interpretation for the above orthogonality condition.

5.7. Suppose that B,D; # 0 for the random process in (5.19). Show that for r > k,
Orie = B{ly(t) =¥ [y(k) - ¥ "}
= Ct q)t,kPkCIt + Ct (Dt,k+lBkD;: + DtDt*5(t - k)a
L = B{[x(t) =% [y(k) =¥i]"} = @xPC} + D1 s41BiDy.-

5.8. Suppose that ¥ and O are both square and hermitian, which may not
necessarily have the same dimensions. Assume ¥ > 0. Show that
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-1
- Y Q* vlo b AR
7z ' = = Viloy! -1
o] ol [ ee
whenever Z is also square and hermitian positive definite, where
V=0-Q¥'Q*

is called Schur complement. (Hint: Use factorization

S |[¥Q_[ 1 0][¥o I ok
Qe evlijlov][o I
to compute the inverse of Z). What if @ > 0 but ¥ is singular?

5.9. Prove Theorem 5.7.

5.10. (i) Use the matrix inversion formula (refer to Appendix A)
(F+HI'G) ' =F ' F 'H(J+GF 'H) ' GF!
to show that with the Kalman gain in (5.35),
A+KGC =A (L +5CR'G)
(i) Show that the DRE (5.36) can be equivalently written as

* p— -1 * *
S =A (L +ZCR7'C) A+ BB
- (Az +Ktct)2t (Az +Ktct)* +BIB[* +K1R1Kt*-

(iii) Show that for B;D; # 0, the DRE in (5.43) can be written as
T * p— -1 e * p— *
S =A (L+XCR'C) XA +B (In—DiR,'D,) B
- (Az +K,C,)Z, (At +K1Cz)* + (Bz +KtDz) (Bt +K1Dt)* )

where A, = A, — B.D!R;'C, and K, = — (A, %,C} + B.D})(R, + C,X,C¥) .

5.11. Consider linear estimator
X1 = (A + LG )% — LtY(t)a Xo = Xo

for the process in (5.19). Let O = E{[x(¢) — X;][x(¢) — %,]* } be its error covariance.
Show that Q; > %, for all t > 0 with X; the error covariance for the Kalman filter.
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5.12. (Kalman filter as a whitening filter) For the random process described in
(5.19), consider the linear estimator of the form

R(t+1) = (A + LC)R(t) — Liy(t), 8y(t)=y(t)—$()

with §(¢) = GX(¢) and %(0) = Xo. Note that {Sy(s)} is the innovation sequence.
Show that the output process {dy(¢)} is white (i.e.,

E{8y(t)dy(r —k)"} = E{Sy(1)0y(¢)"} 6 (k)
for all # and k), if and only if
(B[ +L[D[)Dl* + (A[ +L[Ct)X[Ct* - 0,

where X; = E{[x(¢) — %(¢)][x(¢) — %(z)]*} is the error covariance. Show also in this
case that L, is necessarily the Kalman gain K; as in Corollary 5.1 and %(r + 1) =
&1, is the linear MMSE estimate of x(¢ + 1) based on %.

5.13. Show that the stabilizing solution to the ARE (5.50), if it exists, is unique.
(Hint: Assume X and %, are both stabilizing solutions to (5.50). Show that:

Ay = (A+ K C)As(A+KC)', Ay =21 — X,

where K; = —~AX,C*(R+CZ,C*) ! fori=1,2.)

5.14. For Example 5.12, find the optimal linear receiver in the case Hy(r) # 0
and discuss its performance in comparison with that of the optimal linear receivers
designed in Example 5.15 assuming that H; are the same for 1 <k </.

5.15. Prove Theorem 5.14 for the case B,Dj, # 0.

5.16. Suppose that the random process has the state-space form:
x(t4+1) =Ax(t) +Biv(t), y(t) =Cx(t)+Dyv(t),

where v(r) is a white process satisfying (5.20) and x(0) = x( is random and
independent of {v(r)} with mean X, and covariance Fy. (i) Find the linear MMSE
estimator for x(r) based on observation {y(k)}}_. (ii) Find the linear MMSE
estimator for v(r) based on observation {y(k)}}_,. (Hint: Use Theorem 5.14).

5.17. Use Simulink toolbox to program and simulate data detection for a SISO
channel with gains b = 1/ V/5 for 0 < k < £ = 4. The symbol detector is the
linear receiver (based on Kalman filter) followed by a quantizer Q,(-) = sign(-).
The observation noise {v(¢)} can be generated by normal distributed uncorrelated
or white random variables with variance 0.1. The data block of the same size can
generated in a similar way followed by Q,(-) = sign(-) to produce +1 sequence. It
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is emphasized that the data and noise sequences are uncorrelated. In the context of
Example 5.15, do the following:

(i) Design an MMSE estimator to estimate s(t —m) with m = 2/ followed by a
quantizer based on observation of the channel output up to time 7.

(i) Simulate and access the average performance of the detector by counting the
number of detection errors in each block of 10* data assuming that the receiver
knows the first ¢ transmitted data.

5.18. For the output estimator in Theorem 5.14, show that the output error variance
E{|le.(r)|*} is given by
Tr{(D1; + LD2)(D1; + LiD2; )" + (C1y + LiCo ) % (Crs + LiCor )" }

(Hint: Let e(k) = x(k) — &;_ for k =1, + 1. Show first that

e(t+1) = (A + K Cy)e(t) + (B, + K, Da:)v(t) (5.143)
t

e (1) = (Ciy + LiCy)e(t) + (Dis + LiDo V(1)

and then compute the variance of e,(z).)

5.19. Consider the equivalent Wiener filtering as in Fig. 5.6 where G (z) and G, (z)
are both stable and causal. Suppose that z""G(z) is noncausal in the case m < 0.
Decompose

7"G1(z) = Ge(2) + Gal2),

where G (z) is causal and G4 (z) is anticausal. Show that the optimal estimation for
the output of G4 (z) with white noise input is zero and thus conclude that the optimal
estimate Z; ,, is independent of G4 (z). Provide a design procedure for the optimal
output estimation. (Hint: Use the result from the solution to Problem 2.19.)

5.20. Consider the nth order state-space system
x(t+1) =Ax(t) +Bu(r), x(0)=x¢#0.

Assume that (A, B) is controllable with &, the controllability matrix of size ¢ > n.
Let ~

U =vec{[u(l—1)u(l—2)---u(0)]}.
Show that the control input % = -6 (%%*)’IAKXO has the minimum energy
H@Z/ Hz among all possible control inputs which brings x(¢) to the origin.

5.21. Use direct computation to show that the solution X; to the DRE (5.86) with
boundary condition X7 = 0 satisfies

Xo>X12--Xr_1 >2Xr =0.
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5.22. Show that the closed-loop system under the LQR control (5.87)is x(t + 1) =
(I—l—B,Rle,*X,H) 71A,x(t). Show also that the DRE (5.86) can be written as
* —1 px* -1
X, =A X1 (I+BR'BiX,;1) A+Q Xr=0r.
5.23. Show that the control DRE in (5.86) can be written into:
X, = (A + BiF) X1 (A + BiF) + C:C + F'R/F,

with F; in (5.87) being the optimal state-feedback gain for the LQR control. If the
control law u(z) = G;x(r) is used with G; # F;, show that the solution to

Y, = (At +Bth)*Yt+1 (At +Bth) +C;*Ct + G[*Rth

satisfies ¥; > X; for 0 <t < T where X; = Y7 = 0 is assumed.

5.24. For the system model in (5.82), let the controlled output be z(t) = C;x(t) +
Dyu(t) and the performance index be

Jr =x(T)*Qrx(T +2||z ). (5.144)

Denote A; = A, — ByR,'DFC; and €, = (1 —D,(D:D,)"! D,*) C,. Show that the
control law which minimizes Jr is given by u(¢) = F;x(¢) where
F = — (R +BX.11B:) " (B5X,11A,+D/C), R =DD;>0
A * —1 p* -1 a.va
X, = A X (I+BiR'BjX,11) A +C/C,  Xr=0r.
5.25. Let the state-space model be as in (5.82). Show that if the open-loop system
x(t + 1) = A;x(¢) is asymptotically (exponentially) stable, then the closed-loop

system (5.95) for the LQR control as described in Theorem 5.17 is asymptotically
(exponentially) stable as T — oo.

5.26. Prove Theorem 5.20.
5.27. For any stabilizing state-feedback gain F', show that
X = (A+BF)'X(A+BF)+F'RF+Q
= A" (I, + XBR™'B") ' XA+ Q + Aj(R+ B*XB)Ar,
where Ap = F + (R + B*XB) 'B*XA. Establish that (a) the LQR control law

minimizes Tr{X} and (b) the stabilizing solution to the ARE (5.96) is maximal
among all possible nonnegative solutions to the ARE (5.96).
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5.28. Consider x(r + 1) = Ax(#) + Bu(z) and assume that (A + BF) is a stability
matrix for some state-feedback gain F. (i) Let u(¢) = Fx(¢) be the state-feedback
control law. Show that

J(F) = i,)IU(t)IIZJr ICx(1)]* = x6X %o,

where X = (A+BF)*X(A+BF) + F*F +C*C and x(0) = X is the initial condition.
(i1) Let Xi > 0 be the stabilizing solution to

Xm = A*Xm(I + BB Xm) 'A+C*C.

Show that X, < X.

5.29. Suppose that the ARE (5.96) admits a stabilizing solution. Show that X is
positive definite, if and only if all stable modes of (C,A) are observable where Q =
cC.

5.30. (i) LetA=A—BR 'D*CandC= [I— DR™'D*] C with R=D*D > 0. Show

that the ARE X = A*X [I +BR7'B*X ] 1A + C*C can be equivalently written
as the following ARE:

X =A"XA — (A*XB+C*D)(R+B*XB) ' (B*XA+D*C) +C*C.

(ii)) What are the equivalent AREs in the case of optimal estimation?

5.31. Consider the DRE
* — * 71
X(T)=A"X 1 (T) [l + BR "B X1 (T)] A+Q, Xr(T)=0.

Show that {X;(T)} satisfy X;(T') > X, (T) for 0 <t < T. (Hint: Use the same idea
as in the proof of Proposition 5.1).

5.32. Suppose that (A, B) is stabilizable and the condition (5.100) holds. Construct
a numerical example for which the ARE (5.96) has a solution X;, > 0 that is not
stabilizing.

5.33. Prove Theorem 5.25. (Hint: Consider the augmented state vector X(r) =
[x(t)* v(t)*] " and then convert the full information control to the state-feedback
control problem as in Theorem 5.19.)

5.34. Let (A,B,C,D) be a minimal realization of G(z) with A € C"*", B € """,
and C € CP*". Assume that D has full rank. (i) If p < m, show that 7z =z is a
transmission zero of G(z), if and only if zg is an unreachable mode of (A,E) with

A=A-BD*(DD*)"'C, B=B(I-D*(DD*)"'D).
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(ii) If p > m, show that z = zp is a transmission zero of G(z), if and only if z is an
unobservable mode of (C,A) with

A=A-B(D'D)"'D'C, C= (I—D(D*D)*ID*) C.

5.35. Let G(z) in (5.118) be stable. (i) Show that

®(z) = G(2)G(z)™ = DD* +CPC* +C(zal —A) 'L+ L* (z '1—A%) "' C*,
where L = APC* + BD* and P = APA* + BB*. (ii) Show that
—1
@(z) =G(2)"G(z) =D*D+B*OB+H(d —A) 'B+B* (z 'I-A") H,

where H = B*QA+ D*C and Q = A*QA + C*C.

5.36. Let G(z) = D+C(zI —A)~'B with A a stability matrix, R = DD* nonsingular
and BD* = 0. (i) Show that

G (e/?)G (e/®) =R+C (/1 —A) ' BB (e /1—-4")"'C* > R.
(i1) Use Lemma 5.1 and (i) to show that for each real o,

[1—C(e/1-A)"'K] (R+CZC*) [I-C(e/°I—A)'K]" >R.



Chapter 6
Design of Feedback Control Systems

Feedback control has triumphed for more than half a century, but its earliest
invention was dated some 2000 years ago by ancient Greeks in float regulators of
water clocks. More active use of feedback control was around the time of Industrial
Revolution in Europe when many control devices and regulators were invented.
The flourish of such control devices and regulators attracted mathematicians’
attention from Maxwell, Routh, Lyapunov, and Hurwitz, who contributed to the
stability theory for systems governed by differential equations. However, it was
until after Black reinvented negative feedback into design of amplifiers that initiated
mathematical analysis of feedback control systems in frequency domain. The role of
the Bell Lab and the market need of mass communications are essential in the birth
of classical control theory symbolized by the work of Bode and Nyquist in the late
1930s. The World War II stimulated further the development of the classical control
technology with wide applications, which proliferated to academia postwar.

While being highly successful, the classical control theory is limited in its appli-
cations to primarily SISO systems due to the graphical nature of its design tools such
as methods of Bode and root locus. For multi-input/multi-output (MIMO) systems,
it is the modern control theory that grows into a mature design methodology, termed
as linear quadratic Gaussian (LQG) optimal control. It assumes a linear state-
space model for the underlying multivariable system with stochastic descriptions
for exogenous noises and disturbances impinged on the feedback system. The
performance index is a combination of the mean powers of the control input and
error signal. Minimization of the performance index is the design objective that
admits a closed-form solution for the optimal feedback controller.

LQG control was motivated largely by the space program massively funded in
the 1950s. It had a huge success in space applications because accurate models
can be developed for space vehicles, white noise descriptions are appropriate for
external disturbances, and the fuel consumption is crucial in space missions. Owing
to the work of Kalman and other scientists, LQG control has since become an
effective design methodology for multivariable feedback control systems. This
chapter considers .74 optimal control that is modified from the LQG control

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 235
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focusing on LTI systems. The optimal solution to linear quadratic control will
be derived for the case of output feedback rather than state feedback. Design of
multivariable feedback control systems will then be studied with the objective to
satisfying performance specifications in frequency and time domains. Design tools
such as frequency loop shaping and eigenvalue assignment will be developed which
can be regarded as extension of Bode and root locus in classic control, respectively.
Various other design issues such as controller reduction and stability margins will
be investigated as well.

6.1 Output Feedback Control

A familiar feedback system is shown in Fig. 6.1 with P(z), the physical system to
be controlled, and K(z), the feedback controller to be designed. Exogenous signals
are d; (1), the disturbance at the input of the system; dz(¢), the noise corrupted at the
output of the system; and —r(¢), the command signal for the system to track. Recall
that the negative sign of the feedback path has been absorbed into the feedback
controller K(z) as discussed in Sect. 3.2.3.

In design of feedback control systems, stability is the first priority. On the
other hand, performance measure or index is dependent on applications. Possible
performance index includes variance of the tracking error signal and the mean power
of the control signal, assuming white noises for d; (z) and dy(¢), and WSS process
forr(z).

Example 6.1. Suppose that d; () =0, da(¢) = 0, and r(r) = H(q)d(¢) for some
proper and stable transfer matrix H(z) with d(¢) white noise of zero mean and
identity covariance. The frequency shape of H(el®) represents the frequency
contents of the reference signal r(z). Let o and 3 be positive satisfying oo+ f§ = 1.
The signal to be controlled is chosen as convex combination of the tracking error
variance and mean power of the control signal specified by

w(t) == [g‘e‘g” = {‘Eﬂ (I-PK) 'HA(1) = Ty (g)d(r).  (6.1)

r(r) e(r) u(t)
—1 K(2) Pz) —~H——

Fig. 6.1 Feedback control system in presence of disturbances
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Indeed, the variance of w(t) is the same as square of its power norm given by

Iwll% = a[lell% + B2[lull%, = E{[Taw(a)d ()]}

. . (6.2)
= Tr {5 % Taw () Ty (6°)" do } .

Recall definition of the power norm and its relation to variance in Chap. 2. Note that
(6.2) holds only if Ty, (z) is a stable transfer matrix in which case

[[w

1 T . .
= [ Tanll2 = \/Tr{z—/ T (610) T (1) dw}.
TJ)-nr

Hence, feedback control design amounts to computing the stabilizing controller
K(z) such that ||w||» = ||T4y|2 is minimized. Such a problem is referred to as
% optimal control owing to minimization of the % norm of Ty, (z). The scalar
weights (a, ) provide trade-offs between minimization of the tracking error and
control power. Diagonal and frequency dependent matrices can be employed in
place of scalar weights (e, B) to offer more freedom of trade-offs among different
output channels and different frequency bands.

Example 6.1 formulates the tracking performance mixed with control power in
absence of disturbances. The following presents an example of disturbance rejection
without taking tracking performance into consideration explicitly.

Example 6.2. Suppose that r(r) = 0. Define

It can be verified that w(z) = Ty, (¢)d(z) where

K

wa: |:I

} (I-PK) '[PI]. (6.3)

If d(7) is white with mean zero and covariance Qy, then |w| 2 = ||waQ[1/ 2||2.
Disturbance rejection now amounts to design of the stabilizing controller K(z) such
that the following performance index

1 /= . .
J= \/Tr{ﬁ [anw(e’]w)Qdew(e’]w)* dw} (6.4)

is minimized. By noting that Ty,,(z) contains (I — PK)~! as a submatrix that is the
transfer matrix from r(z) to e(r), minimization of J in (6.4) ensures small tracking
error even though it is not minimized directly.

Two-degree-of-freedom controllers are often used in engineering practice which
are illustrated in the next figure.
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Fig. 6.2 Feedback system r(7) u(r) y(t)
with two-degree-of-freedom Ki(z) ) P(z)
controller T

K>(z)

In comparison with Example 6.1, the extra precompensator K; shapes the command
signal r(#) and helps to achieve better tracking performance.

Example 6.3. Let us reexamine the tracking performance by employing the feed-
back structure in Fig. 6.2. It is easy to see that

y(1) = P(I - KoP) " 'Kyr(1),
ll(t) = ([—sz)flKll‘(l).
Since the tracking error is e(t) = y(r) — r(z), its expression is given by
e(t) = [I-P(I—K:P) 'K r(z).

Consider the following signal to be controlled:

v [ (8] [

The parameter € > 0 provides the trade-offs between minimization of the tracking
error and of the control power. Specifically,

IwliZ = llell% +&2[Jul%.

Hence, the above is equivalent to the performance index in Example 6.1 by taking
oo=1/V1+¢e?and B =¢e/V1+ €% However, there is an extra freedom for control
or precompensator K (z) that may help to minimize ||w||%,. Consequently, a similar
% optimal control problem is resulted in.

The preceding examples consider minimization of linear combination of the
power norms of the tracking error and control signal. Although other signals in the
feedback system of Fig. 6.1 or Fig. 6.2 can also be considered for optimization, most
exhibits the same structure for .74 optimal control. This structure is characterized
by linear fractional transformation (LFT) that is defined by

Z(G,P) =Gy +GK(I — GuK) Gy

G Glz]
G= .
|:G21 G2

where G is partitioned as
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It can be shown that the closed-loop transfer matrix Ty, (z) in the aforementioned
three examples can all be written as LFT of the generalized plant G(z) and the
feedback controller K(z), i.e.,

Taw(z) = F[G(2),K(2)]

for some G(z) and K(z). Indeed, in Example 6.1, the generalized plant is given by

(6.5)

(6.6)

Example 6.3 is a little more subtle. Denote

K() = [Ki() Ka(2) ], Pald) = [P‘(’ZJ .

Recall r(t) = H(q)d(r) where H(z) is some proper and stable transfer matrix

and d(¢) some white process of zero mean and identity covariance. Then w(r) =
T ()d(1) with

v = o]+ oy Jo-xe) k4|

0 el
_ m . [;ﬂ K(I— P,K)"! m 6.7)

The generalized plant is thus given by

(6.8)

All the three preceding examples show that the related 7% optimal control
problems have the same LFT structure. The difference lies in the forms of the
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Fig. 6.3 LFT feedback d(r) w(t)
control system — | A|B; B> —
Ci1|D11 D12
u(t) C2|D21 Dy (1)
K(z)

generalized plant and feedback controller which are problem dependent. An optimal
solution will be presented in this section to synthesize the feedback controller K(z)
such that

Taw(z) = 7[G(2),K(2)].

is internally stable and the performance index || Ty, |l2 = ||.7 (G, K)||2 is minimized.
In fact, the optimal controller has the same order as that of the generalized plant that
can be high. Hence, controller reduction will also be studied in a later part of the
section.

6.1.1 Optimal Controllers

As demonstrated previously, many optimal control problems admit the LFT struc-
ture. A state-space realization is assumed for the generalized plant giving rise to

(6.9)

where G;j(z) = D;j + Ci(zI —A)~'B; for i, j = 1,2. For this reason, % optimal
control for the LFT feedback system in Fig. 6.3 is considered next.
The corresponding state-space system is described by

x(t+1) = Ax(¢) + B1d(t) + Bou(t), x(to) =0,
w(t) = Cix(t) + D11d(?) + Diou(?),
y(t) = Cax(t) + D21d(t) + Dpou(z), (6.10)
where d(r) € R™, u(r) € R"™, w(r) € R”, y(t) € R”2, and x(r) € R". The zero
initial condition is owing to the stationary nature of the 7% control.

Generically, both m, and p, are strictly smaller than n that is the state dimension.
It is thus difficult to design the optimal feedback controller K(z) directly based



6.1 Output Feedback Control 241

on output measurement y(¢). Our strategy is to tackle the simple problem first by
considering the special case of full information when state x(7) and disturbance d(z)
are available for feedback that corresponds to

= m Dy = Ly‘” Dy = m 6.11)

This strategy has the advantage in that the solution to full information control in
Chap. 5 can be utilized. More importantly, when the conditions in (6.11) fail to hold
(that is generic and corresponds to output feedback), full information control signal
can be estimated based on output measurements which will be employed in place
of the true state and disturbance. The surprising fact is that such a strategy leads to
¢ optimal control based on output feedback provided that both full information
control and output estimation are optimal. Such a nice property is referred to as
separation principle that will be made more precise.
Under full information, the feedback control law has the form

u(?) =F(q)x(t) + Fo(q)d(?). (6.12)
The feedback controller K(z) = [F(z) Fy (z)} is restricted to linear shift-invariant

systems so as to preserve the WSS property that is also the reason why zero initial
condition is taken in (6.10). It follows that

x(t+1) = (A+ ByF)x(r) + (B; + BoFo)d(r), x(t9) =0,
W(t) = (Cl +D12F())X(t) + (D +D12F0)d(t).
The closed-loop transfer matrix under full information is given by

Tor(2) = A+BoF | B +B:F
f Ci+D12F|Dyy + DioFy

(6.13)

by a slight abuse of notation. The objective is to design the full information control
law in (6.12) that ensures internal stability of Tgj(z) and minimizes ||Tg||. The
optimal solution is restated next.

Theorem 6.4. Consider state-space system (6.10) satisfying the conditions in
(6.11) and R = D}, D1 being nonsingular. Denote Ap = A — BQR’IDTZCL If (A,By)
is stabilizable and

2 —A BQ
Kk - Vizl=1 6.14
{7l premeii - e

then the following (control) ARE

X =ARX(I+BoR'B3X) 'Ag +C{ (I - D1oR ™ 'D},)Cy (6.15)
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admits a stabilizing solution X > 0. In this case, the optimal full information control
gains are static and specified by
F=F=—(R+B:XBy) " (B3XA+D,(Cy),
Fo = Fo = —(R+B3XB,) ' (B5XB1 + Dj,D1y). (6.16)

The minimum performance index Jp = inf|| Ty, ||3 over all stabilizing feedback
controllers has the following expression:

Tr{(D11 + D12Fy)* (D11 + D12Fo) + (B1 + B2Fo) "X (By + B2Fo) } - (6.17)

Theorem 6.4 is the stationary version of Theorem 5.25 in Chap. 5. Its proof is left
as an exercise (Problem 6.1). When full information is unavailable or conditions in
(6.11) fail, it is customary to introduce the variable substitution

u(r) =s(t) + Fx(t) + Fod(r) (6.18)

where F and Fj are the optimal feedback gains for full information control in (6.16).
Substituting u(z) in (6.18) to the state-space system in (6.10) leads to

X(t+ 1) e (A —I—BzF)X(l‘) + (Bl +BzF0)d(t) +BQS(Z‘),
w(t) = (C1 + D12 F)x(t) + (D11 + D12Fy)d(t) + D1os(t).

It follows that w(¢) = Tgr(¢)d (1) + Timp(g)s(t) where Tgy(z) is the same as in (6.13)
with F and Fy replaced by F and Fj in (6.16), respectively, and

A+ByF | By
T = . 6.19
imp () {Q +DpF Dlz] (6.19)

The following lemma is important and shows that Tg;(z) and Tymp(z) are orthogonal
in the sense that

S / " T (69) T () do> = 0. (6.20)
21 . -7

Lemma 6.1. Let F = F and ¥y = Fy be the optimal feedback gains for full
information control as in (6.16). Then Ar = A + ByF is a stability matrix and
H(z) = Tri(2)~ Tunp(2) is a strictly proper transfer matrix given by

H(z) = (B XAr + D;:Cr)(zl —Ar)'B,y (6.21)
where Dp = Dy + D2Fy, BF = By + By Fy, and Cr = Cy + D,F. Moreover,

Timp (2)~ Temp(z) = D}2D12 + B3XB;. (6.22)
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Proof. The optimality hypothesis implies that Ar = A+ B, F is a stability matrix.
The expression of the feedback gains F' and Fj in (6.16) yields

Mg, = DTZDF +B§XBF =( T2D11 +B§XB1) + (R-FB;XBl)F() =0,
MF = DTZCF +B§XAF = ( TZCl +B;XA) + (R+B§X32)F =0.

In addition, the stabilizing solution X > 0O to the ARE (6.15) is the observability
gramian of both Tgy(z) and Tyyp(z) or

X =ApXAF +CrCr. (6.23)

Denote Tr(z) = Cr(zf —Ar)~'. Then

Tr(2) Tr(z) =X + XAp(zd —Ap) '+ (' 1—AF) T1ALX. (6.24)
Similar equations to (6.23) and (6.24) are used in proof of Lemma 5.1 of the pre-
vious chapter. Verifications of (6.23) and (6.24) are left in Exercises (Problem 6.3).
By the expression of Tr(z),

Tri(z) = Dr +Tr(z)Br, Tump(z) =Di2+Tr(z)B:
It follows from (6.24) that
H(z) = (BjXAr + D;Cr)(zl — Ap) " 'Bo+ My, + By (21— A) "' M:

after lengthy calculations. Because My = 0 and Mg, = 0, H(z) is indeed strictly
proper as given in (6.21). On the other hand, (6.24) yields

TonpTimp = DioD12 + B3X By + By (21— Ap) "My + Mp (2l — Ap) ' B,

that verifies (6.22) due to Mr = 0. In fact, Tynp(z)(R + B5XB2)~'/? is inner as
already shown in (ii) of Theorem 5.28 from the previous chapter. a

In light of stability of H(z) or A,
! /ﬂ IH ()| » deo <
21 . -7 7

where || - ||.# is the Frobenius norm. The orthogonality in (6.20) thus follows from
the absolute integrability of H(z) on the unit circle and the fact that H(z) is strictly
proper by

H(e]“’) = TFI(e] Ttmp Z er —jo
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for some {H};? ;. Because the LFT system in Fig.6.3 assumes linear and time-
invariant feedback controller K(z) that is stabilizing,

s(t) =u(t) — [Fx(t) + Fod(1)] (6.25)

is causal and has bounded variance. As a result, s(t) = Q(g)d(¢) for some proper
and stable transfer matrix Q(z), and hence,

w(1) = [Ter(g) + Tunp () Qunp(¢)1d(2)-

Recall that d(7) is the only exogenous signal that is a white process with zero mean
and identity covariance. The result in Lemma 6.1 or orthogonality in (6.20) implies
that the variance of the output is given by

E{|Iw(®)|*} = [|Tr|3 + || Tunp Q|3 (6.26)

where the minimum Jg; = || Tg ||% is specified in (6.17). The remaining problem is
minimization of the second term in (6.26) or

I TuwpQlI3 = E{| Tunp(9)s(2)[*} = E{[|(D1oD12 + B3XB2)'*s(1)|*}

in light of (6.22) in Lemma 6.1. Therefore, minimization of || TimpQ||3 amounts to
minimization of variance of the augmented error signal

W(t) = (D},D12+ B3XB2)" /2 [u(r) — up (1))

by designing u(z) as the optimal estimate to the full information control law
upp () = Fx(t) + Fod(¢). This is recognized as (stationary) output estimation. The
nonsingular matrix (D},D12 + B3XB>)!/? does not alter the solution to the problem
of output estimation but changes its error variance.

Specifically, consider first the case

Dy = 0, det(D21D§1) 75 0. (6.27)
The corresponding problem of output estimation is described by

x(t+1) = Ax(t) + B1d(t) + Bou(1),
llFI(l‘) = FX(I) +F()d( ) (6.28)
y(t) = Cox(t) + Dd(1).

In accordance with the results in Sect.5.1.4 of the previous chapter, the output
estimator has the form

%(t+1) = (A+LCy)k(t) — Ly(t) + Bou(r),

(1
Opi(t) = (F + LoC2)R(r) — Loy(t) (6.29)
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for some (L,Ly) with L stabilizing. The next result is obtained from extending
Theorem 5.14 in Sect. 5.1.4 to the stationary case.

Theorem 6.5. Consider output estimation for the system described in (6.28) with
R= Do D3, being nonsingular. Denote Az = A — BzDaR’lDlez. If (Cy,A) is
stabilizable and

Z—A By
k = Vizl =1 6.30
ran { { o D21:| } n+paVizl =1, (6.30)

then the following (filtering) ARE
Y =AY (I+CR'CY) 'A5+ B (I— D5 R 'D2))B} (6.31)

admits a stabilizing solution' Y > 0. In this case, the optimal output estimation gains
are static and specified by

L= —(AYC; +B\D3) (R+CYCy) ™,
Ly = — (FYC; + FoDy,) (R+ Gy C3) ™" (6.32)

The minimum performance index Jog = infE{||W(2)||*} over all stabilizing feedback
estimators is given by

Jog = Tr{(D},D12+ B3XB>)(Fy + LoD21 ) (Fo + LoDy )"
+ (DTZDlz—|—B§X32)(F—|—L0C2)Y(F+L0C2)*}. (6.33)

Proof. By the assumption xo = 0, %(0) = 0 with covariance Py = ¥ can be taken
for the output estimator in (6.29) where Y > 0 is the stabilizing solution to ARE
(6.31). Hence, an application of Theorem 5.14 concludes that the corresponding
DRE solutions agree with Y at each time index ¢ leading to the stationary output

estimator in (6.29) with L and L as specified in (6.32) that is optimal over all L and
Ly subject to stability of (A + LC3). Denote

e(r) =x(r) —%x(t), e,(t) =up(t)—1().
It is left as an exercise (Problem 6.5) to show that
ex(t+1) = (A+LCy)e(t)+ (B + LDy )d(2),
ey (t) = (F+LoCa)e(t) + (Fo+ LoD2y )d(2), (6.34)

as Dyy = 0 is assumed. The associated reachability gramian is precisely the solution
Y >0 to ARE in (6.31). It follows that the minimum variance is given by

E{|lex(t)]*} = Tr(E{eu(r)eu(r)"}) or

E{Heu(t)Hz} = Tr{(Fo+L0D21)(Fo+L0D21)* + (F+LOC2)Y(F+LOC2)*}.
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See also Problem 5.18 in Exercises of the previous chapter. Consequently, the
minimum of Jog is given by

Jog = Tr([D],D12+ B3XB,|E{e,(t)e,(t)"})
that is the same as in (6.33). a

Our results in Theorems 6.4 and 6.5 show that the optimal .74 control system
in Fig.6.3 can be designed with full information control and output estimation
separately that is referred to as separation principle. That is, if full information is
available or the conditions in (6.11) hold, then full information control in Sect. 5.2.3
is the optimal 773 control that completes the design of optimal .74 feedback control
system in Fig.6.3. If full information is unavailable or the conditions in (6.11)
fail to hold, the optimal output estimator needs to be synthesized to estimate the
full information control law according to the result in Sect.5.1.4. Together, they
produce the optimal .74 controller K(z) by taking u(r) = g (¢), i.e., by taking the
estimated full information control law as the control signal. Indeed, by substituting
u(#) =g (¢) in the second equation into the first equation of (6.29) gives the state-
space description of the feedback controller

R(1+1) = (A+BoF 4+ LCy + BoLoCo)R(t) — (L+ BaLo)y (1),
u(t) = (F +LoC2)X(t) — Loy 1).

A A

For convenience, denote Ko(z) = —[D + C(zf —A)~'B] in the case Dy = 0.
That is,
A = (A+BoF +LCy + ByLo(Cy),
B= (B:Log+L), C=F+LyGCy, (6.35)
and D = L. The optimal feedback controller K(z) for D2, # 0 can be easily obtained

based on Ky(z). Indeed, K(z) is recognized as the optimal feedback controller for
the case when the output measurement is

ya(t) :=y(t) — Dpu(r) = Cox(t) + Dy d(z).
In other words, u(t) = Ko (g)ya(?) is the optimal control law or
u(r) = Ko(q)[y(r) — Dapu(t)]. (6.36)
The equivalent state-space description is given by
%(r+1) = AX(t) + Bly(r) — Dopu(r)],
—u(t) = Cx(r) + D[y(r) — Daou(t)). (6.37)

Recall that the feedback controller K(z) has y(¢) as input and u(z) as output. Solving
u(t) from the second equation of (6.37) yields

A

u(t) = —(I = DDx) "' [CR(1) + Dy (1)),



6.1 Output Feedback Control 247

assuming det(I + DDy,) # 0. Thus, the state-space equations in (6.37) can be
rewritten as

(t+1) = [A+BDy(I— DD5,) "' CI%(1) + B(I — DpD) 'y (1),
—ll(l‘) = (I—DDzz)ilé)A((t) — (I—DDzz)ilby(t).

The above gives the optimal feedback controller as

B AA—I—B\Dzz(I—DDzz)flé B\(I—DZQD)71
(I-DDy)"'C  |(I-DDyn) 'D|

K(z) =

(6.38)

Remark 6.1. The conventional LQG control aims at state feedback and state
estimation without considering disturbances. It results in a strictly proper controller
in the form of observer as follows:

K(z) = —F(zd —A—ByF — LC, — LDy F) 'L, (6.39)

Such an LQG controller can be obtained by setting Ly = 0 in (6.35) and by setting
D=0in (6.38), if Dyy # 0. The LQG controller in (6.39) is optimal among all
strictly proper and stabilizing feedback controllers.

Example 6.6. Consider Example 6.2. The corresponding generalized plant model
G(z) is given in (6.6). Assume that P(z) = C(zI — A)~'B. Then

_[Gu@)|Gn@E)]| _
6@ = | G21(z) Gzz(z)} B

[00[7 0
= 1010+ |C|@I-A)"[BO|B].
L0 7]0 c

It can be verified that the conditions in Theorems 6.4 and 6.5 hold, if (A,B) is
stabilizable and (C,A) is detectable. These conditions imply the existence of the
stabilizing solutions to the following two AREs:

X = A*X(I+ByB3X) 'A+C3C, (6.40)
Y = AY(I+CyCY) A" + BB, (6.41)

with B, = B and C, = C. The controller and estimator gains are given by

A
F

F=—(I+BXB)"'B"XA, [ . ] - {

} Ycr(1+cycr)™!
Ly
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respectively. The expression of the gain Fy is skipped, because it is not used in the
construction of the following optimal 7% controller:

A+BF + LC+ BLyC|L+BLg
K(z) =— )

F+LC | Lo

Let P(z) be the same as in Example 4.2 from Chap. 4. Straightforward calculation
using Matlab yields

F_ [ —0.5706 0.0852 —0.1319 —0.2414 0.2625]

| —0.8030 0.1610 —0.1633  0.3420 —0.3745

[-0.3926  0.2038
~0.4369 0.1754
L— | —0.0825 —0.0542
~0.0265 0.6595
| —0.0949  0.2663

102570 0.0552
© 07 10.3469 —0.3538 |

It is interesting to observe that (A + BF') and (A 4+ LC) have the same eigenvalues,
which are eigenvalues of the closed-loop system. In addition, D1 is not involved in
design of the optimal feedback controller, but contributes to the performance index.

The 7% control in the previous example is very close to the normalized %
control, referred to the case when the generalized plant is given by

00

G(z) = |0P(
1P
[00[7 0
= [00/0|+ |C|(@Z-A)"[0B]B].
L0 7]0 C

It is left as an exercise (Problem 6.7) to show that the %3 optimal controller is the
same as the one in Example 6.6. If L in the optimal controller is set to zero, then
the normalized 775 control reduces to normalized 1LQG control that is commented
in Remark 6.1.

6.1.2 Controller Reduction

The optimal feedback controller K(z) is basically an output estimator that is built
upon the state estimation. Hence, the order of the optimal controller can be high
leading to high complexity in its implementation. For this reason, model reduction
is often a necessary step in design of feedback control systems.
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There are two considerations in controller reduction. The first is stability. That
is, the reduced order controller is required to stabilize the full order plant. The
second is performance. The error variance or the 7% performance needs to be
close to the optimal one achieved by the full order controller. This section focuses
on stability and derives the a priori bounds that ensure closed-loop stability. The
common methods in controller reduction include reduction of the plant order first
and design of reduced order controller later or design of the full controller first and
reduction of the controller later. Both will be studied in this text, but the focus will
be on simultaneous reduction of the plant and controller.

Generically, G22(z) = P(z) that holds for the three examples discussed at the
beginning of the chapter. Thus, stability requirement is translated to stabilization
of Gx2(z) by the feedback controller that is why stabilizability of (A,B,) and
detectability of (Cp,A) are assumed in design of the optimal /% controller K(z).
Since the discretized system is strictly causal, Dy, = 0 often holds. Even if Dy, # 0,
reduction of Ky(z) with realization in (6.35) can be considered that is synthesized
for the case D»; = 0. For these reasons, D> = 0 has no loss of generality and will be
assumed throughout this subsection and next. It follows that coprime factorization
results from Sect.3.2.3 can be used to compute left and right coprime factors of
G22(z) and K(z). Specifically, let F and L be the optimal state-feedback and state
estimation gains, respectively, which are computed as in Theorems 6.4 and 6.5,
respectively. Then both (A + By F) and (A 4 LC,) are stability matrices. Accordingly,
G22(z) = P(z) and K(z) admit coprime factorizations

P(z) = M(z) 'N(z) =N(z)M(z) !,
—K(z) = V(z) 'U(z) = U(2)V(z) ',

where —K(z) admits a state-space representation

_ A+BzF+LCz+BzL0C2|L+BzL0] 6.42)

—K(z
) F + LG | Lo

It is left as an exercise (Problem 6.8) to show that

H(z) = [Hp(z) Hk(2) ] := [11\\1/[((5)) _V(S)}

U
} , (6.43)

[A+BoF|By —(L+Bylg)
= F |1 —Lo
G o I

)

C[HQ)] [ VG UG
H() _Hf@} = [—N<z> M@]

[A+LCy |-By L
= |F+LGC| I Ly|, (6.44)
G 0 I
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satisfy the double Bezout identity

Hkx(2) | 1o ~

H(z)H(z) = |:HP (ZJ [Hp(z) Hi(2) | =1. (6.45)

It follows that Hg(z) is a stable right inverse of Hp(z) or Hg(z) = Hp(z)* and
Hg (z) is a stable left inverse of Hp(z) or Hg(z) = Hp(z) ™.

Our model reduction method focuses on simultaneous reduction of H(z) and
H(z) through inverse balanced truncation (IBT). Since both H(z) and H(z) consist
of the coprime factors of the plant and controller, it results in simultaneous reduction
of the plant and controller models. While the performance is quantified by 7% norm,
stability and stability margin are difficult to be ensured and to be studied using 743
norm. Instead, %, norm is often employed to study robust stability or stability in
presence of model error due to either modeling error of the plant or reduction error
of the controller. Recall that for a stable rational transfer matrix T(z), its J#, norm
is defined by _

Tl == sup GT(2)] = sup[T()].
|z/>1 ®

The following is the well-known small gain theorem.

Lemma 6.2. Let T(z) be a square stable rational transfer matrix. Its inverse [I +
T(z)] " exists and is a stable transfer matrix, if | T||. < 1.

Proof. The condition || T||.. < 1 implies that [I +T(z)]~! exists and is bounded for
each |z| > 1. In fact, its /%, norm satisfies

1

—_— (6.46)
=T}

I +T(@)] e <

that is bounded. Thus, [+ T(z)]~! is rational and stable. O

Let S(z) = Dy +Cs(zl, — As) ™' B be a square matrix with det(Dy) # 0. Its inverse
is given by
_ [A,—B,D;'C,|B,D;"!
| -bpy'c | Dyt

S(z)! (6.47)

Assume that both A; and (A; — B;D; 'Cy) are stability matrices, i.e., S(z) is both
stable and strictly minimum phase. The IBT algorithm balances the reachability
gramian of S(z) against the observability gramian of S(z) !, or vice versa, prior to
truncation (refer to Chap. 4). Let O, and P be respective solutions to the following
Lyapunov equations:

Qs = ASQSA? +BSB?7 Rs = DSD;ka (648)
P, = (As— B,D; 'C,)*Py(A; — B,D, 'C;) + C'R, ' C. (6.49)
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Then Qg > 0 is the reachability gramian of S(z) and P; > 0 is the observability
gramian of S(z)~!. The realization matrices {Ay,B;,Cs,D;} are called inverse
balanced, if

Ps = QS = diag(sllil 75211‘27 s 7S77177) (6.50)

where s1 >3 > -+ > sy >0and i +i2+- - +in = n. Suppose that r = i; +--- +1ip
for p < 7, and the reduced model

~

§(Z) =Ds+ as (ZIr - A\s)ilBs
of order r is obtained via direction truncation:

I,

A= [I,O]AX[O

:|7 ESZ[I,O]BS, 6Y_CT|:{;:|

The above is the IBT algorithm studied in Chap.4. The model reduction error
associated with IBT has the relative and multiplicative forms and admits an -
norm bound. Specifically, the following relations

S(2) =S@) I+ Anu(2)],  S(z) =S(2) [ + Al (2)] 6.51)

hold where Apu(z) and Ag(z) represent the multiplicative and relative error,
respectively, and satisfy

n
lAmall- < TI (1+zsi( 1+s,2+s,»>)—1,
i=p+1
n
Al < 1T (1+2s,~( 1+s,2+si>)—l, (6.52)
i=p+1

in light of Theorem 4.6. Recall that the multiplicative and relative errors are
explicitly given by

Ana(2) =86) " (8)-8() . (653)
Aa(2) = S()7" (8)-8@). (6.54)

Model reduction with multiplicative/relative error bounds takes a crucial role in
controller reduction. Indeed, applying the IBT algorithm to H(z) and H(z) ! = H(z)
yields the following observability and reachability gramians:

P = (A+ByF)"P(A+ByF)+ F'F +C5Cs, (6.55)
0= (A+LC)Q(A+LCy)" +LL" + ByB5. (6.56)
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It can be shown (Problem 6.10 in Exercises) that under the assumption

Dy, [Dr ] = [10]. {DB;JDEI - m (6.57)

and the matching condition
B\B} = ByB;, CiCi =G, (6.58)

P = X is the stabilizing solution to ARE (6.40), and Q =Y is the stabilizing
solution to ARE (6.41). Feedback control for this special case corresponds to either
normalized 573 control or normalized LQG control. Recall the discussion in or after
Example 6.6 in the previous subsection.

Suppose that the realization of H(z) is inverse balanced, i.e.,

P= Q:diag(sllil,szliz,--- 7s71177) (6.59)

where 51 > 5 > --- > sy >0and i; +ip+---+iy = n. Since Dy =0 and Ly is a
direct transmission matrix. Partition

A1 Ap|Ly By

AlLB,
7 _ | A21 An|Ls By (6.60)
c F P

: G O

where Ay has size r x rand r = i1 +- -+ +ip < n. Denote

Ak = A11 + B Fi + LiCyy + By LoCay,
Bx = ByyLo+ L), Cx=F+LyCa. 6.61)

The reduced plant and controller of order r are given, respectively, by

~ A|B . Ax|B
Gzz(Z)—{C; 31] K@_[Cf’?’;]. (6.62)

The next result states under what condition the feedback system in Fig.6.3 is
stable when the optimal feedback controller K(z) is replaced by its reduced order
model K(z).

Theorem 6.7. Consider H(z) in (6.43) and H(z) in (6.44) for the optimal 6
feedback control system in Fig.6.3. Let P and Q be the observability and reach-
ability gramians in (6.55) and (6.56), respectively, which are balanced in the sense
of (6.59). Let Gy (z) and ﬁ(z) in (6.62) be reduced plant and controller of order
r=iy+---+ip <n, respectively, obtained through applying the IBT algorithm to
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H(z) and H(z). Then the feedback control system in Fig. 6.3 remains stable when
K(z) is replaced by K(z), provided that

n
I1 <1+2s,»< 1+s,2+s,-)><1+y1 (6.63)
i=p+1

where Yi= ||I:IPHKH°<, = ||IjIKHPH°<,.

Proof. Tf H(z) and H(z) are inverse balanced as in (6.59), direct truncation yields

ﬁ(z) and H(z) leading to the expressions of the reduced order plant and controller
in (6.62). Moreover, Theorem 4.6 in Chap. 4 asserts that

H(z) = H(z) [l + Al (2)].

Substituting the partition of H(z) in (6.44) into the above equality leads to

[%;8 } - [5’253 } I+ A (2)). (6.64)

With K(z) in Fig.6.3 replaced by IA((z) in (6.62), the closed-loop stability is
equivalent to

det[Hg (2)Hp(2)] #0 V|2 > 1 (6.65)

in light of the feedback stability in Sect. 3.2.3. It follows from (6.64) that

det[Hg (z)Hp(z)] = d
= det[l + Hg (2) Arei (2)Hp (2)]
= det )]

et[Hk (2) (I + Avei(2)) Hp(2)]
(z
tl7 +Hp(2)Hk (2) Arel (2
where Hg (z)Hp(z) = I in (6.45) is used. Hence, (6.65) holds if

[HpHK Ao < V]| Arel]| o0 < 1, (6.66)

in light of the small gain theorem in Lemma 6.2 and y = ||[HpHk||. The
multiplicative property in (i) of Problem 6.11 is used in arriving at the inequality
(6.66). The stability condition in (6.63) can be obtained rather easily by using the
bound for || Ayl || from Theorem 4.6. For each z on the unit circle, Hp(z)Hk (z) and
Hx (z)Hp(z) are projection matrices and

Hp(2)Hk (z) + Hi (2)Hp(z) =1

by the double Bezout identity (6.45). The equality |[HpHk || = |[HxHp|. holds by
using the result in Problem 6.12 for each z on the unit circle and by the definition on
A norm. O
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Theorem 6.7 shows that y = |[HpHk||.. = |[HxHp||. affects adversely the
stability condition in (6.63). By direct calculation,

HpHg = [II,} (I-KP)"'[IK],
HxHp = [‘IK} (I-PK)'[-PI].

So it is desirable to minimize Y in feedback control system design, but this is
beyond the scope of this book. Note that |[HxHp||co = || Tyyy || With Ty, (z) given in
Example 6.2.

The next result derives an equivalent stability condition to that in Theorem 6.7.
The proof is left as an exercise (Problem 6.13).

Corollary 6.1. Under the same hypotheses/conditions in Theorem 6.7, the feed-
back control system in Fig. 6.3 remains stable when the 5 optimal controller K(z)
is replaced by K(z), provided that

|[Fp(Hg — H)||o = |[Hg (Hg — Hg) |l < 1.

The above result is especially attractive for normalized .74 control. Indeed, for
the plant model P(z) = C(zl, —A)~'B, the feedback controller

K(z) = —F(zl —A—BF —LC)" 'L

is obtained by setting F = —(I 4+ B*XB) 'B*XA and L = —AYC*(I +CYC*)~!
where X > 0 and Y > 0 are stabilizing solutions to

X =A*X(I+BB*X) 'B4+C*C, Y =AY(I+C*CY) 'A* +BB*,
respectively. Let Q = (I + B*XB)'/2. Then Hp(z)Q ! is an orthogonal matrix for
each z on the unit circle that is referred to as normalized coprime factorization
(refer to Sect. 5.3.2 in the previous chapter). Hence,

[ Hp(Hg — Hg)||oo = || Q2 (Hg — Hg)||oo.

Direct balanced truncation can be applied to QHg(z) to obtain the reduced order
controller represented by QHg(z), and thus, the inequality

R n
[Hp(Hg —Hg)[l« <2 ), ok
k=p+1
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holds true where oy is the kth distinct Hankel singular value of QHg(z). Recall the
notation in Chap. 4. Consequently,

n
2 2 o, <1
k=p+1

ensures the feedback stability. If K(z) is not a normalized 7% controller, balanced
truncation can still be applied to Hg(z) to obtain the reduced order controller but
the above stability condition is weakened to

n
2 z Gk<HHPH;1.
k=p+1

Optimal Hankel-norm approximation is not employed here because it may not
preserve the structure of the feedback controller that is in contrast to balaned
truncation.

Example 6.8. Consider the plant model P(z) and the controller K(z) in
Example 6.6. It can be verified by Matlab that y = 4.8376 in the case of normalized
6 control and ¥ = 5.3 in the case of normalized LQG control (Ly = 0). Under the
inverse balanced realization,

X =Y = diag(2.3703,2.3061,0.4234,0.3090,0.0089).

Hence, the left-hand side of (6.63) in Theorem 6.7 is equal to 0.0180, if the order
of the controller is reduced by only 1 which satisfies the stability condition in
Theorem 6.7. However, the left-hand side of (6.63) is equal to 1.871, if the order
of the controller is reduced by 2, which violates the stability condition in (6.63). It
is important to notice that the stability condition established in Theorem 6.7 is only
sufficient. In fact, even if the order of the controller is reduced to all the way to 1,
stability of the closed-loop system remains intact, owing probably to stability of the
plant.

The results in Theorem 6.7 and Corollary 6.1 assume that the full order controller
is designed first and reduced later, even though the plant and controller are reduced
simultaneously. A dual scenario is the case when the plant is reduced first, and the
reduced order controller K(z) is then designed based on the reduced order plant
P(z) = agz(z) in which the multiplicative error, rather than the relative error, helps

to derive the stability condition.

Theorem 6.9. Let 622 (z) = Coy(2l, — A1)~ 'Byy be the reduced order model
obtained through applying the IBT algorithm to Gyy(z) and

A11|B11 Bay

G(z) = | C11|Dy1 D12
Co1|D21 Do
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where By and Cy| are obtained via direct truncation in (6.60) and Dy, = 0. Let IA((z)
be the optimal % controller for G(z) with F, L the state-feedback and estimation
gains, respectively, and L the output estimation gain. Then

G =M(2) 'N(z), K(z)=-0()V(z)"

are coprime factorizations as specified by

~ S A1 +LCy|~By L

Ao =[N0 M) = [ ZEC g,
= A11+ Bot F|—(L+ Bt Ly)

3 -0

Ae(z) = U@ _ F To :
V(z) Gy I

satisfying ﬁp(z)ﬁf (z) = I. The 74 controller K(z) stabilizes G (2), if

I (1+2s,~< 1+sl-2+si>) <14+7! (6.67)

i=r+1

where 1= ||I:Il’(\ﬁPHm = ||I/-\IPI:II?HW and {s;} are the same as in (6.59).
Proof. The hypotheses and Theorem 4.6 imply

Hp(z) = Hp(2) [ + Amu(2)] (6.68)

with Hp(z) as in (6.43) and ||Apu||- bounded as in (6.52). Similar to the proof for
Theorem 6.7, K(z) stabilizes G2 (z), if and only if

det (Hp(z)Hg(2)) #0 V|2 > 1. (6.69)
It follows from (6.68) and Hp(z)H(z) = I that
det (Hp(2) g (2)) = det (Hp(2)[1+ Apu ()] Hg () )
— det (1 + Hp(2) At (2) g (z))
= det (1 + Fe(2)Hp(2) Al (z)) .

Hence, the inequality (6.69) holds if (6.67) is true in light of the small gain theorem
in Lemma 6.2 that concludes the proof. a

The following is a similar stability condition to Corollary 6.1, and its proof is
again left as an exercise (Problem 6.14).
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Corollary 6.2. Under the same hypotheses/conditions in Theorem 6.9, the feed-
back control system in Fig. 6.3 remains stable when the ¢ optimal controller K(z)
is replaced by K(z), provided

HI:II? (HP_I/_\IP)HWZ Hﬁ; (HP_ﬁP)Hm< 1. (6.70)

The above result suggests that balanced truncation can be applied to Hp(z) that
results in an additive model error or

~ n
HP(Z) = HP(Z) +Aadd(z), HAaddHoo <2 2 Oy,
k=p+1

where oy, is the kth distinct Hankel singular value of Hp(z). Recall again the notation
in Chap.4. The reduced order controller IA((z) can be synthesized by computing
He(z) = Hp(z)" or stable left inverse of Hp(z) that has as small #Z norm as
possible in order to maximize the stability margin. Hence, the stability condition
in (6.70) is ensured by

Ul PO
2 Y o< HH;H .
k=p+1 «

Even though the stability condition is less conservative than the previous one due to
the additive form of the error bound, it is still a sufficient condition for the closed-
loop stability. The error bound on left can again be considerably greater than the
true error.

6.2 Control System Design

Design of the feedback control system in Fig. 6.1 begins with analysis of the plant
model, performance objective, and exogenous disturbances/noises. Because of the
difference in engineering practice, design objectives differ from one control system
to another. More importantly, there is no single magic index that covers all design
tasks which, if it is true, would actually trivialize control system design. Hence,
the optimal solution to 7% control alone does not fulfill the design objective. In
fact, analysis plays a major role in control system design. The goal of this chapter
is to provide tools and guidelines for designing MIMO feedback control systems.
Two methods which will be studied in this section are (frequency) loop shaping
and eigenvalue assignment, akin to Bode plot and root locus in classic control,
respectively. Special cases such as state feedback or state estimation will be treated
first. Loop transfer recovery (LTR) will then be employed to deal with the case of
output feedback.
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Fig. 6.4 Magnitude response
of the desired sensitivity

6.2.1 Loop Shaping via Frequency Weighting

The synthesis method of loop shaping has its origin in the classic Bode design.
The difference lies in its applicability to MIMO systems. It assumes that the
performance requirement of the feedback system is specified in frequency domain
with magnitude response replaced by singular value plots. For instance, the design
objective can be the ith singular value of the desired sensitivity in frequency domain
as shown in the next figure where the maximum ripples in low and high frequency
bands specify the design specification.

Alternatively, the desired frequency shape can be imposed on the loop transfer
matrix to ensure the desired sensitivity. For instance, low gain of the sensitivity can
be ensured by high gain or high singular values of the loop transfer matrix while gain
close to 1 for the sensitivity can be ensured by low gain or low singular values of the
loop transfer matrix. Let P(z) = C(zI —A) ' B be the plant. The problem is design of
K(z) such that the MIMO feedback control system in Fig. 6.1 is not only internally
stable but also meets the frequency domain specification such as the one specified
in Fig. 6.4. The state-space approach suggests the estimator structure for K(z) and
to begin with the synthesis of the state-feedback or state estimation gain. The output
feedback controller K(z) can then be obtained by designing the other gain.

A problem arises in multivariable systems because the sensitivity at the plant
input is different from that at the plant output given by

Sin(2) = [ -K@)P@)] ", Soulz) = [[-P()K(z)] ",

respectively. Let p x m be the size of P(z). In the case of p < m, the sensitivity
magnitude responses o;[Siy (/)] cannot be made smaller than 1 for the first (m — p)
singular values due to rank{K(z)P(z)} < p for all |z| = 1. Hence, if p < m,
sensitivity optimization needs to be carried out at the plant output rather than at
the plant input. Similarly, in the case of p > m, the sensitivity magnitude responses
0:[Sout(¢)] cannot be made smaller than 1 for the first (p —m) singular values due
to rank{P(z)K(z)} < m for all |z] = 1. Hence, if p > m, sensitivity optimization
needs to be carried out at the plant input rather than at the plant output. Fortunately,
it is often unnecessary to optimize the frequency shape of the sensitivity at both the
plant input and output in practice.
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a b
1' C 1 C

F L |=

Fig. 6.5 State feedback and output injection

Consider first when the state is accessible by the controller as depicted in block
diagram (a) of Fig. 6.5. Then with F as the state-feedback gain, the sensitivity at the
plant input (p > m is normally assumed) and overall transfer matrix are given by

S,(z) =I+F(zl —A—BF)"'B,
T,(z) = C(zI —A—BF) " 'B, (6.71)

respectively. On the other hand, block diagram (b) of Fig. 6.5 corresponds to state
estimation in which sensitivity at the plant output (p < m is normally assumed) and
overall transfer matrix are given by

S,(z) =1+C(zI—A—LC) 'L,
T,(z) = C(zl —A—LC)"'B, (6.72)

respectively, with L the state estimation gain. However, strictly speaking, (b) of
Fig. 6.5 does not represent a state estimator which is often referred to as output
injection. By convention, the overall transfer matrix is referred to as complementary
sensitivity inherited from the case of output feedback.

It is interesting to observe that (refer to Theorem 3.28 in Chap. 3)

P(z) =T, (2)S,(2) ' =8,(z) 'T,(z) =C(aI —A)"'B,

and thus, sensitivity and complementary sensitivity constitute the coprime factors
of the plant model, if F" and L are stabilizing. Moreover, state feedback corresponds
to right coprime factorization and output injection corresponds to left coprime
factorization of the plant. A particular set of coprime factors that interest us is the set
of normalized ones. Recall Sect. 5.3.2 in the previous chapter. The following result
can be stated.

Corollary 6.3. Consider the plant model P(z) = C(zI —A)~'B where (A,B) is
stabilizable and (C,A) is detectable. (i) If F = —(I +B*XB)~'B*XA with X > 0
being the stabilizing solution to

X =A'X(I+BB'X)"'A+C*C, (6.73)
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then for all |z| = 1, there holds the identity
S, (2)"S;(2)+T,(2)"T,(z) =1+ B*XB; (6.74)
(i) If L= —AYC*(I + CYC*)~ " with Y > 0 being the stabilizing solution to
Y =AY(I+C*CY) 'A* + BB", (6.75)
then for all |z| = 1, there holds the identity

S,(2)S,(2)" +T,(2)T, (2)" = +CYC*. (6.76)

Let/+B*XB=USU* beits SVD. Then I+ B*XB = Q2 by taking Q, = UV/SU".
In light of (6.74),

M), N@)} =S, 02, T, ()2, '}

constitutes the pair of normalized right coprime factorization of P(z). Let
.QL2 =]+ CYC*. The equality (6.74) implies that

{M(2),N@)} ={Q'S,(2),2,'T, (2)}

constitutes the pair of normalized left coprime factorization of P(z). More impor-
tantly, the normalization property yields

M ()N (e2)" — {I+P(ej“’)*P(ej“’)}71,
M(e®)*M(el®) = [1+P(eiw)P(ei‘°)*r. 6.77)

Hence, if 0;[P(e/®)] admits the same shape as that of the desired loop transfer
matrix, then for each integer i,

i[M(e)] = 0[S, ()€, ']
represents the ideal sensitivity shape at the plant input and
6i[M(e)] = 0i[2,'S, ()]

represents the ideal sensitivity shape at the plant output. In addition, by the
normalization property there hold

N(@9)N () = P(ei®) [1+P(eiw)*P(er)rp(eiw)*,

N(&?)*N(el®) = P(el®)* [1+P(eiw)p(ejw)*} “peo). (6.78)
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Fig. 6.6 Feedback controller
K(gz) = W, (2)Ky ()W (2) Wi(z) P(z) P(z)

Ky (2) W)(2) K(z)

Hence, under the same hypothesis on o;[P(el®)] for each i, both
GiN(?)] = ai[T, ()2, "], GiN(E?)] = 0i[€2, ' T, (/)]

represent the ideal shape of the complementary sensitivity.

The desired loop shape for the plant model is rarely true in practice. A procedure
to modify the frequency shape of P(z) is by means of frequency weighting functions.
Simple compensators such as static gains, accumulators, and lead/lag transfer
functions can be introduced to each row or column of P(z) so as to shape its singular
value plots. That is, stable and minimum phase transfer matrices Wi (z) and W»(z)
are searched for such that

Py (z) = W2 (2)P(2)Wi(z) (6.79)

admits the desired loop shape. A feedback controller Ky (z) is then designed for
the weighted plant Py (z). The feedback controller K(z) as in Fig. 6.1 can then be
recovered via

K(z) = W1 (2)Kw (2)Wa(z). (6.80)

This is illustrated in Fig. 6.6.
The following example illustrates the loop shaping procedure.

Example 6.10. Consider the flight control example in Problem 1.11 from Chap. 1.
Under the sampling frequency of 40 Hz, the discretized model has the following
singular value plots in frequency domain (Fig. 6.7).

In order to have zero steady-state error for step inputs, weight function with
pole at 1 is employed. After a few trials, W(z) = diag(—2,1,—2)W(z) is taken
where W (z) = 24.12+0.24/(z— 1). The singular value plots for the weighted plant
Pw (z) = P(z)W(z) are shown in Fig. 6.8.

It can be seen that the magnitudes of the shaped plant are raised greatly at low
frequencies. In addition, it maintains good roll-off at high frequencies. In fact, all
the three singular values are below 0dB after @ > 0.2 or 87 rad/s in terms of the
physical frequency, since @ = 1 corresponds to 407 rad/s. With 7y = 0.025 s, the
discretized realization matrices are found to be

0.0001 0.0283 0.0000 —0.0248
0.9986 —0.0043 —0.0000 0.0017
0.0000 1.0000 0.0247 —0.0003 |,
0.0013 —0.0000 0.9785 —0.0248
0 —0.0072 0.0000 0.0258 0.9827

Ag

|
oo o~
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Fig. 6.7 Plant singular value plots versus normalized frequency

Weighted singular values (dB)

Fig. 6.8

100

-80

1078

1072

107 100

Normalized frequency

Plant weighted singular value plots vs. normalized frequency



6.2 Control System Design 263

—0.0000 0.0000 0.0000
—0.0000 0.0250 —0.0000

B; = 0.0001 0.0000 —0.0005 | ,
0.0109 0.0000 —0.0411
0.0040 —0.0001 —0.0024

and C; remains the same as that of the continuous-time one.

6.2.2 LQR Design via Root Locus

Root locus in classic control aims at placing the closed-loop poles to the desired
locations dictated by performance specifications. The LQR method, on the other
hand, reassigns the eigenvalues for multi-input systems to which the graphical
method of root locus is inapplicable. A significant problem in LQR design is how to
select the weighting matrices Q and R in order to achieve the desired locations for
closed-loop eigenvalues under state feedback. The answer turns out to be the root
locus.

Let the plant model be represented by P(z) = C(zI —A)~'B that has size p x m
and is of order n. In general, eigenvalues of A are not in the right locations to ensure
the performance. Feedback controllers need to be designed to reassign eigenvalues
for the closed-loop system in order to achieve the desirable output responses to
exogenous inputs such as step or disturbances. Control system design in the case of
p > m begins with the LQR performance index

J= leu (0)I1> +p2lICox(1)||* = ZHW I,
t=0

assuming that the state vector of P(z) is available for feedback. Thus, the LQR
problem admits the following state-space description:

x(t+1) = Ax(¢) + Bu(z), x(0) = xo,
w(t) = [pOCO}X(t)Jr mu(t)- 6.81)

Selection of Cy impacts eigenvalue assignment directly.
Specifically, the corresponding LQR state-feedback control law is u(t) = Fpx(r)
that is parameterized by p and specified by

F, = —(I+B*X,B) 'B'X,A,
X, = A"X,(I+BB*X,) 'A+ p*C;Co, (6.82)
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with X, > 0 the stabilizing solution. Eigenvalues associated with the closed-loop
system are poles of

(I —Fp(zl —A)"'B] ' =1+ F,(z/ —A—BF,)'B.

Denote Gy(z) = Co(zI —A)~'B and

G(z) = [(I)] +p ﬁ;’] (z—A)"'B.

Recall that L(z) := F,(z —A)"'B is the loop transfer matrix under the state
feedback in (a) of Fig. 6.5, which is often termed as the return difference. It is left
as an exercise (Problem 6.15) to show that for all |z| = 1, there holds

G(2)"G(z) = I+ p*Go(2)*Gol(z)
= [I-L(2)]"(I+B*X,B) [ - L(z)]. (6.83)

In the case of m = 1, the above equality implies
1 -L(e)|>r:=(1+BX,B)/* ¥ 0. (6.84)

Hence, the Nyquist plot of —L(e/®) for @ € [, 7] does not intersect the disk of
radius r centered at —1 as shown next.

Consequently, the system admits phase margin of 2sin~! (r/2) and gain margin
of either (1+7) or (1 —r)~!. See Problem 6.16 in Exercises. If m > 1, the inequality
(6.84) is replaced by

o[l - L(&°)] > r:=o[(I+BX,B) "/} Vo (6.85)

where o(-) denotes the minimum singular value. Similar interpretation of the
stability margins can also be obtained.

Denote a(z) = det(z/ —A) whose roots are eigenvalues of A and ar(z) = det(zl —
A — BF,,) whose roots are eigenvalues of (A +BF,). If m =1,

_ bo(z)

Go(z) = Co(ZI—A)le als)

For real rational G(z), the equality (6.83) leads to

2bo(z Dbo(z)  ar(z Var(z)
a(z Da(z)  rfa(z Da(z)’

1+p

It follows from the above equation that

r2ar(z Dar(z) =a(z Ha(z) + pbo(z bo(z). (6.86)
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Fig. 6.9 Stability margins
represented by the disk on

o > |

Root locus of Z"ar(z~!)ar(z) = 0 can be sketched for 0 < p? < oo where n is the
dimension of the state vector x(z). The root locus of ap(z) = 0 are those inside the
unit circle.

The case of p — 0 corresponds to low state weighting that is equivalent to
expensive control. In this case, roots of a5 (z) = 0 are stable roots of a(z) =0 plus the
mirror images of unstable roots of a(z) = 0 about the unit circle that is less inspiring.
The case that enlightens the design is when p — o. Let d be the degree difference or
(n—d) be the degree of by(z). For p — oo, roots of ar(z) = 0 approach stable roots
of by(z) = 0, the mirror images of unstable roots of by(z) = 0 about the unit circle,
and plus d roots approaching the origin. Because roots of by (z) = 0 are transmission
zeros of Go(z) = Co(zI — A)~'B, eigenvalue assignment can be conveniently
achieved through synthesis of Cy such that Go(z) has transmission zeros in some
special locations of the complex plane plus those at the origin. These zeros are used
to attract the n stable root loci of the right-hand side in (6.86) with parameter p> so
that the desired eigenvalues of (A + BF},) can be achieved at some p > 0.

An important issue worth discussion is that large p yields small r, the radius of
the circle in Fig. 6.9. Indeed, by replacing X, with p?X and taking limit p — oo, the
ARE in (6.82) can be written as

X = A*XA — A*XB(B*XB)"B*XA + C}Cy

in which B*XB may be singular, and thus, the generalized inverse is used. The
stabilizing solution X exists and is finite under the stabilizability of (A,B) and
observability of (Cyp,A) on the unit circle. If in addition B*XB is invertible, then
X, — p?X — 00 as p — oo. As a result, r = [o(I + B*XB)]"/2 — 0. That is,
the stability margin shrinks to zero as p — co. For this reason, the value of p is
prohibited from being large. But if zeros of Cy(z/ —A)~' B can be arbitrarily assigned
with Cp, a reasonable value of p > 0 can be used to place roots of ar(z) =0
to the desired locations including those near the origin, provided that zeros of
Co(zI —A)~'B are assigned to some suitable locations obtained through trials and
errors. It is important to observe that there is an inherent conflict between stability
margins and the performance. In fact, desired eigenvalue locations are achieved at
the expense of stability margins. In the case of m > 1, the root locus needs to be
carried out for

det [I+p*B*(z '1-A")"'CjCo(zf —A)'B] =0 (6.87)
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where p = 0 — co. The above can be converted to computation of eigenvalues
(Problem 6.17 in Exercises). The next result answers the question when the
transmission zeros of Cy(zI —A)~'B can be arbitrarily assigned with Cp.

Lemma 6.3. Let A and B be matrices of size n X n and n X m, respectively. Suppose
that B has rank m. Then (i) the transmission zeros of Go(z) = Co(zI —A)~'B
can be arbitrarily assigned with Cy of size m x n, if and only if (A,B) is reachable;
(i) the transmission zeros of Go(z) = Co(zI — A)~'B are all strictly inside the unit
circle for some Cy of size m X n, if and only if (A, B) is stabilizable.

Proof. Without loss of generality, (A,B) can be assumed to be of the following

form:
Aqy Alz] |:RB]
A= . B= (6.88
[A21 Axn 0 )

where A1 and Rp are square and of the same size m x m. If it is not, QR factorization
can be applied to B to yield B = QpRp where Qp is orthogonal and Rp is square and
upper triangular matrix. Hence, an orthogonal Q| exists such that O, = [QB (0] J_]
is square and unitary. A similarity transform 7 = Q} can be applied to obtain
(TAT*,TB) which have the same form as (A, B) in (6.88).

Let Co = [Co; Cpa | with Cpy = 1. Then the transmission zeros of Go(z) are the

roots of
o A—zl B B
Ag(z) == det<[ Co 0:|) =0.

Substituting the expressions of Cy and (A, B) in (6.88) gives

(A1 —zl A Rp —C2 0
Ap(z) = det Axyy A —zd 0 I 0
1 Co 0 7

1
0
0
[
= det * Aoy —A21C02 —zl 0
L]

= +det(Rp)det(Azy — A1 Cop — ).

Hence, the transmission zero assignment with Cp is the same as eigenvalue
assignment of (Ayy — A»1Cpp) with —Cy, as the “state-feedback gain” and A as
the equivalent “B” matrix. Since

. An—z A Rp
rank{[A—zIB}}—rank{[ Ayt Ay — 21 0]}

= m—l—rank{[Azz—ZIAzl}},
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the reachability and stabilizability of (A,B) are equivalent to those of (A22,A21),
respectively. Therefore, Theorem 3.25 can be applied to conclude (i), and
Theorem 3.26 can be applied to conclude (ii). O

Example 6.11. Consider the flight control example in Chap. 1. Its discretized plant
model is computed in Example 6.10 under the sampling frequency of 40 Hz. Let
A=A, and B = B,. The QR factorization yields

—0.0042 —0.0023 0.0118 0.9372 0.3486

—0.0000 —1.0000 —0.0000 —0.0034 0.0026
T=0Q,=|-0.0118 0.0036 —0.0043 —0.3486 0.9372
0.9287 0.0000 —0.3705 0.0045 0.0117

0.3705 0.0000 0.9287 —0.0117 0.0046

The above similarity transform results in

[ 0.9900 0.0244 ~ [-0.0162 —0.0000 —0.0188
271 .0.00391.0094 " ' 7| 0.0188 —0.0001 —0.0169 |

Suppose that the desired damping ratio is { = 0.5901, corresponding to 10%
overshot, and w, = 10, which yield the settling time of 0.6779s (within 2% of
the final value). The desired closed-loop poles are thus —5.9010 &= j8.0733 that are
mapped to 0.8453 £ j0.17301n discrete time under the sampling frequency of 40 Hz.
By taking

Coo = —A%;(An1A35) 1Sy (6.89)

for some square matrix S, it leads to

0.84530.1730
An —Anle =4n+5 = [—0 1730 0 8453}

that admits the desired eigenvalues at 0.8453 & j0.1730. The above yields

o _ [ 08453 017301 _ [—0.1446 0.1486
07 | Z0.1730 0.8453 271 20,1691 —0.1641

and Cp; in (6.89). It follows from Cy = [I C()z] Q7 that
4.3962 —0.0022 7.8782 0.8377 0.4034
Co = | —0.0390 —1.0000 —0.0057 —0.0033 0.0021

—8.0280 0.0035 3.4316 —0.3903 0.8365

It can be verified that Cy(z/ —A) ! B has finite transmission zeros only at 0.8453 +
j0.1730 and det(CyB) # 0.
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As discussed in the previous subsection, state feedback as depicted in (a) of
Fig. 6.4 focuses on the sensitivity at the plant input that is given by

S, (z) =1+ Fp(zl —A—BF,) " 'B.

But if the design objective is the sensitivity at the plant output, then output injection
in (b) of Fig. 6.4 will be under consideration that is dual to LQR. In this case, the
state estimation gain L, is computed first according to

Y, = AY,(I+C*CY,) 'A* + p*BoB;,
Ly, = —AY,C*(I+CY,C*) !, (6.90)

where By is chosen such that transmission zeros of C(z —A)~'By are in the right
place to help assign eigenvalues of (A 4 L,C) to the desirable locations with the aid
of the parameter p > 0. The computation of L, is dual to that of Fj, in (6.82) and
previous discussions on selections of Cjy and p are applicable to selections of By and
p here. As a result, the sensitivity at the plant output is given by

S,(2) =1+C(zl —A—L,C)"'L,.

In the next subsection, the design procedure of LTR will be introduced to recover
the desired sensitivity in the case of output feedback.

6.2.3 Loop Transfer Recovery

Consider the feedback system in Fig. 6.1. LTR is a design procedure for the output
feedback controller K(z) to recover the desired transfer matrix achieved under state
feedback or output injection. As such, the desired sensitivity and stability margins
are also recovered under LTR. The key lies in the estimator structure of K(z). In
fact, the control signal is based on the estimated state from a Kalman filter or its
dual, to be precise.

Suppose that the desired sensitivity is at the plant input. Let the state-feedback
gain F be synthesized with either the frequency loop shaping or LQR-based
eigenvalue assignment. LTR aims at synthesis of the state estimation gain for the
output feedback control system to recover the same performance achieved under
state feedback. Perfect recovery is possible only under some restrictive conditions.
This problem is dual to state feedback by considering the associated filtering ARE:

Y = AYA* — AYC*(q 2 +CYC*)"'CYA* + BB". (6.91)
By denoting Y = ¢?Y, the above ARE can be rewritten as

Y = AYA* — AYC*(1 + CYC*) " 'CYA* + ¢*BB*
= AY(I+CC*Y)~'A* + ¢*BB*

that is similar to (6.75) or (6.90).
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Lemma 6.4. Assume that the plant P(z) = C(zI — A)"'B has an equal number
of inputs and outputs and det(CB) # 0. If, in addition, the realization of P(z) is
strictly minimum phase, then Y = BB* is the stabilizing solution to the filtering ARE
(6.91) in the limiting case of g — oe.

Proof. In the limiting case of ¢ — oo, ARE (6.91) is reduced to
Y = AYA* — AYC*(CYC*)~'CYA* + BB". (6.92)

Since det(CB) # 0, Y = BB* clearly satisfies the above ARE. The corresponding
state estimation gain is given by

L=—AYC*(CYC*) ' = —AB(CB) . (6.93)

It follows that A 4 LC = A[l, — B(CB)~'C]. Since det(CB) # 0, the plant model
P(z) = C(zI — A)~'B has precisely (n—m) finite zeros that are strictly inside the
unit circle in light of the hypotheses. By noting that

72C(zI —A)"'B = CB+C(zI —A)"'AB
= [I+C(zf—A)"'AB(CB)"'| CB
= [I-C(zI—A)"'L| CB,

there holds the equality
' [C—A)"'B] " = (CB) ' [I+C(edI—A—LC)'L].

Hence, eigenvalues of (A + LC) are (n —m) zeros of P(z) plus the remaining m at the
origin which are all stable. It is thus concluded that Y = BB* is indeed the stabilizing
solution to the filtering ARE (6.91). O

It is commented that the hypothesis of strictly minimum phase on realization
of square P(z) in Lemma 6.4 implies stabilizability of (A,B) and detectability of
(C,A). Hence, the existence of the stabilizing solution to ARE (6.91) is ensured and
is given by ¥ = BB*.

Let L be the estimation gain obtained in accordance with (6.93). The LTR design
method sets the output feedback controller to be

K(z) = —zFi (I —A—LC)"'L, F =—(+BXB) 'B'X, (6.94)

where X > 0 is the stabilizing solution to the control ARE in either (6.73) orin (6.82)
dependent on which design method is used. There holds F = F1A. The controller in
(6.94) is of the dual form to the state estimator that will be clarified at a later stage.
The following result demonstrates that

K(z)P(z) = F(zI —A) !B, (6.95)

if P(z) is square, strictly minimum phase, and det(CB) # 0.
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Theorem 6.12. Consider the square plant P(z) = C(zI —A)~'B. If (i) det(CB) # 0
and (ii) the realization of P(z) is strictly minimum phase, then the equality (6.95)
holds where K(z2) is the output feedback controller in (6.94).

Proof. 1t is recognized that IT = B(CB)~!C is a projection matrix, and there hold
LC = —AII and (I — IT)B = 0. Denote

A(z) =F(z —A)'B—K(2)P(z).

The proof is hinged to proving A(z) = 0 that is equivalent to the equality (6.95). By
direct calculation,
A(z) = FA(d —A) "B+ zF (dd —A—LC) " 'LC(zI —A)™'B
= F(zl —A) 'B—zF (2 —A+AIT) Al (2l —A) " 'B
= F(zd —A) 'B—zF[zd — (I— TN A] ' (zl —A) !

= F[ad—(I— H)A]’l[zl—(I—H)A—zH](zI—A)’I
= Fled — (I—A] ' [(I - IT)(zI —A)](zI —A)'B=0,
in light of the fact (I — IT)B = 0. O

Theorem 6.12 shows that the loop transfer properties in the case of state feedback
can be perfectly recovered by the output feedback controller provided that the two
assumptions in the theorem hold. Roughly speaking, K(z) has m hidden modes at
the origin which are canceled by m zeros at the origin due to z in the front. The
remaining (n — m) poles of K(z) are canceled by the (n — m) finite zeros of P(z)
which are all stable under the given assumptions. Because the loop transfer matrix
is the same as in (6.95), the closed-loop poles are eigenvalues of (A + BF) which lie
in the desired locations.

The LTR procedure requires that the open-loop plant P(z) be square with full
normal rank. The root locus argument in the previous subsection can also be used
to fulfill this requirement in the case of p # m that is called square down. Cautions
need to be taken without increasing the number of unstable zeros of the plant in the
process of square down.

Example 6.13. Consider the inverted pendulum discussed in Chap. 1. Under the
sampling frequency of 4 Hz, the discretized plant is obtained as

0.0383z> — 0.1430z> — 0.0284z +0.0160
0.1408z> —0.22837% + 0.0344z + 0.0532

7 —5.555623 + 6.0481z2 — 1.5526z + 0.0601°

CNE

The transfer function P(z) is discretization of G,¢(s) and has a zero at 1 due to
the zero of G,g(s) at the origin. For this reason, Pj(z) and P»(z) are low pass and
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Fig. 6.11 Root locus showing zeros of the squared-down plant

high pass, respectively. To better illustrate its frequency response, magnitude
responses of the two transfer functions in P4(z) are plotted separately below with
the solid line for the first and the dashed line for the second (Fig. 6.10).

Hence, the sampling frequency of 4 Hz is warranted by well below —20 dB for
both of the magnitude responses at half of the sampling frequency. To square down
the plant, let P;(z) = C(z —A)~'B with C consisting of C; and C; as the first and
second row of C, respectively. By taking Cy = C, — yCi, the root locus for Py (z) =
Cy(z —A)~'B = 0 with respect to 7 > 0 can be sketched. From Fig. 6.11, it can be
seen that the squared-down plant model P,(z) is not minimum phase for all y > 0.
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Fig. 6.12 Root locus showing zeros of the squared-down plant

In fact, Py(z) is not minimum phase even for y < 0. There are two ways to bypass
the problem. By noticing that P»(z) = C>(zI — A)~'B has two zeros at 1, Py, =
Co¢(zI — A)~'B can be taken as an approximate squared-down plant that moves the
zero at 1 to (1 — &) for some very small € € (0, 1). The state-feedback gain F}, can
be synthesized based on P»¢(z). The second way involves more effort by considering
dynamic square down as shown next:

Py(z) = [—}/(1 —az ") (1 —bzfl)] P,(z).

By taking a = —0.42 that is on left of the zero of P»(z) at —0.419, and b = —0.37
that is on right of the zero of Pj(z) = Cy(z/ — A)~'B at —0.378, the root locus for
Py4(z) = 0 for y > 0 can be sketched as shown in Fig. 6.12.

The dynamically squared-down plant Py(z) = Cya(zl — Asq) 'Bsg is indeed
strictly minimum phase and satisfies CsqBsq # 0 at y ~ 0.45. O

Under the equality (6.95), the transfer matrix
Sin(z) = [ - K(z)P(z)] ' =I+F(z —A—BF)"'B

is the sensitivity at the plant input for the feedback system in Fig. 6.1 that is identical
to S, (z) in (6.71) under state feedback. It is important to note the difference of
Sin(z) from the sensitivity at the plant output. That is, the desired performance and
stability margins are achieved at the plant input rather than at the plant output. If,
instead, the stability margin at the plant output are the design goal due to the tracking
performance or disturbance rejection at the plant output, then state estimation gain
needs to be synthesized first.
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Suppose that L is synthesized via either frequency loop shaping or eigenvalue
assignment with the dual LQR. That is,

L=—-AYC*(I+cyc)™!

where Y > 0 is the stabilizing solution to the filtering ARE either in (6.75) for the
case of loop shaping or in (6.90) with Y =Y}, for the case of eigenvalue assignment.
Let y(z) be the plant output at time ¢. The corresponding Kalman filter is given by

K1 = (A+LC)&,, 1 — Ly(t) + Bu(r)
X = (1+Llc)ﬁt\t—1 —Ly(1), (6.96)

where L; = —YC*(I1+CYC*)~! and thus L = AL,.

Under the same two assumptions as in Theorem 6.12, the dual LTR method
computes the state-feedback gain F = —(CB)~'CA with X = C*C the stabilizing
solution to the control ARE

X =A*XA—A*XB(B*XB) 'B*XA+C*C.

The control input signal is set as u(z) = F%,|, that results in a feedback controller
based on Kalman filter. Indeed, by time update,

X1 =A% +Bu(t) = (A+BF)%,.

In conjunction with the second equation in Kalman filter (6.96), it yields

f(ﬂrl\t = (A+BF)(I+L1C)7A(I\171 - (A+BF)LIY(I)7
u(t) = FRy, = F(I+ LiC)%— — FLyy(1), (6.97)

that is the state-space description for the output feedback controller K(z).

Remark 6.2. The output feedback controller described in (6.97) admits the transfer
matrix K(z) = —[D+ C(zf —A)~'B] and has the same form as the .43 controller
specified in (6.35) for the case Dy = 0. Indeed, by noting AL; = L and setting
Lo = FL,, there hold

A = (A+BF)(I+LiC) = A+ BF +LC+ BLC,

B=L+BL), C=F+L,C, D=L,

that has the identical from to the realization of the .74 controller in (6.35).

Now recall the expression of F = —(CB)~!CA leading to BF = —ITA with IT =
B(CB)~'C a projector. It follows that A + BF = (I — IT)A and

(I+L,C)(A+BF) = (A+BF)+L,C(I — [T)A = A+ BF (6.98)
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by C(I —IT) = 0. Multiplying the first equation of (6.97) by (I + L;C) from left
and setting &(k) = (I +L1C)%;_; fork =1+ 1 and k =1 lead to a new state-space
description for K(z):

%(t+1) = (A+BF)X(t) — (A+BF)Lyy(t)
u(r) = FR(t) — FLyy(1) (6.99)
in light of (6.98). The transfer matrix of K(z) is obtained as
K(z) = —[FLi +F(z —A—BF)"'(A+BF)L]
= —F(I—A—BF)" 'L, (6.100)

that is dual to the feedback controller in (6.94) and provides the estimator interpreta-
tion for the output feedback controller. The next result follows from Theorem 6.12,
and thus, the proof is skipped.

Corollary 6.4. Consider the square plant P(z) = C(zI —A)~'B. If (i) det(CB) # 0
and (ii) the realization of P(z) is strictly minimum phase, then the feedback
controller K(z) in (6.100), with F = —(CB)~'CA and L, = AL, computed from
(6.90), achieves perfect LTR, that is,

P(z2)K(z) = C(zl —A)"'L. (6.101)
Under the equality (6.101), the transfer matrix
Sou(z2) =[[—K(Z)P(z)] ' =I1+C(—A—-LC)"'L

is the sensitivity at the plant output for the feedback system in Fig. 6.5, identical to
S, (2) in (6.72) under output injection. Hence, performance and stability margins are
perfectly recovered at the plant output, which is dual to the preceding LTR method.

It is noted that perfect LTR is achieved under the two assumptions in
Theorem 6.12 and Corollary 6.4 which are questionable. Clearly, the minimum
phase assumption is violated under high sampling rate that is a known fact. On
the other hand, the assumption det(CB) # 0 can also be violated if the underlying
continuous-time system has pure time delay exceeding the sampling period. It is
intuitive that perfect LTR is not possible when both assumptions fail to hold. Two
questions will be answered next. The first one is how the LTR design method should
be modified so that it is applicable to feedback design for more general systems. The
second one is how the recovery error can be characterized in terms of the desirable
loop transfer matrix. The following result in instrumental.

Lemma 6.5. Consider the square plant model P(z) = C(zI — A)~'B with stabiliz-
able and detectable realization. If P(z) has full normal rank void zeros on the unit
circle, then there holds following factorization:

P(z) = Co(2)Pm(z), Pm(z) =Cm(zl—A)'B, (6.102)
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where Cy(z) is a square inner (all pass and stable), the realization of Py (2) is
strictly minimum phase, and det(Cy,B) # 0.

Proof. By the hypothesis, there exists an integer k¥ > 0 such that
MP(z) =D+ Cx(zl —A)'B, Dy =CA*B#0.
In light of Remark 5.1 and (ii) of Theorem 5.28 in the previous chapter,
ZHP(2) = Pi(2)Po(2)
with Pj(z) an inner and P, (z) an outer if A is a stability matrix. If A is not a stability

matrix, then P, (z) is strictly minimum phase. Specifically, let R, = D.D and Z > 0
be the stabilizing solution to the ARE

Z=A"ZA+Ci.Cx— (A*ZB+CiDy) (R + B*ZB) ' (B*ZA + Di.Cy).

The full normal rank condition for P(z) implies that Q% = Ry + B*ZB is nonsingular.
The state-feedback gain Fix = —(Rx + B*ZB) ! (Di.C + B*ZA) is stabilizing.
Moreover, Pi(z) and P,(z) have the following expressions:

A+BF¢ | B

P; =
i@) {CHDKFK Dy

}.Ql, Po(z)—.Q{ A B]

—Fx|l
It is noted that Fy. = I?KA where

Fe = —(Rc+B*ZB) " (D CAX +B*Z).
The expressions of R and D lead to

Ry+B*ZB = B*(A*™C*CAX +Z)B,
DiCAX + B*Z = B*(A*C*CA* + 2).

It follows that I = —I?KB, and thus:

AlB ~ .
P(z) = -0 — _QF.(zI—A)'B.
(@) [FKA FKB} 2QFc(dl—A)

Setting C,(z) = 2 *Pi(z) and Cp, = —QF leads to the factorization in (6.102).
Since det(CpB) = det(Q2) # 0, and zeros of Py(z) are eigenvalues of (A + BFy)
which are all stable, Pp(z) = Ci(zf — A)B is indeed strictly minimum phase that
completes the proof. a
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Example 6.14. Consider the plant model

z—2
Plz) = 72(z+1.5)(z—0.5)°

A simple realization is obtained as

~-110
A=107501|, B=| 1|, C=[100].
000 -2

Taking ¥ = 1 and carrying out the calculations in the proof of Lemma 6.5 yield
Z = zz* with z* = [ —0.9073 0.4124 —0.6598 |. As a result,

Fie = [0.6429 —0.4286 0.2857] ,
F = [—0.9643 0.6429 —0.4286 ] .

Hence, Pi(z) and P,(z) can be easily computed accordingly. Both do not admit
minimum realizations. Specifically, P;(z) has two unobservable modes at the origin,
while P, (z) has two unobservable modes with one at the origin and the other at 0.5.
After eliminating these unobservable modes, it leads to

0.5z—1 271

Gl ==osy M@=

Recall C,(z) =z *Pi(z) and Pm(z) = 27 1P, (2).

The dual LTR design method synthesizes the estimation gain L = AL; in
accordance with either (6.75) or (6.90) regardless of the assumptions on minimum
phase and det(CB) # 0. However, the state-feedback gain is replaced by F =
—(CnB)~'CnA based on the plant model Py, (z) rather than P(z), because Py, (z)
satisfies the two assumptions in Theorem 6.12 and Corollary 6.4. As discussed
earlier, perfect LTR is not possible. The next result characterizes the recovery error.

Theorem 6.15. Suppose that P(z) is factorized as in Lemma 6.5 and the dual LTR
is applied to Py, (z). Under the stabilizability and detectability condition,

P(2)K(z) = [H(z) —E(2)][l — E(z)] ! (6.103)

where H(z) = C(zI — A)~'L is the target loop transfer matrix and E(z) = [C —
C.(2)Cin](zl — A)~'L is the error function.

Proof. In light of (6.97), the dual LTR feedback controller is given by

K(z) = —zF[d — (I+L,C)(A+BF)| 'L,
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by taking X(¢) = (I +L1C)%,,_; as the state vector where L = L 1A, Ly = —YC* (I +
CYC*)’1 with ¥ > 0, the stabilizing solution to some filtering ARE, and F =
—(CnB)~'CnA. Denote @ = (zI —A)~! for convenience. The feedback controller
can be written as

K(z) = —zF (2l —A— BF — LiCA— L|CBF)~ 'L,
= —zF(I — ®BF — ®L,CA — ®L,CBF)~'®L,.

Since ®L|CADBF — z®PL|CPBF = —®L,CBF, there holds

¥ := (I — ®L|CA)(I — ®BF) — z®L,CDBF
= I— ®BF — ®L|CA — ®L,CBF.

Consequently, K(z) = —zF¥~!®L, is given by
K(z) = —zF[(I — ®L,CA)(I — ®BF) — z®L,CPBF] ' ®L,.
Using identity (I — ®L;CA)~'®L; = ®L; (I — CA®L;)"! yields
(I— ®LCA) '®L = ®L (I —CPL) ' = &L (I—H) !
by AL; = L where H(z) is the desired loop transfer matrix. It follows that
K(z) = —z[ - FOB— FOL, (I —H) ' (zCOB)F| "' FOL, (1 —H) ..

A similar notation is H,,(z) = Cn (2l —A) 'L = CA®L,. Upon substitution of F =
—(CmB)~'CnA into the above K(z) with suitable rearrangement yields

K(z) = z[CnB+ CA®PB +Hyy (I — H) ! (zCOB)| 'Hy(I—H) '

It is recognized that C,B + CADPB = zC, @B and recall that C®B = C,C,, PB
where C,(z) is inner (stable and allpass). The following expression of K(z) is
obtained as

K(z) = [Cu®B +Hp(I —H) "' C,Cn®B] 'Hin (1 - H) .
The loop transfer matrix under output feedback is
P(z)K(z) = C,(z)Cn®BK(z).
Upon substituting the previous expression of K(z) gives

P(2)K(z) = Cu[l —Hu(2)({ —H)"'Cy] 'Hyy (1 — H) !
= CaHm(I—H+CaHm)71
= [H- (H-CHy)][l - (H—C.Hy)]".
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By recognizing H — CuHy, = (C — CoCn)(zf — A)"!'L = E(z) to be the error
function, the proof is concluded. a

The equality in (6.103) can be rewritten as
E(z) = [ - P()K(2)] ' [H(z) — P(2)K(2)]

providing an alternative expression for the error function. For the dual LTR
design method, the overall transfer matrix or the complementary sensitivity for the
feedback system in Fig. 6.1 is obtained as

Try(z) =PK(I—PK) ' = CyCn(z/ —A—LC)" 'L (6.104)

that is simpler than the corresponding one obtained with the original LTR design
method. In addition, the sensitivity at the plant output is given by

Sout(z) = [I —E(2)][[ + L(zI —A—LC) " 'B. (6.105)
Its proof and its dual are left as an exercise (Problem 6.18 in Exercises). While
(C—CuCn)(zI —A)'B=0,

the error function E(z) = (C — CoCn)(zI —A)~'L is not identically zero. In fact,
magnitude response of E(z) determines the recovery performance.

It is worth to mentioning that good tracking performance also depends on the
frequency shape of the loop transfer matrix P(z)K(z). Accumulators and lead/lag
compensators can be employed to shape the plant model prior to carrying out the
LTR design that will be clarified with design examples. Since Theorem 6.15 is
concerned with the dual LTR design procedure, there is a need to provide the LTR
design procedure that is summarized in the following without proof.

Given a square plant P(z) = C(z —A)~'B and the state-feedback gain F = F|A
obtained via either the loop shaping method in (6.73) or the LQR method in (6.82)
where F| = — (I +B*XB)~'B*X, the LTR controller is synthesized as follows:

» Compute factorization P(z) = Py (z)Ba(z) where B,(z) is square inner and the
realization of Py (z) = C(zI —A)~'By, is strictly minimum phase and satisfies
det(CBp) # 0:

— Find integer k¥ > 0 such that CA'B = 0 for 1 < i < x and CAB # 0; Set
Dy = CA*B and By = A¥"!B. Thus,

ZTP(z) = Dy +C(a — A) ' By
— Compute the stabilizing solution to the ARE
Z =AZA* 4+ BBy, — L (DD} + CZC*) L},

where Ly = —(BD% +AZC*) (DD +CZC*) 7.
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— Set Q = (D D%+ CZC*)'/? that is nonsingular and

| [A+ LeC|By + LDy
c | D«

B.(z) =7z Q"

— Set B, = —ZKQ where
Ly = —(A"BD%. 4 ZC*)(DyDL +CZC*) ™"

« SetK(z) = —zFi[ed — (A+LC)(I+ BFy)] 'L with L = —ABy(CBp) .

It is commented that if the two assumptions in Theorem 6.12 hold, then B,(z) =1
for all z, and thus, the factorization step can be skipped.

Remark 6.3. A similar 7743 interpretation to that in Remark 6.2 holds for the
feedback controller. Specifically, by taking Lo = F L and noting F' = FjA, realization
of the LTR controller K(z) is given by

K@) - [ (A+LC)(I+BFR) | L ]

|Fi(A+LC)(I+BF)|BF
'(1+BF1)(A+LC)|(I+BF1)L}

| R@A+LO) | Lo
B 'A+BF+LC+BL0C|L+BL0]
F+LiC | Lo

that indeed has the form of .74 controller in (6.35) for the case D>, = 0. However,
the closed-loop transfer matrix T,y (z) for the feedback system in Fig. 6.1 is not as
nice as that of the dual case in (6.104). For this reason, the following two-degree-
of-freedom control system is suggested:

where V(z) is the left coprime denominator of K(z) given by
V(z) =1—(F +LoC)[zl — (A+LC)] " 'B,
copied from (6.44) and Q, = (I +B*XB)'/2. It follows that

Ty(z) = P(I—KP)"'V Q!
=C(zI —A—BF) 'BQ!

by the double Bezout identity and the expression of the coprime factors in (6.43).
Hence, good tracking performance achieved by state-feedback control is carried to
the case of output feedback control.



280 6 Design of Feedback Control Systems

Fig. 6.13 Two-degree-of- -1
freedom control system QF r(t) V( )_1 O u(t) P( ) y(t)
—V(z N N z

Often the feedback controller Ky (z) is synthesized based on the weighted plant
Py (z). The weighted form of Py (z) = P(z)W(z) is more preferred, because it does
not alter the output to be controlled. Hence, the feedback system in Fig. 6.13 remains
the same by setting

K(z) =WE)Kw(z), V@) '=WE)Vy) .

If the controller reduction is carried out, then the simple expression of the overall
transfer matrix T,y(z) in Remark 6.3 does not hold anymore. It is left as an exercise
(Problem 6.22) to derive the new expression of Ty (z).

6.3 Design Examples

Two design examples are presented in this section with one for a flight control
system and the other for the inverted pendulum. Both loop shape and eigenvalue
assignment methods will be used to synthesize the MIMO feedback controller.
Detailed steps are worked out to illustrate the synthesis procedure. These steps
include reduction of the feedback controller.

6.3.1 Design of Flight Control System

The first design example is the flight control system considered in Example 6.10.
The state variables and control inputs are

x;  —relative altitude (m), u;  —spoilder angle (? x 10’1),
xp,  —forward speed (m/s), u, —forward acceleration (m/s2),
x3  —pitch angle (?), u3  —elevator angle (°),

x4  —pitch rate (°/s), xs  —vertical speed (m/s).

The three outputs are simply the measurements of the first three states, and thus,
C= [13 ()ZXQ]. The discretized plant under the sampling frequency of 40 Hz has
one real pole at 1 and four complex poles at

0.9804 £ j0.0252, 0.9995 £ j0.0046.
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Fig. 6.14 Step responses under input 1 (left) and input 3 (right)

The continuous-time plant has no finite zeros, but the discretized model introduces
two transmission zeros at —0.9960 and —0.9912.

The design specifications require that the percentage overshot is no more than
5%, the settling time for the first output be no more than 2.5s, or 100 sampling
periods, and be as small as possible for the other two outputs.

Using the same weighting as in Example 6.10 obtained after several trials,
singular values of the frequency response for the shaped plant is plotted in Fig. 6.8.
The resulting state-feedback gain F for the shaped plant is given by

—0.958 —0.0004 0.0055 —0.922 —0.006 —0.348 0.0028 0.43
—0.015 —0.9881 —0.0043 —0.027 —0.739 —0.010 —0.0009 0.01
—0.036 0.0015 —0.9972 —0.261 —0.002 —1.017 —0.1396 0.16

The step responses under the state feedback are plotted next which satisfy the design
requirements.

The three step responses under input 2 are not shown because they are much
better than the two in Fig. 6.14 and have no overshot with settling time no more than
0.5s. In light of the Remark 6.3, the overall transfer matrix is the same as

Tyy(z) = Cw (2l — Aw — BwF) 'ByQ,"

with (Aw, Bw,Cw ) the realization for Py (z) = P(z) W(z) due to the use of weighting
to shape the plant. Hence, the step responses under output feedback control are
identical to those under state-feedback control.

For the LTR step, it is noted that the plant P(z) = C(zl — A4)~'By is strictly
minimum phase and det(CBy;) # 0. In addition, the weighting functions are also
strictly minimum phase. Hence, the ideal loop transfer matrix can be perfectly
recovered. The output feedback controller can be computed according to (6.94),
but the expressions of its realization are omitted.
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Remark 6.4. In MIMO control system design, decoupling of the controlled outputs
is always an important issue. It is desirable to have little interaction between outputs.
In fact, the step responses in Fig. 6.14 satisfy the decoupling requirement. The trick
in achieving the decoupling lies in £,.. Since X > 0 is the stabilizing solution to the
control ARE, SVD can be used to arrive at

I+BjyXBy =USU* = Q.. Qo, =UVSU".
Thus, each €2, has the form Q, = V2, for some unitary matrix V by
Q Q. =Qj =I1+ByXBy.
The above results in the overall transfer matrix:
Try(z) = Cw (2l —Aw —BwF) ' By Qy 'V*.

Recall the normalized coprime factors in Sect. 6.2.1 and in particular (6.78). Since
T,y (z) = Nw(z) due to the use of the weighted plant, there holds ®,

T,y (e°) T,y () = Pyy () 1+PW(eiw)*PW(eiw)} 71PW(ej“’)*

at each frequency. Since both the plant and weighting do not have transmission zero
at 1, and Py (z) has pole at 1 for each of its entry due to the use of weighting,

lim Ty (1) Ty (1) = lim Ty (2) Ty ()~ = 1.

w—0 z—1

That is, Ty, (1) is a unitary matrix. By taking V appropriately, T,,(1) = I can be
made true. Hence, the output responses of the closed-loop system are asymptotically
decoupled. It is left as an exercise to show that the procedure for asymptotic
decoupling works for other types of the weighted plant models as well. O

The IBT algorithm from Sect. 6.2 is employed to reduce the order of the feedback
controller Ky (z), designed based on the shaped plant Py (z) using LQR/LTR. The
inverse balanced singular values are

3156,472.1,3.1516, 1.7677,1.5887,0.0465,0.0076,0.0017.

Truncation of three modes based on IBT yields very small loss of performance.
However, the controller Ky (z) cannot be reduced to lower than 5th order, since
it results in unstable feedback system. Singular values of the frequency response
of the loop transfer matrix based on the reduced 5th order controller Ky (z) is
plotted in Fig. 6.15, together with step responses. It can be seen that the reduced
controller performs very well. In fact, both frequency and time responses are very
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Fig. 6.15 Loop shape and step responses based on the reduced controller

close to those obtained with the full order controller. The actual feedback controller
K(z) = W(z)Kw (z) is of 8th order after including the weighting function which is
still greater than the order of the plant.

6.3.2 Design of Inverted Pendulum Control System

The discretized plant model under the sampling frequency of 4Hz is given in
Example 6.13. The objective is to stabilize the inverted pendulum with the dominant
poles at —1.5 &£ j that correspond to damping ratio of 0.832 and natural frequency
of 1.803 for the continuous-time system. Under the sampling period of Ty = 0.25s,
the desired dominant poles for the discretized closed-loop system are at pjp =
0.6659 £ j0.1700.

Different from the previous example, this control system design employs eigen-
value assignment to compute the state-feedback gain F,. Moreover, the plant has
two inputs and one output. Thus, square down of the plant model is necessary and is
discussed in Example 6.13. Let us consider first P, (z) as the approximate squared-
down plant. The goal is to assign eigenvalues of (A + BF}) at p; » with the rest close
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to the origin. To ensure the dominance of the modes corresponding to pj », the rest
of the eigenvalues needs to have magnitude e 1:5%:x(3~5) = 0.1534 ~ 0.3247. Since
m =1 (single input) and n = 4,

bo(z) = 2% + b12% + byz + b3

with {b;}3_, free parameters. Roots of by(z) are initially chosen at p; » plus the one
at 0.2. Let a(z) = det(z — A). Root locus for

,bo(2)bo(z 1)

a@ai 1)

I+p
is sketched which results in large p value in order to have two dominant stable

roots close to pj ». By moving the two dominant roots of by(z) = 0 away from p; »,
smaller value of p is resulted in. After a few trials,

bi(z) = 2% —2.12572 4+ 1.6441z— 0.3109

is obtained, and has roots at 0.9259 £ j0.53 plus the one at 0.2731. Although by (z)
is unstable, a stable b(z) exists such that

bo(z)bo(z 1) = by (2)bi1(z 7 }).

The corresponding root locus is shown next.

It is seen from Fig. 6.16 that at p> = 9.65, the dominant stable roots are at 0.656 +
JjO.17. Although these roots are not exactly the same as pj », they are very close to
each other, respectively. The other two stable roots of the loci are at 0.238 and
0.2731 that do not affect the dominant poles.

Next, Cy is synthesized such that

by(z)
a(z)

The procedure demonstrated in the proof of Lemma 6.3 and Example 6.11 can be
followed. By using the canonical controller realization,

Go(z) =Co(zl —A) 'B =

1 000
A= |0, An=|100],
0 010

and Rg = 1. Thus, (A2,A51) is in canonical controller form as well. Hence, for
C()1 =1and C02 = [bl bz b3],

det(z] —Ax +A2Cop) =2 +b12> +baz+ b3 = by(2).
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Fig. 6.16 Root locus for inverted pendulum design

After Cy is available, the stabilizing solution to the ARE in (6.82) can be computed
yielding the state-feedback gain

Fp =[—3.95615.1981 —1.4140 0.0585 | .

The eigenvalues of (A + BF),) are at 0.6580 + j0.2016 and 0.2715,0.0121. The
discrepancy from the stable roots of the root locus is probably caused by the
numerical problem in computing root locus.

It needs to be pointed out that » = 1/, /1 + B'X,,B = 0.1607 that is rather small.
The gain and phase of —F), (z/ — A)~!B are plotted in Fig. 6.17. The phase margin at
@, is about 11.65° that is close to 2sin~!(r/2) = 9.1975°.

The root locus method is very different from the loop-shaping method. In fact,
for the flight control system example, eigenvalues of (I +B’XB)’1/ 2 are between
0.74084 and 0.9588 that are considerably greater than 0.1607, indicating large gain
and phase margins for the loop-shaping method. These attributes do not exist for
the root locus method. On the other hand, the mathematical model for the inverted
pendulum is very accurate, implying that the small gain and phase margins do not
destroy the performance under modeling error. It will be seen next that the step
response of the inverted pendulum control system is actually very decent.

It is noticed that P,(z) = C(zI — A)~'B and Py (z) = Coe(zf — A)~'B share the
same A and B. Hence, the value of € is not used in the LQR part but is needed
for the LTR part of the design. By taking € = 0.001, Py(z) is strictly minimum
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Fig. 6.17 Loop gain/phase plots under state feedback

phase. Applying the LTR procedure based on the squared-down plant P> (z) leads
to Y = BB* as the stabilizing solution to ARE (6.92) with C replaced by C¢, and
L=—[39.4637.103400] .

Let the LQR/LTR controller designed based on P»¢(z) be

Ke(z) =zFip(zd —A—LCae) 'L, F, =FpA.

Then the two-degree-of-freedom control system in Fig. 6.13 can be used to imple-
ment K(z) = K¢ (z)W with W = [0 1], yielding

T,y (z) =PI+ KWP) 'V, 'Q ' =~ C(z2f —A— BF,) 'BQ™!
for the closed-loop system, in light of the perfect LTR. By taking
Q=[Ci(I-A-BF,) 'B]"!

with C; the first row of C corresponding to the position of the cart, near perfect
tracking for the cart position can be achieved. The step responses of the closed-loop
system with transfer matrix T, (z) are given in Fig. 6.18.

The solid line shows the step response of the position output, while the dashed
line shows the response of the angle position. Small overshot and fast settling time
are due to relatively large damping ratio and natural frequency used for the dominant
pole location. Unfortunately, the order of the feedback controller cannot be reduced.
In fact, the reduced order controller based on the IBT algorithm does not stabilize
the inverted pendulum. The reason probably lies in the poor stability margin and
near unit circle zero for the squared-down plant Py (z).

A second design is based on the dynamically squared-down plant Py(z) studied
in Example 6.13. Let

W(2) = [—y(1+0.4227) (14+03721)] =Dy + Cu(al —A,) B,
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Fig. 6.18 Step responses for the closed-loop inverted pendulum system

with ¥ = 0.45. The squared-down plant admits the following expression:

A 0B
Pyi(z) = W(z2)Py(z) = | B,C A,|0
D,,C C,,

Denote the realization of Pyy(z) by (Asd, Bsa,Csa ). By taking Cop = [CO 0] as the new
“Cy” matrix,

Go(z) = Colzl —Agq) 'Byg = a

remains the same. Hence, the same root locus procedure as earlier can be used.
However, the state-feedback gain F, is now replaced by Fp = [Fp 0} with Fj, the
same as that in the first design. See Problem 6.23 in Exercises.

The LTR design part is more different from that of the first design. Its main reason
lies in the higher order of the squared-down plant Pyy(z). Nevertheless, the model
Py4(z) is strictly minimum phase, and CygBsq = D,,CB is nonzero. Hence, perfect
LTR can be achieved. The required state estimation gain Lgg can also be easily
computed based on ¥ = BBy, that is the stabilizing solution to the corresponding
ARE in the LTR step. The LQR/LTR controller for the second design is obtained as

st (Z) = ZFIp (ZI _Asd - Lsdcsd)ilLsda
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where Fi, = —(I + B*XB)"'B*[X 0] = [Fi, 0]. The same two-degree-of-
freedom control system in Fig.6.13 can be used to implement K(z) = Kyq(z)W(z)
leading to

T,y (z) =PI+ Ka(z)WP) 'V,'Q '~ C(zf —A - BF,) 'BQ .

The step response of the closed-loop system with transfer matrix T,y (z) is very close
to that of the previous design. Hence, the step response plot is omitted.

The two different designs for the inverted pendulum control system result in
two very similar feedback control systems, even though the second one employs
dynamic square down. While both admit decent step responses, some problems exist
in its design method with the stability margin as the major one. Due to the difficulty
in using the root locus method for discrete-time systems, synthesis of F,, to achieve
both eigenvalue assignment and good stability margin is considerably harder than its
counterpart for continuous-time systems. Readers are encouraged to practice more
in order to gain more experience with root locus which will help to improve the
stability margin of the closed-loop system in future design of the feedback control
system based on the eigenvalue assignment method.

Notes and References

LQG control has been studied in many papers and books. The presentation in
this chapter is translated from 5% control [27, 126]. The design method of loop
shaping is based on [81, 115] which is developed for continuous-time systems.
The LQR/LTR design has been studied in [20, 26, 123], and is generalized to
discrete-time systems in [79, 124]. See also [9, 44,99, 105, 109]. This chapter also
provides the state-space formula for factorizing the unstable zeros and 7% controller
interpretation.

Exercises

6.1. Verify the expressions in (6.5) and (6.6).
6.2. Prove Theorem 6.4.
6.3. Verify (6.23), (6.24), and (6.17).

6.4. Show that the stabilizing solution X > 0 to ARE (6.15) is the reachability
gramian of Tg;(z) in (6.13) or of Typ(z) in (6.19).

6.5. Prove the error equations in (6.34) and show that Y > 0 to ARE in (6.31) is the
associated reachability gramian.
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6.6. Write Matlab function or m-file to compute the optimal feedback controller
K(z) for the LFT feedback system in Fig.6.3 under the assumptions of
Theorems 6.4 and 6.5. The m-file needs to take realization of the generalized plant
G(z) as input variables and realization of the controller K(z) as output variables.

6.7. Show that the normalized 7% control after Example 6.6 has the identical
optimal controller to the one in Example 6.6.

6.8. Verify the realizations in (6.43) and (6.44) and the double Bezout identity

-~omo] 5850

(Hint: Consider P(z) = —K(z) = D+ C(zI — A)~'B with (A,B,C,D) the same as
in (6.35) and K(z) = —G(z) with Dy = 0. Show that

where F = —C, and L= —B», and then use the results in Sect. 3.2.3 to derive the
expressions in (6.43) and (6.44) for the feedback system consisting of P(z) and

K(z).)
6.9. Prove inequality in (6.46) by first proving

SlI+98)7"] < =60

for each square matrix S satisfying 6(S) < 1.

6.10. Show that under the assumption in (6.57) plus (6.58), the observability
gramian P in (6.55) is the same as X to the ARE in (6.15) and the reachability
gramian Q in (6.56)is the same as Y to the ARE in and (6.31).

6.11. For T(z) =T;(z)T2(z) with T(z), T1(z), and T»(z), all stable proper transfer
matrices, show that

(i) [1Tlleo < I Tafleof|T2llee, (i) [ T[J2 < [T [|oo[[ T2 ]2

6.12. Let H and W be square complex matrices of the dimension. Partition A and
W compatibly as

wi

H=[H H)], W=
], W=
Suppose that WH = I, and thus, HW = H,W; + H,W, = I. Show that Omax (H1W)) =

Omax (HaW) with Omax (+) the maximum singular value.

6.13. Prove Corollary 6.1.
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6.14. Prove the stability condition (6.70) in Corollary 6.2.
6.15. Let G»(z) = D12 +Ci (2l — A)~ !B, satisfying the condition

D, [D12 €| =[RO]

Let X > 0 be the stabilizing solution to the ARE (6.15) and F be as in (6.16). Show
that for each real @, G12(¢?)*G2(e'®) > R and

[[—F(e°I—A)"'By]"(R+ B3XBy)[[ — F(e'°I—A)'By] > R
(Hint: This is dual to Problem 5.36 and thus one may begin by showing that the

left-hand side is the same as G12(el®)*G1,(el®) for each real @.)

6.16. Show that if the Nyquist plot does not intersect the disk of radius r > 0

centered at —1 as shown in Fig. 6.7, then the feedback system admits phase margin

of 2sin~!(r/2) and gain margins of (1 +7r) or ((1—r)~".

6.17. Consider root locus for (6.87). Suppose that det(A) # 0 and A;(A)A;(A) # 1
for all i # j. Let Qg be the unique solution to
Qo =A"Q0A + CyCo.

Show that the roots of (6.87) are eigenvalues of the following matrix:
3 1] o] trem o)
(Hint: Use the result in Problem 5.35 of Chap. 5 to show that
Go(2)~Go(z) = B*QoB+B*QoA(zl —A) " 'B+B*(z 'I—A)'A*QyB.
The zero eigenvalues of A correspond to z~! which can removed, but eigenvalues
on the unit circle can be difficult to deal with.)

6.18. (i) Verify the expression of the complementary sensitivity and sensitivity at
the plant output in (6.104) and (6.105), respectively. (ii) Find the results dual to
(6.104) and (6.105).

6.19. (i) Given (A,b) that is reachable with b a column vector, show that there
exists a nonsingular similarity transform 7 such that

—a; —ap - —ay 1
1 0 - 0
TAT '=1 0 ., Tb=

O - 01 0 0
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6.20. Let C and A be matrices of size p X n and n x n, respectively. Suppose that C
has rank p. Show that (i) the transmission zeros of Go(z) = C(zI —A)~'By can be
arbitrarily assigned with By of size n x p, if and only if (C,A) is observable; (ii) the
transmission zeros of Go(z) = C(zI —A)~'By are all strictly inside the unit circle
for some By of size n X p, if and only if (A, B) is stabilizable. (The proofs are dual
to those for (i) and (ii) in Lemma 6.3.)

6.21. Suppose that Py (z) is square and has neither poles nor zeros at 1. Generalize
the result in Remark 6.4 to the case when all singular values of Py (1) are
considerably greater than 1.

6.22. LetP(z) =C(zI —A)"'B and K(z) = V(z) ' U(z) with

(Vo o) - [t

for the feedback system in Fig. 6.13. Show that

A—BDy,'DyC BDy,'Cx BD!
Ty (z) = | BvDy'DyC — ByC Ak — ByDy,'Ck|-ByDy' | Q1.
C 0 | 0

(Hint: Consider P¢(z) = C(zI —A) " 'B+ D and find realization for
Try (Z) = [V(Z)Ps (Z)il + U(Z)]ilgljl

and then take D = €l — 0.)
6.23. For the second design of the inverted pendulum control system, the squared-
down plant is given by Py(z). Assume that A,, is a stability matrix. Show that the
stabilizing solution to

Xea = A%y Xsa(I + BsaBlyXsa) ' Asa + p*CiCo

has the form

X0
X =
sd [ 0 0]
where X > 0 is the stabilizing solution to
X =A*X(I+BB*X) 'A+p2cC*.
Use the above to obtain the expression of the state-feedback gain

F,=[F,0], F,=—(I+B"XB) 'B*XA.



Chapter 7
Design of Wireless Transceivers

Wireless communications have undergone a remarkable development since, early
1980s when the first cellular and coreless systems were introduced. Indeed, users
have experienced three different generations of cellular and coreless systems, which
are now being evolved into the fourth generation (4G). From initial narrowband
circuit-switched voice services based on FM (frequency modulation) technology of
1G to broadband wireless access with asymmetric bit rate approaching 1 gigabits per
second (Gb/s) of 4G, the wireless systems nowadays provide not only voice, but also
data and multimedia services seamlessly and ubiquitously. The wireless Internet and
online videos/games are increasingly part of our daily life, and smart phones and
other mobile devices are becoming essential components of our professional life.

The rapid development of wireless communications is not possible without
advancement of the wireless transceiver technology. Regardless the wide area
network (WAN) or local area network (LAN), wireless transceivers constitute the
physical layer of any wireless network. Their implementations usually involve a
combination of different technologies from CMOS (complementary metal oxide
semiconductor) to silicon bipolar or BiCMOS. Notwithstanding the hardware
progress, algorithms for digital signal processing in wireless transceivers have also
experienced major developments in the past two decades. Notables include those
for MIMO wireless channels in order to increase the data rate and to satisfy the
more stringent quality of service (QoS) requirements. This text focuses on signal
processing side of the wireless transceiver technology, including channel estimation,
equalization, precoding, and data or symbol detection which are fundamental to
design of wireless transceivers.

In this chapter, several wireless systems will be introduced, with emphasis
on DS (direct sequence) spread sequence CDMA (code division multiple access)
systems and OFDM (orthogonal frequency-division multiplex) modulated systems
over fading channels. Optimal algorithms will be presented for zero-forcing channel
equalization, precoding, and linear receivers. These algorithms are developed for
MIMO channels due to the multiuser nature of the wireless communication system
and multiple antenna technology. Finally, optimal multiuser symbol detection will

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 293
DOI 10.1007/978-1-4614-2281-5_7, © Springer Science+Business Media, LLC 2012
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be considered jointly with decision feedback. It will be seen that Kalman filtering
and LQR control play pivotal roles in developing optimal design algorithms for
wireless transceivers.

7.1 MIMO Wireless Communication Systems

There are quite a few different systems available for wireless communications. This
chapter is aimed at illustrating the application of optimal estimation and control,
and thus, the focus will be placed on CDMA and OFDM which dominate 3G
and 4G wireless systems. Since multirate signal processing underlies the wireless
transceiver technology, our presentation will begin with multirate devices and
filterbanks.

7.1.1 Multirate Transmultiplexer

Multirate digital signal processing has been widely used in telecommunications.
The following depicts the two frequently used sampling converters where L and M
are integers.

The L-fold expander on the left is the upsampling converter that increases the
sampling rate by a factor of L. Mathematically, the input and output are related
according to

(1) = x(t/L), t=0,£L,+2L,---
Yell) = 0, otherwise.

In Matlab when {x(¢)} is given, its L-fold upsampled version can be easily created
with

y = zeros(1,Lxlength(x)); y.(1:L:length(y))=x.
That is, with the sampling frequency @, for {x(z)}, the output signal {y, (¢)} of the
expander admits a new sampling frequency of @Wnew = L.

For the M-fold decimator on the right of Fig. 7.1, there holds y, () = x(tM). The
downsampled version of {x(¢)} can be easily created with the Matlab command:

¥, =x(1: M :length(x)).

Clearly, the sampling frequency of {y(¢)} is only the Mth sampling frequency of
{x(t)}. That is, 100 x (1 — ) % of total samples are discarded during the down-
sampling conversion with a factor of M.

x(t) ye(t)  x(t) V(1)
L ‘M

Fig. 7.1 L-fold expander (left) and M-fold decimator (right)
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Fig. 7.2 Frequency A ()
responses showing imaging
for L=2

-2n - 0 n 2n

Ay(w)
—2'n —'n 0 n zln
x(1) | ‘ | ‘ ye(t)
F
L ——F@ ]

Fig. 7.3 L-fold interpolator with [—%, X] the passband of F (z)

x(t)

Fig. 7.4 M-fold decimator precedent by the low-pass filter F(z)

Suppose that the input signal has frequency response X (e/). The frequency
response after the upsampling is found to be

oo =3

V()= 3 ye = ¥ (ke e = x(elbe).

f=—o0 f=—o0

Hence, the frequency response images over the interval of length 2L are com-
pressed to fit in the interval of length 27 as shown in the following Fig. 7.2 for the
case L =2 in which A, (@) = |X(e/?)| and A, (@) = |V, (¢/?)|. This phenomenon is
called “imaging effect.”

In order to preserve the original signal, a low-pass filter is often employed at the
output of the expander to remove the duplicated images in ¥, (o).

The expander followed by low-pass filter in Fig. 7.3 is now called interpolator,
because it replaces the added zeros in {y,(t)} by the “interpolated” values.
Specifically, when the discrete-time signal {x(z)} satisfies the condition of the
sampling theorem and the filter is ideal, the output signal {y,(t)} will be no
different from the sampled signal of the original continuous-time signal under the
new sampling frequency wyey. See Problem 7.1 in Exercises.

For decimator, the downsampled signal may violate, even if the input signal
satisfies, the condition of the sampling theorem. For this reason, the low-pass filter
is often employed to filter the input signal first prior to downsampling as shown in
Fig.7.4.



296 7 Design of Wireless Transceivers

Fig. 7.5 Frequency Ay(w)
responses showing aliasing
forM =2
o -n 0 t o on
Ay(w)
—2'15 - 0 T 2'75

The frequency response of y, () is more difficult to derive than that of y, (7).
Nonetheless, it can be shown that (Problem 7.2 in Exercises)

; 1 M-l s 0=-2in 1 M-l P )
Y (e9) = o 3 x () = % X (Wigelh) 7.1
D( ) M Z(,) M lg(,) M ( )
in the case F(z) = 1 where Wy = e 27/M The above hints that a decimator in
absence of F(z) may result in aliasing as seen in Fig. 7.5.

The above figure shows that the low-pass filter F(z) needs to have passband
[—47> 77) with magnitude M, instead of 1, in order to avoid aliasing and restore the
amplitude of the signal.

A discrete-time signal {s(¢) } can be put into block form to obtain a vector-valued
signal, that is, a vector-valued signal

so(t) s(tM)
s1(t) s(tM +1)
s(t) = . = . (7.2)
SMfl(l‘) S(IM+M—1)

for t = 0,£1,---, with M the block size. The following figure illustrates the
operation of blocking with z standing for the unit advance operation:

Clearly, the blocking does not lose information. The kth subsignal {s(¢)} is
called kth polyphase component of {s(¢)}. Applying DTFT to {s;(¢)} yields

Sk(e?) = i se(r)e e, (7.3)

f=—o0

It follows that Si(el®) is the kth entry of S(e/®) which is the DTFT of {s(¢)}.
Moreover, there holds polyphase decomposition

oo M—1
SE?) =Y s(t)e =Y e Hhog (M) (7.4)
k=0

f=—o0
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Fig. 7.6 Blocking a signal
with size M s(t) . S0 (t)
Z
M s1(7)

L0

The interpolator and decimator are the elementary devices in filter banks, widely
used in telecommunications. In Fig.7.6, {H;(z)}*;' on left are called analysis
filters, and {G;(z) }?," on right are synthesis filters. The signal s(t) is first filtered
by {Hi(z)} and spht into M subband signals {v;(z)} which are then coded and
individually transmitted. The bits are judiciously allocated to each subband signal
vi(t) according to its energy which is termed subband coding. On the receiver
side, the M signals are first upsampled, then decoded and filtered which are finally
summed together to form §(z). If

$(t)=as(t—p)

for some nonzero o and integer 3, then the filterbank is said to have achieved perfect
reconstruction (PR).
For downsampled signals, there holds

1 M-1 o o
Vi(z) = i Y Hy (ZMWM )S(ZMWM )
i=0

for 0 <k < M in light of (7.1). The received signal at the output is
9-'3 G

0
M—1M— )
2 2 (2)Hi (W) S (2Wjy).

E I

The terms {S(zWj,)} for i # O represent aliasing, and need to be eliminated, leading
to the condition
M1

> Fi(2)Hi(2Wyy) = H(zWy)F(z) =0 (7.5)
k=0
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Hoz) F—{ IM 2 tM — FR(2)

V1

M —  Fi(2)

L v 8(t)
Hy @) — IM 2 M F,, (2)

Fig. 7.7 Multirate quadrature mirror filter (QMF) bank
for i # 0 where

Fy(z)

FM; 1(2)

For i = 0, the PR condition requires H(z)F(z) = oz P for some B > 0 and o # 0. It
follows that the quadrature mirror filter (QMF) bank in Fig. 7.7 is PR, if and only if

Fo(z) cz ¢
F1 (Z) 0
Huc(2) : =1 . (7.6)
Fy (2) 0

where Huc(z) is called aliasing component matrix given by

Hy(z) H(z) H,  (2)
Hy(zWu) Hi(zWm) - H,  (2Wy)
Hac(z) =
Ho(zWM=1) Hi(zWM=Y) - H, (WM

Alternatively, the PR is possible, if and only if the first column of 7 PH)c (z)~is
stable and causal for some f3 > 0. Normally, design of QMF bank begins with design
of the analysis filters { H;(z)}, focusing on the filtering specification in order to split
the signals into M subbands as perfectly as possible. The synthesis filters { F;(z) } are
then designed based on whether or not Hac(z) admits a causal and stable inverse. In
general, analysis filters designed to satisfy the filtering specification does not yield
PR. Synthesis filters will then be designed to minimize the reconstruction error. It is
also possible to minimize the filtering error and reconstruction error simultaneously.
See Problems 7.4 and 7.5 of Exercises in the case of M = 2.
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su-1(2) .

Fig. 7.8 Block diagram for transmultilexer

In high-speed transmission over noisy channels, DMT (digital multitone modu-
lation) is a widely used technique. See the illustrative block diagram of DMT next.
The M input signals are M symbol sequences to be transmitted. In the DMT scheme,
the channel, rather than signal, is divided into subbands, each with a different
frequency band. The transmission power and bits are judiciously allocated according
to the SNR in each band. This is similar to the water pouring scheme for discrete
transmission channels: more bits are sent over the strong SNR subband channels,
while few bits are transmitted over the weak SNR subband channels. The realization
of the DMT scheme relies on the design of a transceiver that effectively divides the
channel into subbands. Band separation is of particular importance when the SNRs
of different bands exhibit large differences. This can happen when the channel or
the channel noise is highly frequency selective or non-flat.

For the model in Fig. 7.8, denote the input and output vector signals as

50(1) §0(l)
s(t) = sl(t) S OE I (t) . 1.7)
sp—1(1) Sm—1(t)

Block the input and output of the channel with size P according to

u(tP) y(tP)
u(t) = . ¥ = . (7.8)
u(tP+P—1) yP+P—1)

Then u(t), and y(¢) have the same sampling rate as the symbol rate for {s;(¢) }*,".
Let n(¢) be column vector of size P with (P +i— 1) as the ith element. Each

Gy (z) and Fy(z) admit polyphase decomposition as

P-1 P-1
Gi(z) =Y, 7'G("), F)= D 7R, (7.9)
i=0 i=0
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for 0 <k < M. Similarly,

H(z) = Pf Z'Hi(") (7.10)
i=0

is the polyphase decomposition of H(z). There holds
(1) = Z (1)« () xS (1) #5(0) + F()x1(0), (.11)

where ¢(t),.% (t), and S (t) are the impulse responses of the blocked filters whose
Z transform are given, respectively, by

Goo(z) Gio(z) -+ Gu-10(2)

Goi(z) Gii(z) -+ Gu-1,1(2)
G(z) = . . . ; (7.12)

| Gop-1(z) Grp-1(2) - Gy-1,-1(2)

Folz) 2z 'Rz - z'Fpi(z)
FI,O(Z) ZilFl,l(Z) ZilFl"P,l(Z)
Fz) = :
| Fy—10(2) 2 "Fy—11(2) -+ 2 "Fy—1p-1(2)
_ HO(Z) Zialfl(Z) ZilHl(Z)
H() = Hi(z)  Holz) - : | a1
: A Z 'Hp_1(2)
| Hp1(z) -+ Hi(z) Ho(z)

Clearly, the PR condition in absence of the noise amounts to

F(z)H(z)G(z) = diag (z*d‘),z*dl e ,z*del) (7.14)
for some nonnegative integers d; with 0 <i < M, leading to

fi(t) = S,'(l—d,‘), 0<i<M.

7.1.2 Direct Sequence CDMA Systems

The wireless communication system based on code division multiple access
(CDMA) allows M multiple asynchronous users to share the same frequency
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Fig. 7.9 Schematic diagram s (k

m um(k rm(k
of CDMA modulation ( ). , Cm(Z) (&) Hm(Z) _(.)

channel, rather than dividing it into P > M subbands. The advantages of such a
system mainly lie in (a) spreading the transmission power over a wide bandwidth
lowers spectral density, including less interference to another narrowband signals,
and (b) By giving each user proper spreading codes, near orthogonality of
waveforms can be achieved, allowing multiple users to coexist without mutual
interference. This subsection presents the mathematical description of the CDMA
modulation scheme.

Let {s,(k)} be the symbol stream of the mth user at the kth symbol sampling
instant. Each user is given a unique spread chip sequence {c,(i)}; P 01 where P > M
with M the total number of users. The use of spread chip sequence is equivalent to
the upsampling with filter

P-1 )
Z) - 2 Cm(i)2717
i=0

as shown in the following Fig. 7.9 with H,,(z) the channel model.
By adopting the convention that ¢, (i) = 0 for i < 0, or i > P, there holds

Indeed, fork =/P+ jwith0 < j < P,

tm (k) = um (EP+ j) = Zsm Dem (€= )P+ )] = sm(O)em(f)

[=—o0

for j=0,1,---,P—1. Let y(-) be the chip waveform with support [0, T;] where
T, = T /P is the chip period, and T is the symbol period. The transmitted signal
waveform from the mth user is given by

D=3 unl)w(t k)

k=—oo

for m € {0,1,--- ;M — 1}. In light of Sect. 1.2, the transmitted waveform will be
(match) filtered and then sampled, leading to the equivalent discretized channel
model H,,(z), assuming time invariance of the channel. For this reason, the CDMA
model is identical to the transmultiplexer in Fig.7.8 with G;(z) = C;(z)H;(z) and
H(z) =1 for 0 <i < M. However, the subband interpretation is lost in the context
of CDMA. In fact, narrowband symbol sequences are spread into wideband signals.
On the receiver site, the received signals are filtered and downsampled in hope of
recovering the desired symbol for each user. It is clear that H(z) = Ip.
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There are two cases to consider. The first case assumes synchronous users, and
each channel involves only an attenuation factor, i.e., Hy(z) = anz 9 for the same
integer delay d > 0. Then G(z) = Cdiag(ag, - ,ay—1) with

c(0)  c1(0) -+ cm-1(0)
C()(l) 6‘1(1) CMfl(l)
Q = )
co(P=1)ci(P=1) - cy-1(P—1)
andF(z) = QTdiag(aa L. ,a;,IEI) yields the optimal receiver under the assumption

that the spread codes are orthogonal, and thus, C becomes an orthogonal matrix. As
a result, the mth user can retrieve only his/her symbol sequence {s,,(k)}.
The second case assumes that

Hp(2) = hnoz ™ +hyaz” "D+t B,y g #0.
Even if the continuous-time channel is flat and involves only an attenuation factor
and a time delay, asynchronous users may result in the above frequency fading

channel (Problem 7.8 in Exercises). Hence, this case is generic. The discretized
channel admits polyphase decomposition according to

M-1
Hm(Z) = Z Zile,i(ZP)
i=0

for 0 < m < M. It follows that
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where

~ (k) Hyo1(2), 0<k<{,
G (z) = :
m’E(Z) {Zle’P+[k(Z), {<k < P—1.

By slight abuse of notation, denote

Cm (0) Gm,O (Z)
cm(1) Gp,1(2)
gm = ? gm(z) = ’
Lem(P—1) Gur-1(2)
[ Hyo(z) 27 'Hup1(2) -+ 2 'Hui(2)
Gulz) = | D Hnold)
: 7 'Hypo1(2)

| Hinp-1(2) a Hu1(z)  Hpo(z)

There holds G,,(z) = Gm(z)c,, for 0 < m < M, and thus, G(z) in (7.12) admits the
following expression:

G(2) = [Gy(z) Gi(z) -+~ Gy 1(2)]- (7.15)

In the special case of the identical channel transfer functions, Gm(z) = Tg(z) for
some Tg(z) at each m, in which case G(z) = T(z)C.

7.1.3 OFDM Model

The OFDM model is developed to cope with the multipath phenomenon. Let
the sequence of symbols be {bk}i\:ol to be transmitted over the wireless channel
represented by H(z). These symbols are complex, assumed to be in the frequency
domain, and transformed into the time domain via inverse DFT prior to transmis-

sion. Specifically, denote Wy = e—i2m/N ,
1 o 1
1 1 Wy Wlilvfl
Tr = — ) i
F N :
1 W[{l\]il o v-1)?

as the DFT matrix and b as a vector of size N with b; as the ith entry. Then s = T}’
is the signal vector to be transmitted sequentially.
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Let s; be the ith entry of s and

H(z) =ho+hiz '+ 4 hyy2"!

be the channel transfer function. Prior to transmitting {s; fV: Bl sequentially over the
channel, the last (n — 1) data are added to the beginning of the sequence, which is
termed prefix. That is, the data transmitted are arranged in order according to

SN—n+1,""" ySN=2,SN—1,50,51,""* ;SN-2,SN—1-

Normally, N>>n, and thus, the overhead due to the redundant (n — 1) data is
negligible. At the receiver site, the first (n — 1) received signals are discarded,
and the remaining N data are packed into a column vector y. By the linear
convolution relation and prefix, there holds y = Cj,s + v where v is the additive noise
vector, and

ho 0 -+ 0 hyy - I
h

hnfl

Ch: hnfl '.. '.' '.' '.. '.. 0
0

0

L0 0 Ay o ho |

is the circulant matrix, consisting of the CIR.

There are several interesting features about the circulant matrix. The first one is
its Toeplitz structure. The second one is the shift property in that each row after
the first row is the right circular shift of the previous row. The final one is the
diagonalizability by the DFT matrix:

TrCy T} = Dy, := diag(Ho, Hy, -+ ,Hy_1) (7.16)

where {H;}Y_ are the N-point DFT of {/;}"~. See Problem 7.10 in Exercises. It
follows from the unitary property of the DFT matrix that

T%y::(]kC%Y?)(Y%S)4—7%V
by multiplying T to y = C;s + v from left. Recall that § = Tps is the symbol

vector from the transmitter. Thus, ¥ = Try and Vv = Trv can be regarded as the
received symbol and noise vectors, respectively, in the frequency domain. The
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OFDM scheme removes the intersymbol interference (ISI) induced by multipath,
and results in

Y = HSi+v, k=0,1,--- ,N—1. (7.17)

The number of bits can be judiciously assigned to 5 according to the ratio of
E{|H,|*} /E{|;|?}. Large value of this ratio implies high SNR, and more number
of bits can be assigned to meet the requirement of the same bit error probability, and
vice versa.

Recovery of the symbol §; involves detection based on noisy observation yy
and requires the channel information. It is customary to employ n pilot symbols
inserted into {5;} for channel estimation. For simplicity, assume that N = nm
for some integer m > 1. The pilot symbols are those given by {sAim+g};‘;()1 where
£e{0,1,--- ,m— 1} is an integer. In light of (7.17),

Vim+e = HipttSim+-0 + Vimte

for 0 <i < n. Hence, n uniform samples of the channel frequency response data
{H,‘erg}?;ol can be estimated based on the pilot symbols {?ierg}f’;()l and noisy
measurements {¥;, ¢}, - Since for each i,

1

k i 0) i
Hipyo = 2 W) 2 (RWEHWk,

k

the CIR {/;} can be obtained from the inverse DFT:
Kt LS 5 ik
Wy by = N Z{)Him+gwn*’ , 0<k<n,

from which the rest of {ﬁk} can be obtained. Channel estimation and its optimality
are important research topics in wireless communications, and will studied in more
detail in the next chapter.

Orthogonal frequency-division multiplexing can also be described by the block
diagram for the transmultiplexer in Fig.7.8 by using M = N. However, there are
some variations. The first is that {s;(¢)} for 0 <i < M = N originate from the
same signal {s(¢)} which are the N polyphase components of {s(z)}. That is, for
0<i<N,

si(t) =s@N+1i), t=0,£1,--

In other words, from {s(¢) } to {s(z)} involves serial to parallel conversion where s()
is the same as defined in (7.7). The second regards the analysis filters that are imple-
mented with inverse DFT, specified by 7. Thus, s(z) can be regarded as a complex
vector of size N in the frequency domain for each 7. The most crucial one is the third
that adds a cyclic prefix to the sequence of data {u(z)} prior to its transmission.
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7.2 Linear Receivers

Multiple antennas have been employed in the past decade to increase the channel
capacity. These antennas are placed well apart from each other so that the channel
gains are approximately uncorrelated, giving rise to receiver design for MIMO
channels. This section considers design of linear receivers for wireless transceivers
over MIMO channels. A schematic block diagram is shown in Fig.7.10 where
H(z) of size P x M represents the channel transfer matrix, and F(z) of size M x P
represents the linear receiver. As a result, s(k) having dimension M is the symbol
vector to be transmitted at time index k, v(k) of dimension P is the additive white
noise, and §(k — d) is the detected symbol vector after d samples of delay. The
DMT and CDMA represented by the transmultiplexer in the previous section can be
regarded as virtual MIMO systems, in which case H(z) contains both channel and
subband analysis filters (DMT), or spreading codes (CDMA). Hence, the design
algorithms presented in this section also apply to these virtual MIMO systems.

The focus of this section is design of linear receivers and study of how and
why optimal estimation and control theory in Chap.5 provide design tools in
synthesizing optimal linear transceivers. To simplify the presentation, complete
channel information is assumed.

7.2.1 Zero-Forcing Equalizers

Zero-forcing (ZF) equalizers aim at synthesizing the receiver F(z) that achieves
F(2)H(z) = diag(z ™",z %, - ,27) (7.18)

for some d; > 0 and 1 <i < M. The above is the same as the PR condition. Recall
that ISI and interchannel interference (ICI) are major impediments for symbol
detection. The PR condition effectively removes both ISI and ICI and thus has been
an important approach to design of MIMO receivers.

However, ZF alone is not adequate for optimal symbol detection. The noise
impact on the output of the ZF equalizer has to be minimized. By the convention,
the additive white noise {v(k)} are assumed to be Gauss and have mean zero and
covariance X, = I. The case when X, # [ is left as an exercise (Problem 7.12). Under
ZF equalization in (7.18), there holds

S(k) =s(k—d)+¥(k), V(k) = F(q)v(k),

s(k) l 8(k)
Fig. 7.10 Schematic diagram ——— H(2) _,Q_, F(z) ——
for MIMO linear receivers
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where by an abuse of notation, s(k — d) is the same as s(k), except that its ith entry
is delayed by d; samples with d; the ith entry of d. Hence, ¥(k) is again Gauss,
although it is not white anymore. Optimal detection of s(k — d) requires to minimize
the variance of ¥(k), given by

T . .
Jr = |F|3:= Tr{i/ F(J©)F ()" dw}.
21 -

The synthesis of the optimal ZF equalizer seeks a causal and stable F(z) to satisfy
the ZF condition (7.18) and to minimize Jr. Next, lemma provides an equivalent
condition for the ZF condition.

Lemma 7.1. Consider H(z) in Fig. 7.10 with size P x M and P > M. There exists a
causal and stable F(z) such that (7.18) holds for some d; > 0 and 1 <i < M, if and
only if

rank{H(z)diag(zd‘,zdz,--- ,sz)} =M V|z] >1 U z=c¢o.

Proof. Since multiplication by another matrix does not increase rank, the failure of
the above rank condition implies the failure of the ZF condition (7.18). Conversely,
if the above rank condition holds, then there exist more than one causal and stable
F(z) such that (7.18) holds. In fact, all causal and stable ZF equalizers will be
parameterized in the next lemma, and thus, the detailed proof for the sufficiency
of the rank condition is skipped. O

The nonnegative integers {d;} can be obtained from the inner-outer factorization
(Problem 7.14 in Exercises). For convenience, a state-space realization is assumed
for the P x M transfer matrix:

T(z) := H(z)diag(z", 22, ,2™) = D+ C(zI — A)'B. (7.19)
The rank condition in Lemma 7.1 is translated to rank{D} = M and strictly

minimum phase of (A4,B,C, D). There exists an orthogonal D of size P x (P — M)
such that D, = [D D J_} is square and nonsingular. Let

D" =(D'D)"'D*, DD} =1-D(D'D)"'D".

It is easy to verify that

[ 0
] (DD, ]| = [0 IPM:|' (7.20)

The following presents parameterization of all causal and stable ZF equalizers.

Lemma 7.2. Suppose that T(z) of size P X M in (7.19) has a stabilizable and
detectable realization (A,B,C,D) and P > M. Let Ay = A — BD"C and D" and
D, be specified in (7.20). If T(z) is strictly minimum phase, i.e., rank{T(z)} =M
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forall |z| > 1, including z = e, then (D", C,Ay) is detectable, and thus, a stabilizing
estimation gain L exists such that (Ao + LD" C) is a stability matrix. Define

T(2)* D] [Ag+LD* C|LD* —BD*
| = e . (7.21)
T, (z) DY c | I
All causal and stable channel equalizers are parameterized by
F(z) = Tin(2) :==T(2) "+ Q(2)T1(2) "
B [ Ao+LD*C | LD —BD* ]
(D" +QDY)C|(D" +QDY) (7.22)

where Q(z) is an arbitrary proper and stable transfer matrix.

Proof. Stabilizability of (DjC ,Ag) is left as an exercise (Problem 7.13). Since
D*D=Iand D’ D =0,

T(z) = [[+C(zd —A)"'(BD* +LD")| D

where (Ag+ LD’ C) is a stability matrix by the hypothesis on L. A proper and stable
left inverse of T(z) is thus given by

T(z)" = D' [I+C(zI—A) ' (BD +LD?)] "

yielding the upper part expression in (7.21). With
T, (z)= [[+C(zd—A) ' (BD" +LD})| D,

its proper and stable left inverse T, (z)* can be obtained as in the lower part
expression in (7.21). There thus holds

| o mer= (3,2

0 Ip_m
identical to the constant case in (7.20). It follows that Tjyy(z) in (7.22) is indeed a

proper and stable left inverse, provided that Q(z) is proper and stable. Conversely,
for a given left proper and stable inverse T(z)", it satisfies

T(2)" [T(2) TL(2)] = [I T(x)'TL(z)].
On the other hand, F(z) = Ti (z) in (7.22) yields

F(z)[T(z) Ti(z)] = [1Q(z)].



7.2 Linear Receivers 309

Since [ T(z) T, (z) ] is square and admits a stable and proper inverse, setting Q(z) =
T(z)' T (z) yields F(z) = T(z)" with proper and stable Q(z), thereby proving the
parameterization in (7.22). a

Lemma 7.2 indicates that each ZF channel equalizer indeed achieves
F(z)H(z) = diag(z 1,z %,--- 7).

In addition, the optimal channel equalizer can be synthesized via minimization of
||F||2 over all proper and stable Q(z). While this is feasible, a more efficient method
employs the optimal solution to output estimation from Chap. 5, in which case L can
be chosen as the optimal state estimation gain and Q(z) reduces to the (constant)
optimal output estimation gain Q. Specifically, consider the random process

x(t+1) = Aox(t) — BDv(t),
z(t) = DT Cx(t) + D v(1),
y(t) = D Cx(t)+ D} v(z), (7.23)

where v(¢) is white and Gauss, independent of x(r), with mean zero and
covariance I. The problem of stationary output estimation aims to estimate z(¢)
based on observations {y(k)};___. Compared with the problem setup in Chap.5,
B; = —BD" and

D, =D*, D,=D), C,=D"C, C,=D\C.

Hence, D1D; =0, B1D; =0, and D,D} = I in light of (7.20). Define ¥ > 0 as the
stabilizing solution to

Y =A(I+YC*D, D" C)"'YA* +B(D*D) 'B*. (7.24)
According to Chap. 5, the optimal output estimator is described by
’A‘Hrl\t = [Ao +LDj_C]’A(t\t71 —Ly(1),
2, = [D*C+ QDj_C]f(z\zfl —0y(), (7.25)

where the optimal state and output estimation gains L and Q are given by

L AgYC*D o
[Q] = [chyc*zi} (I+D%cC*'Dy)~ ", (7.26)

respectively. The next theorem shows that the above estimation gains minimizes
Jr = ||F|3.

Theorem 7.1. Consider the causal and stable ZF channel equalizers represented
by ¥(z) in (7.21). Let Y > 0 be the stabilizing solution to the ARE in (7.24). Then
||| is minimized by L,Q specified in (7.26).
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Proof. As discussed earlier, the estimator in (7.25) is optimal with L, Q in (7.26) in
the sense that it minimizes the variance of e.() = z() — 2, among all estimators,
including the dynamic ones. Denote e, (t) = x(¢) — %, 1|, Taking difference of the
equations in (7.23) and (7.25) leads to

e (t+1) = [Ag+LD" Clé(t) + [LD} — BDT]v(t),
e:(t) = [D'C+ QD' Cle(r) +[D" + 0D |v(1).

The above admits transfer matrix F(z) = Ty (z) in form of (7.21). The optimality
of the output estimator concludes the minimum of Jr = ||F||3 among all causal and
stable ZF channel equalizers. a

Example 7.2. The ZF channel equalizer presented in this chapter will be illustrated
by a toy example in the sense that both M and P are small. The transmultiplexer-
based wireless transceiver is used. The channel model is described by

H(z)=1-03z 4052 2-04z°40.1z7* - 0.02 > +0.3z °*~ 0.1z,

and P =4 > M = 3 are chosen. The analysis filters {G,(z) 1,‘,,/1;(; are designed such
that T(z) = H(z)G(z) is both inner and outer. Recall the expressions of G(z) and
H(z) in (7.12) and (7.13), respectively. The design of {G,(z)} is carried out by
computing spectral factorization of

(1 0] HG) | ]| = RGIRG)

where both R(z) and R(z) ! are proper and stable, and by setting
G(x)=[Iu 0] R)™".

Since each entry corresponds to some polyphase of some Gy (2), {G(2) }=] can be
readily obtained so long as G(z) is available. It can be verified that T(z) = H(z)G(z)
is strictly minimum including at z = oo.

In design of the ZF-based synthesis filters {F},(z)}, a state-space realization is
set up first for T(z). Theorem 7.1 is then used to compute the optimal ZF channel
equalizer. The optimal receiver filters {F,(z) fn:O are obtained subsequently. The
mean-squared-error Jr to the optimal receivers is Jp = 1.7856 that is minimum
among all causal and stable ZF channel equalizers, assuming v(¢) is white both
spatially and temporally. The average frequency responses of the transmitter and

receiver filters are plotted using

1 M—1 . 1 M-1 o
G ()= 55 2 1Gn(@ M) 1 F (D= 57 2 E M) (32D

m=0 m=0
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Fig. 7.11 |4(f)| versus |H (e1*/7)|

See Fig.7.11 next for |4 (f)| (solid line) versus the channel frequency response
(dashed line).

Figure 7.12 plots |.% (f)| (solid line) versus the channel frequency response. All
curves are normalized with respect to their respective maximum.

The strictly minimum phase condition in Theorem 7.1 usually holds due to P > M
and often P > M. The drawback of the ZF channel equalizer lies in the possible near
singularity of [T(el®)*T(el®)] at some frequency ®. For this reason, Example 7.2
composes T(z) in a way that [T(e/®)*T(e®)] = I to remove near frequency nulls.

7.2.2 Zero-Forcing Precoders

ZF channel equalization is effective in removing both ISI and ICI. However, the
equalizer can be too complex to implement in the downlink mobile receiver because
of the desire to keep the receiver units as simple as possible. The block precoding is
a different transmission technique that shifts the signal processing burden from the
mobile receiver to the transmitter in the more resourceful base station. In this case,
a precoding filter (precoder) is designed at the transmitter side and is applied prior
to transmission to equalize the signal at the output of the receive filter. Precoding is
used in transmitters to compensate for distortion introduced by the channel response,
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Fig. 7.12 |.Z(f)| versus |H(el2/7)]

Fig. 7.13 Wireless v(k)
transceiver with precoder

— G(z2) H(z)

and to reduce the effects of ISI and ICI, thereby allowing for more reliable data
transmission at high data rates. Precoder design is expected to allow the receiver
to be considerably simplified, which in turn reduces computational complexity and
power consumption in the mobile receiver.

The schematic block diagram for precoder receiver is illustrated in Fig.7.13
that is rather different from the equalizer in Fig.7.10. First, the channel transfer
matrix H(z) has size M x P with P > M. Second, the precoder G(z) maps M
dimensional input vector symbols {s(k)} to P dimensional vector signals {b(k)} at
the transmitter site. The precoded P signal streams {b(k)} are transmitted through
the MIMO channel H(z). The received signal consists of M dimensional data vectors
{8(k)} corrupted by additive white noise.

Assume that {s(k)} are uncorrelated and white. If not, a prewhitening operation
can be performed over the symbol blocks prior to precoding. Hence, both input
symbols and additive noise are assumed to be zero mean with covariance matrices
given by

> =02, X,=0, (7.28)
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respectively. It follows that the SNR equals to GSZ / sz for each subchannel, which is
a constant. The goal is to design precoder G(z) to eliminate the ISI and ICI and to
minimize the bit error rate (BER) of a downlink MIMO communication system by
preprocessing the transmitted signal. An effective method is the use of ZF precoders
that achieve the PR condition

H(z)G(z) = diag(z 1,272, ,z M) (7.29)
for some positive integers {d;}. Since H(z) is a wide matrix at each z, inner-outer
factorization H(z) = Hi(z)Ho(z) needs to be carried out as in Problem 7.14. The
square inner matrix H;(z) contains z~¢ or 0 as entries. With

T(z) = diag(z",2%, -,z )H(z), (7.30)
there holds the ZF condition T(z)G(z) = I, in which case G(z) is termed as ZF
precoder.

Suppose that (7.29) holds for some causal and stable precoder G(z). Then
§(k) =s(k—d)+v(k).
with d; as the ith entry of d, by an abuse of notation. In other words,

§i(k) = si(k—di) +vi(k), 1<i<M.

Assume constant signal power and white noise, the SNR for subchannel i at the
receiver site is given by

SNR = — == =—
o) o2 M;

= Average SNR. (7.31)

As a result, the SNR for each subchannel is the same at the receiver site. Under
additive Gauss noise, BER is given by

BER—\/_/ exp(—72/2) dt

by assuming the binary phase shift keying (BPSK) modulation. Hence, minimiza-
tion of BER is equivalent to maximization of Gsz. Howeyver, the total transmission
power at the transmitter site is limited and given by

oy = B{b(k)*b(k)} = Tr{E[b(k)b(k)*]}
. Tr{% /7 ’;G(eiw)E{s(k)s(k)*}G(eiw)* dw}
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T . .
_ Tr{zi [ e@6eey dw} o2 = |G|202.

TJ)-nr

Let Gl% = MEy, with E}, the average bit energy at each transmitter. It follows that the
SNR at the receiver site is bounded as
o? op ME,

SNR = —% = = (7.32)
oy oGl oZlG|3

with the right-hand side the maximum SNR achievable, yielding the smallest BER.
Hence, minimization of BER is equivalent to maximization of SNR, i.e., the right-
hand side of (7.32), which is in turn equivalent to minimization of J; = ||G||3.
Consequently, design of the optimal ZF precoder requires not only the ZF condition
in (7.29) but also minimization of ||G||,. This conclusion carries through to the
case when s(k) is not composed of binary symbols, due to the constraint of the
transmission power.

Associate T(z) with realization (A, B,C,D). Then D has dimension M x P with
P > M. Hence, D* = D*(DD*)~! is a right inverse of D under the full rank
condition for D. There exists D of dimension (P —M) x P such that DD, =
I—D*(DD*)~'D and

D Iy 0
Dt D* | = . 7.33
[DL][ 1) {0 IPM} (739
Lemma 7.3. Suppose that the transfer matrix T(z) = C(zI —A)~'B+ D has size
M x P with M < P and A is a stability matrix. There exists a proper and stable
transfer matrix G(z) of size P x M such that the ZF condition T(z)G(z) =1 holds,
if and only if rank{D} = M and (A — BD"C,BD?, ) is stabilizable.

Since this result is dual to the one in the previous subsection, the proof is left as
an exercise (Problem 7.15). Denote Ag = A — BD™C. Stabilizability of (Ao,BDY)
implies the existence of state-feedback gain F such that (Ag 4+ BD’ F) is a stability
matrix. Hence,

T(z) =D [I+(D"C— D' F)(z —A) "B

Taking right inverse of T(z) yields

T()" = |ATBDIF B fyy (7.34)
—~D*C+DYF|I

that is proper and stable. It follows that

Ao+BD*F |B
T, (2)" = — D', 7.35
Lo = [ b 139
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is a proper and stable right inverse of
T.(z)=D, [I+(D'C—D'F)(zf —A) 'B].

There thus holds the identity

A ECE R A (730

The following result is dual to that of Lemma 7.2, and thus, the proof is skipped.

Lemma 7.4. Suppose that T(z) of size M x P in (7.19) has a stabilizable and
detectable realization (A, B,C,D) with D full rank and P > M. There exist D" and
D such that (7.33) holds. If (Ao, BD?) ) is stabilizable where Ay = A — BD"C, there
exists an F such that (Ag+ BD', F) is stability matrix. Let T(z)* and T (z)" be
defined in (7.34) and (7.35), respectively. All causal and stable precoders satisfying
the ZF condition are parameterized by Ty (z) = T(z)* + T (2)Q(z) or by state-
space form

[ Ao+BDF |B(D"+D%Q)
~ |-D*C+D\F| (Dt +D" Q)

Tinv(2) (7.37)

where Q(z) is an arbitrary stable transfer function matrix.

Now consider the state-space system

x(t+1) = Aox(t) + BDv(t) + BD* u(z),
w(t) = —DTCx(t) + D' v(t) + Diu(t),
where u(r) = Fx(t) + Q(q)v(z) is the full information control law. Then the closed-
loop transfer matrix is the same as Tiyy(z) in (7.37). It follows that the optimal ZF
precoder can be designed using the result from Chap. 5 by taking A = Ag, By = BD™,

B, =BD*,D; =D", D, =D, and C = —D"C. The next theorem follows and is
dual to Theorem 7.1. The proof is left as an exercise (Problem 7.16).

Theorem 7.3. Under the hypotheses of Lemma 7.4, the optimal precoder has the
same form as in (7.37) with

F = —(I+D,B*XBD")"'D | B*XA,,
Q= —(I+D, B*XBD")'D,B*XBD",

where X > 0 is the stabilizing solution to the ARE
X =A}X(I+BD' D B*X)"'Ag+C*(DD*)"'C.

The next example illustrates the advantage of the optimal precoder based on full-
information control.
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Example 7.4. The channel is assumed to be specified by

H(z)==(14+2z " 4+2.572 422 3 4279,

Ol =

The blocked channel matrix with P = 3 defined in (7.13) is obtained as

142771 25270 27714272
Hiz)=-| 24z 142" 257!
25 24z ' 142771

In order to illustrate the advantage of the optimal precoder, it is assumed that the
linear receiver admits the transfer matrix

16 56.—1_24.-2 4, 121
B R 5L 7tz
_o| 68,130 1,48 2 17 241
R(z2) =9 | 35+ 55¢ ' +352 7 7772
34 9% _-1_36,-2 12, 18 _-1
T35 7 35¢ 35% 7t 72

It can be verified that the virtual P-input/M-output channel has the combined
transfer matrix H(z) = R(z)H(z) of size 2 x 3 given by

H() 10 —0.971-0.74277' —0.8962 — 1.z73 — 0.686z*
~lo1 1714+ 1.071z714+0.571z7 2+ 1.714773

A naive precoder is clearly G(z) = G = [I O] " of size P x M =3 x 2 which results in
|G||2 = v/2. However, if the optimal ZF precoder Gop((z) = Hiny(z) is employed that
has the smallest .4 norm among all right inverses of H(z), then ||Gop|[>» = 1.2292.
The BER performance for these two designs is evaluated, and the BER curves are
plotted in Fig.7.14 with solid line for the optimal precoder and dashed line for the
naive precoder. It can be easily seen that the optimal design outperforms the naive
one regarding the average BER.

If P =4 and M = 2 are chosen, then the blocked channel transfer matrix defined
in (7.13) is given by

1+z70 270 25771 271

1 2 1+z70 2771 25771
H(z) = -
Ho =5 .5 2 14z 2!
2 2.5 2 14271

Assume a simple receiver given by the following constant matrix:

R(z) =R=

{OO 10 —8} (7.38)

00 -8 10
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Fig. 7.14 BER comparison for the case P=3 and M =2

In this case, the virtual P-input/M-output channel has the combined transfer matrix
H(z) given by

1[90—-6+10z" =8+ 127!
HE) =REOHE =5 09 12-8,1 106!

For the naive design, |G||, = v/2 remains the same. However, for the optimal
precoder, ||Goptl[2 = 1.179 that becomes smaller. It can be expected that the
corresponding BER curves as plotted in Fig.7.15 demonstrate more clearly the
superiority of the optimal ZF precoder.

7.2.3 Linear MMSE Transceivers

In the previous two subsections, some ZF condition needs to be assumed. While the
ZF condition often holds especially for virtual MIMO channels, it may results in ZF
equalizers or ZF precoders with excessive large gains in frequency domain, due to
near loss of rank for H(el®) at some frequency bands. In fact, it is possible for H(z)
to have frequency nulls so that exact ZF is not possible, especially when P ~ M.
This section considers design of linear MMSE transceivers without imposing the
ZF condition.
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Fig. 7.15 BER comparison for P =4 and M =2

First, consider the case when the channel transfer matrix H(z) has size P x M
with P > M. In the time domain, the received signal has the form:

y(1) =H(q)s(t) +v(1),

where s(¢) is the symbol vector of dimension M, v(z) is the additive Gauss noise of
dimension P, and g is the unit advance operator. Both s(¢) and v(¢) are temporally
white, but may not be spatially white with X5 and X, as their respective covariance.
Since a causal and stable left inverse of H(z) is not possible, or undesirable, an
alternative is to synthesize the linear receiver model F(z) that minimizes

1/2 1/2
Jr = || (FH D)5 3 + 2,3,
where D(z) = diag(z~%,z7%,--- ,z7%) for some d; > 0. Note that
es(1) = [F(q)H(q) —D(q)Js(t — d) + F(q)v(r) (7.39)

is the error signal at the receiver site, and thus,

Jr = E{lles()[|?} = Tr{E[e;(1)es()"]}
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Fig. 7.16 Schematic diagram s(t) s(t—d)
for linear MMSE receiver [v(t)} D(2) 0
Z
— {H(z) 1} y() s-a)_ et —a)
F(z) NP

by the temporal white assumption for both signal and noise, and by the indepen-
dence of the signal and noise. If F(z) is taken to be causal and stable left inverse of
H(z), then Jr reduces to the performance index for ZF channel equalizer. An MMSE
receiver minimizes the mean-squared-error or Jr. It is recognized that minimization
of JF is an output estimation problem studied in Chap. 5. Indeed, a schematic block
diagram is shown next:

The above is the same as the one in Fig. 5.4 by assuming

T(z) = H)Ig ﬂ - [g; (I)] + {g—;] (zI—A)"'[B)0]. (7.40)

There holds D(z) = Dy +Cy(z —A)~'B; and H(z) = Dy + Cy(z — A)~'By. The
order of the state-space model for T(z) clearly depends on {d;}. If the integer d; > 0
for each i, then the output estimator in Fig.7.16 is in fact a smoother. The larger
the integers {d;}, the smaller the Jr. However, large {d;} increase complexity of
the receiver. Hence, there is a trade-off between the complexity and optimality of
the linear MMSE receiver. For given {d;}, the linear optimal receiver can be easily
obtained as follows.

Theorem 7.5. Consider T(z) in (7.40) with A a stability matrix. Let R = (I +
D,D3), A=A— B1D§R’1C2, and Y > 0 be the stabilizing solution to

Y =A(I+YC;R'C)) 'YA* +B,(I - D3R 'D,)B;.
Then the optimal receiver in the sense of MMSE is given by

F(z) = {A—i—LCz L}
LG+ 0G|0

where the stationary estimation gains are given by

[L] - [ AYCZfBlDZ*} (R+CoyCy)".
0 C\YC; +D1D;

The proof is left as an exercise (Problem 7.17). It is important to emphasize that
the receiver F(z) in Theorem 7.5 is optimal among all linear receivers. For this
reason, the non-ZF receiver in Theorem 7.5 is referred to as LE equalizer. The next
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section will introduce a nonlinear receiver that significantly outperforms the linear
MMSE receivers in this section.
A similar result can be derived for precoders that admit performance index

Jo = |(HG -D)=*|3+ p?|G= |3 (7.41)

for some p > 0 where H(z) now has dimension M x P and M < P. If the ZF
condition H(z)G(z) = D(z) holds, then ZF precoders will be resulted in. Due to
possible frequency nulls, ZF is often not preferred. Since the error signal at the
receiver is given by

e(t—d) =[H(q)G(q) —D(q)ls() +v(2)

and s(¢) and v(z) are independent, there holds
1/2
E{/le(r) I} = [|(HG — D)= + E{ | v(1) |}

An MMSE criterion leads to minimization of ||[(HG — D)ZX1 / 2||% In light of the

argument in the previous subsection, ||G2s1 / ZH% needs to be minimized as well in
order to maximize the SNR, leading to the performance index Js in (7.41) with
p > 0 a trade-off parameter.

Thus far, it is unclear how Jg can be minimized by synthesizing a causal and
stable precoder G(z). Denote

(7.42)

Hence, the design algorithm in Chap. 6 can be employed. To proceed, a realization
is assumed for T(z) as follows:

D, |D, C
T(x)=|_0 |pl |+ | 0| —4)"[Bi]B]. (7.43)
=2 0

The next result provides the optimal solution to minimization of Jg.



7.3 Decision Feedback Receivers 321

Theorem 7.6. Consider T(z) in (7.43) of which A is a stability matrix and X is
nonsingular. Let Ag = A — BzREIDEC, Ry = P2l + D3D,, X > 0 be the stabilizing
solution to

X = ApX(I+ByR, ' BoX) ™+ C* (I - DoR, ' D3)C. (7.44)

Then the optimal precoder G(z) that minimizes Jg is given by

—1/2
A+ ByF|(BaFy+B)X
= oF |(B2F jl)zs (7.45)

6l F | R

where [F Fy| = —(R, +B3XBy) "' (B3X [A By | + D3 [C Dy ]).
Proof. The hypotheses imply that (A, B,) is stabilizable and

A—¢€°l B,
rank cC D = full
0 pI

for all real w. Hence, there exists a stabilizing solution X > 0 to the ARE in (7.44),
and the full information feedback gains F and Fj can be readily obtained. For output
estimation, stability of A implies detectability of (C,,A) even though C; = 0, and

A—e®] B
k = full
ran {[ 0 ZSI/Z‘|} u

holds as well for all real . However, the corresponding filtering ARE has Y =0 as
the stabilizing solution. It follows that

L=-B %" Ly=-RZ

1/2
are the output estimation gains. The expression of the optimal controller in (7.45)
follows from Sect. 6.1. a

The performance index Jg of the non-ZF precoder also depends on {d;}. Recall
that D(z) = diag(z~91,z7%, ... ,z=). Hence, there is again a trade-off between the
performance index J and the complexity of G(z).

7.3 Decision Feedback Receivers

Recall the results in the previous section. In the case of ZF precoders, the received
signal has the form of §(r) = s(r) + v(¢) where v(¢) is the additive white Gauss
noise. If the noise covariance is given by X, = 621, then each symbol in the symbol
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vector s(7) can be detected individually. In fact, optimal symbol detection amounts
to quantization for each entry of §(¢). See Problem 7.18 in Exercises. However, if
¥, # o621 and symbol vector has large dimension, then optimal detection becomes
not only difficult, but also too complex to implement in practice. This section will
present a Kalman filtering approach to vector symbol detection using the notion of
decision feedback. A more complex situation is when the additive Gauss noise v(t)
is not even temporal white. This is the case for ZF channel equalizers and also for the
non-ZF transceivers in the previous subsection. Clearly, the past information can be
utilized to improve symbol detection. An interesting method, termed as decision
feedback equalization, will be presented in this section to show that significant
improvement can be achieved using decision feedback equalization over linear
MMSE receivers.

7.3.1 Vector Symbol Detection

Consider the received vector § = s + v with dimension M. Assume that v is Gauss
distributed with mean zero and covariance X, and each entry of s is from a finite
alphabet table. While optimal detection amounts to quantization in the case of X, =
021, it becomes much more complex in the case of X, # 621 when M is large.
This subsection develops a Kalman filtering method for vector symbol detection
augmented by decision feedback.

Consider the following fictitious state-space process:

s(m+1)=s(m)=s, y(m)=8§(m)=e,s (7.46)

for 0 < m < M where e; is a row vector consisting of zeros except the kth
element equal to one and §(m) is the detected symbol. The simple idea of decision
feedback assumes that the detected symbol §(m) = s, := e,,s and is fed back in
the form of output measurement y(m) = §(m). Since X, is a full matrix, detected
symbol will be beneficial to estimation of the state vector, i.e., the symbol vector
s, thereby improving detection of the subsequent symbol. This idea indeed works
through successive improvement for estimation of s based on feedback of each
detected symbol. Let 3 = X, and 810 = 8 which are prior data. Set y(1) = 5(1) =
Quan[e;§; ‘0]. An application of the state estimator in Theorem 5.6 leads to the spatial
Kalman filter:

A

Smt1lm = §m\mfl _Km[y(m) - emgm\mfl]v
Ky = —3ne (enS, 1e:) ",

A

St = (I +Knew) S, y(m+1) = Quan[e, 18,41, (7.47)
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form=1,2,--- ,M — 1. The above skips the calculation of §,,,,, due to

§m\m = em+1§m\m71 —ent1Kn (y(m) - emgm\mfl)
= €m+1 [gm\mfl — K (y(m) - emgm\mfl)}
= em+1§m+l\m'

The estimator in (7.47) is obtained by noting that x(¢) — s is the state to estimate,
and y(r) — y(m) = ), is the observation. Thus, with time index ¢ replaced by spatial
index m, Theorem 5.6 can be readily applied using

At—)Am:I, Bt—>Bm:07

Ct — sz = €y, D, — 07

L, - L,=K, R — R,=0.

The spatial Kalman filter in (7.47) will be termed as sequential interference
cancellation (SIC), or Kalman SIC in short, due to its ability to mitigate the noise
effect in vector symbol detection. Its weakness lies in the possible error propagation
if a detection error occurs. A moment of reflection prompts the idea of ordering by
detecting the symbol with the least error probability first. Two different orderings
will be considered. The first is based on SNR. Denote k(-) as the new ordering.

Then
k(1) =argmin{e;Z,e/ : 1 <i<M}.

In addition, the spatial Kalman SIC in (7.47) will be replaced by

§erl\m = §m\mfl - Km[S:K(m) - eK(m)gm\mfl]u
$ ok " ok -1
K, = —Zme (m )(e K(m )Z eK(m)) ,
2t = (I—i—KmeK( ))2
K(m+1) :argmin{el mi1€ 0 j & {x(i) L },

Sic(m+1) = Quan[e s )8 1)ml; (7.48)

initialized by o = X,, §;9 =$§, and §(1) = Quan[e(;)8 o).
The second ordering is log-likelihood ratio (LLR). Denote .7, {w,} _, as the
set of finite alphabetical words. Then s, € %, for each m, and Sm = S + vy for

some Gauss random variable v,, with mean zero and variance e, X,e},. At each m,
the MAP decision for s(i) given $j;,, has the expression

§; = argmax Pr{s; = w8, }
Wi
where Pr{-} stands for probability. Denote

Pr{s; = §(i)|§im}>

Pr{s; = wi|Sijm}

Yiim(wi) =In (
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as the pairwise LLR. It is left as an exercise (Problem 7.19) to show that the
probability of symbol error after knowing ;4 is given by

. _ 1
PI‘{S,‘#S,‘} =1 —W (749)

The above holds even if the noise is not Gauss distributed. The LLR-based ordering
chooses to first detect the symbol that minimizes 2'/)::1 e im0 over {Wk}'/}::1 at
each iteration of the spatial Kalman filter. This choice minimizes the symbol error
probability and thus the probability of error propagation. In the case of Gauss noise
as assumed in this subsection, there holds

Vi) = |Sitm — Wil — [Sijm — Sl
i|m\Wk emﬁme;‘n .

The spatial Kalman filter remains the same except the index at the mth step in (7.48)
that is replaced by

K(m+1):afgf}1in{Pf{5i7ésj|§j\m}, JE RO}

Example 7.7. This example considers the output estimate of the LE receiver from
Sect. 2.3 as the symbol vector. For simplicity, BPSK is assumed, and thus, the each
symbol takes value of +0; with 62 the symbol power. The estimate of the LE
receiver at time ¢ is

§(r—d)=s(t—d)+¥(t)

with d = 1. Note that ¥(¢) represents the estimation error, different from the noise
process at the input of the LE receiver. Although the Gauss assumption does not
hold, the LE receiver implies approximate Gauss distribution of the estimation error,
provided that the channel order is high or M and P are large, in light of Example 2.12
in Chap. 2. This example employs the MIMO channel with M = P = 8 (input/output)
and L = 1 (channel length) to demonstrate the results for both the LE receiver from
Sect.7.2.3 and for the SIC-based vector symbol detection. Whereas such M, P, and
L are not high enough, the simulation results do help to illustrate the improvement
due to Kalman SIC. A total of 30 channel models are randomly generated in which
each coefficient is Rayleigh distributed with the total variance normalized to one.
The BER performance are then averaged over these 30 channel models. Combining
the LE with the Kalman SIC in this subsection yields the BER curves shown in
Fig.7.17 below.

The SNR is defined as 20log, (02 /0?2) with 61 as the covariance of the symbol
vector and 621 as the covariance of the noise at the input of the receiver (different
from ¥ that is the error noise at the output of the receiver). The improvement due to
ordering is also obvious.
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Fig. 7.17 BER performance of the combined Kalman LE and Kalman SIC

S(t—d) 5(1—d)

Fig. 7.18 Block diagram of y(1)
the DFE receiver

1

7.3.2 Decision Feedback Equalization

The previous subsection shows the BER improvement when the detected symbol
is fed back to aid the detection of the subsequent symbol. This improvement is
achieved by taking advantage of the correlated nature of the noise vector. Now
consider the LE receiver studied in the previous section in which the noise is colored
temporally. Hence, there is an incentive to feedback the detected symbol vector in
the previous time instant to help estimation of the current symbol vector. This is
indeed the case. To be specific, the LE receiver having the structure of the output
estimator is shown in Fig. 7.16. When the detected symbol is fed back, the input to
the estimator includes §(r —d — 1), in addition to the received signal y(z). Figure 7.18
shows the structure of the time-invariant decision feedback equalizer (DFE).
The process model for output estimation in Fig. 7.16 is now changed to

—d
7% 0
T(z) = |7 @0 | = {&}L{ﬂ} (zI —A)"'B

D C
H(z) I 2 2
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00) rC
=100+ |Cy|(@—4)"[B 0] (7.50)
DI Crn

for the case d > 1 due to the additional observation of §(t —d — 1) =s(r —d — 1).
The optimal estimator in the sense of MMSE can be easily derived.

Theorem 7.8. Consider T(z) in (7.50). Let

w= [l [0 = [0 usbon]

A=A —BD*(I+DD*)"'Cy, and Y > 0 be the stabilizing solution to
Y =A[l+YC,(I+DD*)"'Cy] 'YA* + B, (I+D*D) 'B].

Then the optimal DFE receiver in the sense of MMSE is given by

A+ LG+ LGy |L1 Lz}

F(z) = [Fb(Z) Ff(Z)} = |:C1 +0,Cyy —|—Q2C22|Q1 0)

where the stationary estimation gains are given by

H B {Ll Lz] B {AYC;I AYC;Z—l—BlD*} [c21yc;1 CuYCh ]1
0 01 O CiYGs, 0 CnYC; DD* +CnYCs,

Proof. Since R is singular, pseudoinverse has to be used leading to

L 10 0
|0 (I+DD*) "
By using the stationary version of the output estimation result in Theorem 5.14,

A =A—BD}R"C, =A—BD*(I+DD") "' Cp, (7.51)
B =B[I-D;R"D;]=B|(I+D*D) ' [1 -D*],

BB* = Bi(I+D*D) 'B, CiR"C,=C5(I+DD*) 'Cpp.  (7.52)

Hence, the filtering ARE in the theorem can be verified, and expressions of the state
and output estimation gains in (7.51) can be easily derived. a

In light of Theorem 7.8, the estimator F(z) = [F »(z) Fr(z) ] has an IIR structure
in general. However, this is not the case for DFE, if the channel model is FIR, which
holds in the case for wireless channels. Recall the derivation of the channel model
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in Chap. 1. For the sake of generality, consider the time-varying channel model of
length L with M input/P output:

Hi(q) = > Hi(t)g". (7.53)

The next result is surprising and shows that the optimal DFE receiver in the sense of
MMSE has an FIR structure, even if the channel experiences time-selective fading.

Theorem 7.9. Let the P x M channel model be the same as in (7.53) and

L

y(t) = X Hi(t)s(t — )+ (1)

i=0

be the received signal where the symbol vector s(t) and noise vector v(t) are
temporally white and uncorrelated to each other. Consider the DFE receiver

L
ZF (t—1i) iGj(t)ﬁ(t—d—j). (7.54)
j=1

If §(t—d—i)=s(t—d—i) for all integer i > 1, then the MSE of the estimation
error E{||s(t —d) — 8(t — d)||*} is minimized by the FIR DFE receiver in form of
(7.54) among all linear receivers, provided that Ly > d and Ly, > L.

Proof. Assume L, =d, L, = L, and §(t —d —i) = s(t —d — i) for i > 1. Then the
estimate §(f — d) in (7.54) can be written as

L

r(t) =8(r—d ZF (t—i)+ Y, Gj(t)s(t —d — j)

Jj=1

d L L+d
Y Fit) (2Hk(t—i)s(t—i—k)-i—v(t—i)) + Y Gjalt)s(t—))
i=0 k=0 j=d+1

L+d L+d
=Y Lnst—0+ Y G- +2F v(r—1i)
=0 jd+1
d L+d d
=Y O)s(t =0+ Y ) +Gjal0))s(t — j)+ Y, Fi(t)v(r —i),
=0 jdt1 i=0

where I}(t) = 3¢ Fi(t)H;_;(t — i) by defining Fi(r) = 0V i > d. Taking

d

Gy(t) = ~Tjsalt) = = 3, Fi(0)Hjeailt — ) (1.55)
i=0
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forall j € {i}- | concludes that

d
r(t) =8(—d) = Zz)u(t)s(t —0)+ ZFi(t)v(t —i).

Let es(t —d) = s(t —d) — §(r — d) be the error signal. The above implies
Efe(t—d)s(t—d—i)*} =0 Vi>1 (7.56)

by E{s(¢)s(7)*} = 0 whenever # 7 and E{s(¢)v(7)"} = 0 for all (t, 7). If { F;(t) }_,
are chosen such that

E{e(t—d)y(t—i)*} =0 Vi>0, (1.57)

then the output estimate §(7 — d) satisfies the orthogonality condition required for the
MMSE estimate. See Problem 5.6 in Chap. 5. Hence, the estimate (7.54) is indeed
optimal provided that (7.57) has a unique solution {F;(r)}¢_,, since then { Qj(z‘)}fz1
can be obtained according to (7.55). For this purpose, denote 2 = [0 -0 I} and

s4(t) = : ;W) = : - (7.58)
s(t—d) v(r—d)

Thus, s(r — d) = Qs,(t). In addition, denote F (1) = [ Fy(t) --- Fy(t) ] and

Ho(t) Hy(t) - Halt)
0 Ho(l—l) del(l—l)

0 e 0 Hy(r—d)
by the convention Hy(k) = 0 if ¢ > L. Then under the relation in (7.55) and
es(t— d)=s(t—d)—8(t — d), there holds
eg(t —d) = Qs (t) = E(1) [Hy(1)s4(1) +¥4(1)]
— [Q = F(0)H (1)) 8,(r) — E()v,(1). (7.59)
In light of the assumption for s(¢) and v(z),

E{s(k)s(i)*} = ,8(k—i), B{v()V(i)'} = Z,8(k— i)
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where 0(-) is the Kronecker delta function. Recall the Kronecker product symbol
®. It is now claimed that (7.57) holds, if and only if

F(1) = Q(lg®Z) Hy(t) [la® 5+ Hy(t) (Ig @ Z) Hy ()] (7.60)

Indeed, denotingy, () = [y(t)* --- y(t — £ — 1)*]" with £ > d yields

Yo

Yo ()= {E(:)(I)] 8q(1) + [ﬂd(l;d_(t()l_ 1)] +Hp(t)sp o gt —d—1)

for some Hg(t) dependent on the channel coefficients where s; , 4(t —d — 1)
and v,_,(t —d — 1) are defined along the lines of (7.58). Hence, the orthogonality
condition (7.57) holds, if and only if

Efe(t~d)y,, (1)} =0
for each integer ¢ > d. The above is equivalent to
[Q—F(0)H(0)] (la © %) [Hy(1)" 0] = E(t) [1;2 2, 0]

by substituting the expressionofy, | (t) and that of es(r — d) in (7.59), and by noting
that E{s;(¢)s;(t)*} = L, ® X, E{v, (t)v,(¢)* } = I; ® X,, and mutual orthogonality of
sy(1),v4(t),8; ¢y gt —d—1),and v, ,(t —d —1). The above has a unique solution
identical to the one in (7.60). Since ¢ > d is an arbitrary integer, (7.57) holds that
concludes the proof. a

In the case of the time-invariant channel model, the feedforward filter (FFF) and
feedback filter (FBF) are time invariant as well and are given by {F;} and {G;},
respectively. The proof of Theorem 7.9 shows that the roles of FFF and FBF are
different. The former is designed to satisfy the orthogonality condition (7.57) and
the latter to (7.56). Together, they achieve the same MMSE performance as the
Kalman DFE in Theorem 7.8, provided that Ly > d and L;, > L. In fact, Ly = d and
L;, = L can be chosen which are of the minimum order. Moreover, the Kalman DFE
has an FIR structure, if the channel model has an FIR structure.

Example 7.10. Consider a 2-input/2-output (M = 2, P = 2) system over the nor-
malized Rayleigh fading channels with L = 2. Similar to the previous example,
BPSK symbols are again assumed and 30 channel models are randomly generated.
Figure 7.19 shows the BER performance of the Kalman DFE in Theorem 7.8 and
the finite length DFE (FLDFE) in Theorem 7.9. The results are averaged over 30
randomly generated channels. The lower four curves illustrate the BER performance
of the Kalman DFE with respect to the detection delay d. The performance
improvement is clearly seen as the detection delay increases. It is emphasized
that there is only one parameter, the detection delay d, can be adjusted. Since
the detection delay is directly related to the dimension of the state vector, better
performance (larger delay) is achieved at the expense of higher complexity.
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Fig. 7.19 BER performance of the combined Kalman receiver

Fig. 7.20 Combined Kalman y(t) $(t—d) Sm(t—d)

DFE and SIC receiver Kalman Kalman
DFE SIC

For comparison, Fig.7.19 also shows the BER performance of the FLDFE. It
is seen that the FLDFE never outperforms the Kalman DFE, and its performance
improves with the increase of the FFF and the FBF lengths. When L, > d and
L, > L, the FLDFE has the identical performance as the Kalman DFE, which
confirms Theorem 7.9. It is also observed that reducing the FFF length causes much
more performance loss than reducing the FBF length. In fact, when the FBF length
reduces to zero, a DFE becomes an LE that is still able to suppress the ISI to some
extent.

While the FLDFE in (7.54) is attractive, the Kalman DFE in Theorem 7.8
has some advantages. It can be easily generalized to time-varying channels using
Theorem 5.14. Moreover, both DRE and ARE associated with Kalman DFE are easy
to compute. Finally, Kalman DFE provides the error covariance matrix for §(r — d)
that can be utilized in its quantization by using the SIC method in the previous
subsection. See the schematic block diagram in Fig. 7.20 in which q,;l denotes unit
spatial delay.
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For simplicity, consider time-invariant channel model
H(z) =Ho+Hyz '+---+Hz L

A block state-space realization (A, By,C,D) is given by

Iy
A= | , Bp= ;
* IMO 0

CZ[HI---HLO"'O}, D =H.

The associated state vector can be easily identified as

*

x(t) = [s(t—1)"s(t—2)* -+~ s(t —n)*|

with n > L and n > d > 0 giving rise to the state-space equation

s(1)

x(t+1)=Ax(t)+ [B; 0] [V(l‘)

} , ¥(O) =Cx(t)+[D1] {i((g] .

The above agrees with T(z) in (7.50) by taking C; and Cy; such that
Cix(t)=s(t—d), Cux(t)=s(t—d—1),

and by taking Cy; = C. The following result shows more than just the performance
improvement when the Kalman DFE and SIC are combined.

Theorem 7.11. Let the FFF F ¢(z) and FBF F,(2) be specified in Theorem 7.8 with
Y > 0 be the stabilizing solution to the corresponding filtering ARE. The linear
MMSE estimator for §(t — d) is given by

[Z‘Zféi] = {éiLQ%Jﬁ(tH [gll]§(t—d—1)+ {g‘;]y(t), (7.61)

where L = [Ll Lg}, 0= [Ql QZ], and C = [C§1 C*]*. Assume that $,(t —d) =
Quan([$,,(t — d)] = siu(t — d) is correct for each m where the subscript m denotes
the mth entry of the corresponding vector. Then §,,(t — d) can be obtained from the
spatial Kalman filter:
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lE\)mel\m = l/:\’m\mfl _Lm[i)m - emBm\mfl]a

Ly = 3¢ (enSne) !,
St = (I+Lnew)En, bui1 = Quan(ey1B,,1)), (7.62)

form=1,2,--- .M —1, initialized by £y = C\YC} and by = 8(t —d) = C1X(z).
Moreover, the combined Kalman receiver in Fig.7.20 based on Kalman DFE in
(7.61) and the above recursive SIC is jointly optimal in the sense of achieving
MMSE.

Proof. Because the M symbols of §;_, are detected and fed back sequentially, a
fictitious upsampling with ratio of M can be assumed. For each integer m such
that 1 < m < M, the state vector remains the same, but observations are replaced
by su(t —d), the mth element of s,_4, in light of the assumption of the correct
detection of the previous symbols. Since %(¢) = x(7) + ¥(¢) for some error vector
V.(t) with covariance Y being the stabilizing solution to the corresponding ARE
in Theorem 7.8, an equivalent MMSE estimation problem arises for the following
state-space model:

K(tlm+1) = k(t|m),  y(t|m) = enCi%(t|m) — enCr¥x(r) (7.63)

form=1,2,--- ;M — 1 that is initialized by a priori estimate (¢|1) = %(¢). Similar
to (7.47), the above leads to the Kalman SIC:

X1 (1) = [+ Kn(1)€mnC1 X1 (1) — Kn(t)by,
Kn(t) = =Yu_1(€mC1)*[(emC1)Ym—1(emC1)*]
Yie1 = [+ K (2)enCi]Yom,
b+t = Quan(e,1C1%,y 1)n(1)] (7.64)

)
-1
)

form=1,2,--- M — 1, initialized by X, o = X(¢), by = Quan(e; C1X;|o), and Yo = Y.
Multiplying C; from left to the first three equations of (7.64) and multiplying C
from right to the third yield the spatial Kalman filter in (7.62) by taking L, =
C1K,,(t) and 3 = C1Y;Cy for i = m and i = m — 1. Joint optimality follows from
the fact that quantized symbols are fed back to the Kalman DFE as input in vector
form, and thus, the Kalman DFE has no access of $,(t —d) until m = M which
preserves the optimality of the Kalman DFE as well. a

The combined Kalman DFE and SIC will be referred to as combined Kalman
receiver. Recall that the SIC part can be improved, if SNR or LLR orderings
are employed. The use of ordering will alter the Kalman SIC in Fig.7.20, but
its joint optimality remains for the combined Kalman receiver with ordering. The
next example illustrates the performance improvement when the combined Kalman
receiver is employed.
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Fig. 7.21 BER performance of the combined Kalman receiver

Example 7.12. This example considers time-varying 8 X 8 channels with
H,(q) = Ho(t) + Hi(t)q .

Thus, the channel length L = 1. Each of the channel coefficient, denoted by #;(t), is
assumed to be Rayleigh random variable, generated via

/’lj(l+ 1) = (X,‘h,'(l) +ﬁini(t)

where 7(¢) has mean 0 and variance 1, o; = 0.9999, and Ociz + ﬁiz = 1. This is the
result of the so called WSSUS, and autoregressive model in time evolution, observed
from large number of experiments. It is assumed that the full channel information
is known at the receiver, in which case the Kalman DFE is a time-varying output
estimator (Problem 7.21 in Exercises). Figure 7.21 shows the BER performance
averaged again over 30 randomly generated channels.

For any given detection delay, it is observed that the Kalman SIC improves
the performance of the Kalman DFE. Detection ordering further improves the
performance of the Kalman SIC. It is also observed that the LLR-based detection
ordering outperforms the SNR-based detection ordering consistently. As expected,
increasing the detection delay d improves the performance of each receiver at the
cost of complexity. Our numerical results show that the performance gain due to
detection ordering is influenced more by the channel length L than by the detection
delay d, but this gain becomes smaller as the channel length L becomes larger.
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Notes and References

Many textbooks are available on multirate DSP. A good source to begin is [47,112].
CDMA and OFDM are covered by almost every wireless communication book [98,
107,111]. For transceivers based on filter banks, [96,97,119] provide a good sample
of research papers and references therein. The design methods presented in this
chapter are unconventional. Optimal control and estimation play a major role in
synthesis of the channel equalizers, precoders, DFEs, and vector symbol detectors.
Many results in this chapter are based on [45,46,48,75]. Background material can
be found in [10, 14, 15,31,37,77,93].

Exercises

7.1. Consider continuous-time signal s(z) that has cutoff frequency @, > 0. Let

X1 (k) = S(le), )Cz(t) = S(sz)
be two sampled version of s(r) where k = 0,41,---. Suppose that T} = LT, with L
integer and sampling frequency

w51 =21/T) > 20, Op=Loy.

Show that if an ideal interpolator is employed with {x; (k)} as input, then the output
is identical to {x,(k)}. Also, test this fact in Matlab by using s(z) as a combination
of sinusoidal signals.

7.2. Prove the equality in (7.1). (Hint: Note first the following representation for
the periodic Kroneker delta function:

M 1, k=0,+M,---
6 k) = — Wlk: ) ) ) )
»(6) M Z(‘) M {O, elsewhere.

Note next that the frequency response of y,, (k) is given by

V)9 = 3 8, (kpu(kpe ko

k—=—o0

from which the equality in (7.1) can be derived.)

7.3. (Resampling) Fig.7.22 in next page shows the fractional sampling rate con-
verter termed resampling in which L and M are coprime. Show that the low-pass
filter in ideal resampler has passband [—LV”, LV”] in the case M > L. The Matlab
command “resample” can be used to implement the resampler.
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Fig. 7.22 Resampling with expander, low-pass filter, and decimator

Fig. 7.23 Two-channel QMF
bank

7.4. For the case M = 2, the QMF bank is shown in Fig. 7.23.

(1) Assume Hy(z) is a low-pass filter. Show that
Hi(z) = Ho(—z), Fi(z) = —2Ho(—=2)
are both high-pass filters, Fy(z) = 2H(z) is low-pass filter, and
S(z) = [Ho(z)Ho(z) — Ho(—2)Ho(—2)] S(2).

The above reduces the design of four filters into that of Hy(z) only.
(ii) Let Hy(z) be FIR having the form

n

Ho(z) = Y ho(i)z ™", ho(i) = ho(n—1),
i=0

where i = 0,1,..., 25! with n odd. Show that the DTFT of {/(i)} has a linear
phase and

. 2 . .
[Ho(@®)|” = Ho(e®)Pe o —
$(e1) = e [|Ho(e1®) 2+ |Ho(e! )] 5(ei®).
(iii) Show that |Ho(e?)| = 2|h;C(@)| with m = 5L and

ho(0) cos(m—1/2)w

hy = ho(.l)  Clw) = cos(m—3/2)w

)

ho(m—1) cos(1—1/2)o
and thus, the stopband filtering error is given by

1 [z : "
E;i=— [Ho(')|* do = hQyhg
(05
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where the (i, j)th element of Q5 given by

1 (sin(k—Day | sin(2m—i—k+1)awy .
ﬁ( = T Zmoik+l , 17k,

Qs(ivk) =

1 sin2(m—i40.5) o, .
b (” O~ Smmos) ) L=k

(iv) The reconstruction error E; is defined by
1 /7 ) ) 2
Eo=— [ ([IHo@)P + (@@ )F] - 1) do,

Show that E, = (1 —2/*h)2 + 83", (h*S%1)” where

01 0 ---0
ho(0)
00 1---0
ho(1)
S: s h: ..
o ho(2m —2)
[ 0 ho(2m —1)

(Hint: See Ref. [43].)

7.5. For the two-channel QMF bank in the previous problem, consider the total
error E = (1 — a)E; + aE; where 0 < o < 1 is a design parameter.

(i) Show that

m—1
— (1—a) | (1—4h3h)> +8 S (hsM*S*Mhy)” | + ok Qs

where h = Mhy, M = [1,, fm]*, and

0---01
10---0

(ii) Define the design index J(hy) = E — (1 — ). Show that

J(hy) = hyPlhy, holhy + hyQhy, Plhg, hy] = Z Pihoho Py
k=0

where Q= Q4 + Q_ with O, = aQ;, 0— = —8(1 — a)I, and

Py=4VT—al, Pi=+/2(1—0) *(SZk +(8) Zk)M
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(iil) Use Matlab to design Ho(z) that minimizes E = (1 — o) E; + aEs where 0 <
o < 11isadesign parameter with @, = 0.557 and n = 55. An iterative algorithm
can be adopted. Denote x = k. The algorithm searches for the optimal x as
follows:

* Step 1: Choose initial guess x = xo # 0 such that Jy = J(xp) < 0.
e Step2:Fori=0,1,2,..., do the following:

— Step 2a: Find x = x;1| such that it minimizes the auxiliary index function
& * 1 * 1 *
Jilxi](x) = x* | Plxi,xi] + §Q+ x+x'0_x+ 3% 0 x;.
The optimal solution is given by
x=xi11 =— (2Pxi,x] +04) ' O xi. (7.65)
— Step 2b: If |jxi41 — x| < &, with € a prespecified error tolerance, stop;
otherwise, set i := i+ 1 and repeat Step 2a.

(Hint: See Ref. [43].)

7.6. Two block diagrams are equivalent, if the same input produces the same output.
Show the following:

(i) The M-fold decimator followed by a filter F(z) is equivalent to the filter F (z)
followed by the M-fold decimator.
(ii) The L-fold expander followed by a filter F(z") is equivalent to the filter of F(z)
followed by the L-fold decimator.

7.7. Prove the relation in (7.11).

7.8. Suppose that the continuous-time channel is flat with impulse response
amd(t — T,) where T, = (Ky + &n)Te with K, > 0 an integer and 0 < &,, < 1. For
simplicity, assume that p(¢) = [1(z) — 1(z — T¢.)] is the chip wave function with 1(z),
the unit step function. Show that the impulse response of the discretized channel is
given by

h _ am(l _8m)7}:7 k= K
mk = amemTe, k=1, + 1.

(Hint: Using the matched filter in Chap. 1, the impulse response of the discretized
channel can be shown to be

hm7k:am/p(r—rm)p(r—k) dt

from which the expression of £, ; can be derived.)
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7.9. For G,,(z), the mth column of G(z) in (7.15), show that

em(0)  z7len(P—1) 7 ten(1)
C(2) = cm(1) cm(0)
: - len(P—1)
cm(P—1) em(l)  em(0)

7.10. Prove the relation in (7.16) where {Hy 2[;01 are the N-point DFT of {h,};’;ol

7.11. (i) Let {v;}! bei.i.d. Gauss random variables of mean zero and variance
62. Show that its normalized DFT, denoted by {v;}¥!, is also i.i.d. Gauss
with the same mean and variance.

(i) Repeat (i) for the case when v; is complex and has i.i.d. real and imaginary
parts with mean zero and variance 62/2.

(iii) Consider detection of b based on noisy observation:
$=Hb+7.

Assume that H # 0 is known, v is the same as in (ii), and both real and
imaginary parts of b are binary. Show that the above is the same as

|:frj| _ |:Hr _Hi:| Er
)/’\i H; H, b;
where 3=, + jy; and b = b, + jb;.

7.12. Consider ZF equalization in Sect.7.2.1 in which v(k) has mean zero but
covariance X, # I. Find the optimal ZF equalizer that minimizes

Jr= Tr{% /;F(ejw)va(eiw)* da)}.

7.13. Consider H(z) = D+C(zI —A)~'B with size P x M, P > M, and A, a stability
matrix. Assume that rank{D} = M and D" D = I for some left inverse D". Show
that H(z) is strictly minimum phase, if and only if (D7 C,Ay) is detectable, where
Ag=A—BD"C and D is the same as the one in (7.20).
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7.14. Consider H(z) = D+C(zI —A)~'B with size P x M and A, a stability matrix.
Assume that (A,B,C,D) is strictly minimum phase, except that D # 0 is not full
rank, i.e., H(z) has zeros at z = oo.

(i) Let P <M, and X > 0 be the stabilizing solution to
X =A*XA+C*C— (A*XB+C*D)(D*D+B*XB)* (B*XA+D*C).
The stabilizing solution X > 0 can be obtained as the limit of the iteration:

F; = —(D*D+B*XB)" (B*XA+D*C),
Xit1 = (A+BF)"X;(A+BF,) + (C+ DF;)"X;(C + DF;),

initialized by Xy > 0 satisfying Xy = A*XpA + C*C. Let
F = —(D*D+B*XB)*(B*XA +D*C),

and Q of size P x M satisfy Q*Q = (D*D + B*XB). Show that

H;(z) = [%’%} Q% Ho())=Q {—4?’%

satisfy inner-outer factorization relation H(z) = H;(z)H,(z) with Hj(z) square
inner, consisting of only z~% or zeros, and Hy(z) of size P x M has full rank P
at 7 = oo, Note that 2 has rank M.
(i) Let P > M, and Y > 0 be the stabilizing solution to
Y = AYA* + BB* — (AYC* + BD*)(DD* +CYC*) " (CYA* + DB").

The stabilizing solution Y > 0 can be obtained as the limit of the iteration:

L; = —(AY,C* + BD*)(DD* + CY,C*) ™,
Yii1 = (A4 LC)Yi(A+LC)" + (B+ LiD)Yi(B+ L:D)",

initialized by Yy > 0 satisfying Yy = AYA* + BB*. Let
L= —(AYC* +BD*)(DD* +CYC*)™,

and Q of size P x M satisfy QQ* = (DD* + CYC*). Show that

A+ LC|B+LD A|—L
Hi(z)zfﬁ[ c 3 }, HO(Z)Z[C I}Q
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satisfy inner-outer factorization relation H(z) = Ho(z)Ho(z) with H;(z) square
inner satisfying det[H; (z)] = z~ (17", and H,(z) of size P x M has full rank
M at z = 0. Note that H;(z) can be a permutation of diag(z %1, --- ,z=9).

7.15. Prove Lemma 7.3.
7.16. Prove Theorem 7.3.
7.17. Prove Theorem 7.5 by using the stationary version of Theorem 5.14.

7.18. Suppose that § = s+ v where s is from a finite alphabet table .7 and v is
Gauss distributed with mean zero and variance 62. Show that the optimal detection
is given by
§ = Quan($) := argmin |§— 5.
seT

7.19. (i) Prove (7.49) in the general case when the noise is not Gauss distributed.
(ii) For BPSK modulation, .7 = {+0,} with 62 the symbol power. Show that
(7.49) can be simplified to

1 o 4GsRe{§i\m}
L4elnl” " enSnes,

Pr{f,‘ 75 S,'} =

(Hint: The proof can be found in Ref. [67].)

7.20. Consider the received signal given by
S=Hs+v,

where the channel matrix A has the full column rank, and v is gauss distributed with
mean zero and covariance (731 . Show that the SIC in (7.47) can be generalized to
the following:

§erl\m = §m\mfl - Km[y(m) - emgm\mfl]v

Km = - Ame;ﬁn(emﬁmfle:n)717

L1 = (I"'Kmem)ﬁma ym+1)= Quan[em+1§m+1\m]a

form=1,2,--- .M — 1, initialized with &g = (H*H) 'H*$§ and £, = o (H*H) .
(Hint: Use the transform s = (H*H)~'H*$ to obtain the new model s = s 4V that is
the same as in Sect.7.3.1, and then apply Theorem 5.6 to the fictitious state-space
model x(m + 1) = x(m) = s with y(m) = $, = s, as the observation. Note that
H* = (H*H)~'H* has the smallest Frobenius norm among all left inverses of H,
and thus the smallest covariance for the new noise vector v.)
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7.21. Suppose that the channel model is time varying given by

Derive the optimal Kalman DFE by generalizing the result in Theorem 7.8.



Chapter 8
System Identification

Mathematical models are essential to modern science and engineering, and have
been very successful in advancing the technology that has had profound impact to
our society. A serious question to be addressed in this chapter is how to obtain
the model for a given physical process. There are two basic approaches. The first
one is based on principles in physics or other sciences. The inverted pendulum in
Chap. 1 provides an example to this approach. Its advantage lies in its capability to
model nonlinear systems and preservation of the physical parameters. However, this
approach can be costly and time consuming. The second approach is based on input
and output data to extrapolate the underlying system model. This approach treats
the system as a black box and is only concerned with its input—output behaviors.
While experiments need to be carried out and restrictions on input signals may
apply, the second approach overcomes the weakness of the first approach.

This chapter examines the input/output approach to modeling of the physical
system which is commonly referred to as system identification. In this approach, the
mathematical model is first parameterized and then estimated based on input/output
experimental data. Autoregressive moving average (ARMA) models are often used
in feedback control systems due to their ability to capture the system behavior with
lower order and fewer parameters than the MA models or transversal filters. On
the other hand, wireless channels are more suitable to be described by MA models
due to the quick die out of the CIR. Many identification algorithms exist, and
most of them uses squared error as the identification criterion. The squared error
includes energy or mean power of the model matching error that results in least
squares (LS), or total LS (TLS), or MMSE algorithms. These algorithms will be
presented and analyzed in two different sections. For ease of the presentation, only
real matrices and variable are considered, but the results are readily extendable to the
case of complex valued signals and systems. A very important result in estimation
is the well-known Cramér—Rao lower bound (CRLB). See Sect. 6 in Appendix B for
details.

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 343
DOI 10.1007/978-1-4614-2281-5_8, © Springer Science+Business Media, LLC 2012
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8.1 Least-Squares-Based Identification

Consider an m-input/p-output system with plant model

u -1 ny
H(z) =M(z) 'N(z) = (1 - Mkzk> <Z Nka> :
k=1 k=1

The parameter matrices are those of {Mk}Zi , with dimension p x p, and of {N;};*,
with dimension p x m. Due to the existence of measurement error, the input and
output are related through the following difference equation:

i ny
=Y Myy(t—k)+ Y Neu(t —k) +v(1), (8.1)
k=1 k=1

where v(¢) is a WSS process with mean zero and covariance 6%1. Define
0= {Ml s My, Ny "'Nnvj|
as the true parameter matrix of dimension p x (ny +ny)m, and

o) =[y(t—1) - y(t—ny) u(t—1) - u(t—ny) ]

as the regressor vector of dimension (ny + ny)m. There holds
y(t) =00(1) +v(1). (8.2)

The linearity is owing to the linearity of the system. Although the above signal
model is derived from the input/output model (8.1), this section assumes temporarily
that ¢ (¢) is noise-free. This assumption holds for the FIR model, including wireless
channels. The dependence of the signal model (8.2) on input/output model (8.1) will
be revisited in the next section.

8.1.1 LS and RLS Algorithms

The LS algorithm is perhaps the most widely adopted in the practice of system
identification. It has an interpretation of maximum likelihood estimate (MLE), if
the observation noise is Gauss distributed. Consider Gauss-distributed v(z) that is
temporally white with mean zero and covariance X, = ¢ that is known. The MLE
is equivalent to minimizing the squared error index

Jolto,1f) = 2022 O)]'ly(t) —0¢(1)]

=ty -
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by noting that MLE maximizes the PDF given by

1
fo(y:0) = exp {—Jo (f0,17) },
(2rmo?)ltr—ot)p

and by noting the independence of {v(r)}. For convenience, denote

Yor = [y(to) y(to+1) - y(ts) ],

(8.3)
@ s = [010) 910+ 1) -+ 0(1y) .
Then the squared error index can be rewritten as
1 /
Jo (l(),lf) = FTI’ { (Y()!f — @q)(),f) (Y(),f — @q)(),f) } . (8.4)

The LS solution @ = O s minimizes Jg (fo,#7) and is the MLE.
Recall the definition in (B.50). It is left as an exercise to show (Problem 8.1)

!
JTr{AXB} _ 4B, JTr{AX'B} _BA,
0X X
/
% = A’XB +AXB.

See Sect. B.5 in Appendix B. The next result provides the MLE in the general case.

Theorem 8.1. Consider the signal model in (8.2) where v(t) is Gauss distributed
with mean zero and covariance X, = diag(crl2 . ,Gg). Then the MLE estimate

based on {(y(t),g(t)};f:,o is the LS solution and given by
Ors = Yo,r PG (Do, @) ) ', (8.5)

provided that (d)o,f(l)(/)’ f) is invertible. Moreover, let 8; be the ith row of ©. Then
0,'72(1)0,‘;‘@’67 pis the FIM associated with estimation of 8% for 1 <i < p, and thus,
Gl?((I)OJ'(I)(’)‘f)’I is the corresponding CRLB.

Proof. Suppose that %, is known. Then the Gauss assumption and (8.3) imply that
the MLE minimizes

1
Jo = ETI‘{Z;I (Yoyf—@(p()’f) (YOJ'—@(I)OJ')/}

1 -
= ETr{ZV ! (YO, Yo r—OPo Yy ;= Yo ;P 0 +OPy, fQD(’)’f@/) }
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Direct calculation shows
8]9
90

Setting the above to zero yields the MLE in (8.5). Since the MLE is independent of
2,, OLs is indeed the MLE. With partition row-wise,

(OB 1B —Yo Dy )

Xl (IOatf)
Yor = : ;=
X,,(fo,ff) 9,

and g; = y.(to,17) — 0;Po, s for 1 < i < p. There holds

N =
.ME

Infy(y;0) = —Jo(to,tr) = — o %g;

1

1

1§ - om) -0

by X, = diag(olz, e p) It can be easily verified that

dinfy (y;0)

!
o =0 oy (Xi(t()’tf) _Qiq)()-,f) =—0; Py E].

By recognizing E{(y,(t0,77) — 0,Po,7)' (y,(to,1r) — 0,@0,¢)} = 0?1, the above yields
the FIM for 6:

dinfy (y;©) dlnfy (y;©) _
FIM(8!) = E{ o 56, =0; *Dy Dy ;.
The corresponding CRLB is thus 67 (@ ¢ D f)’1 that concludes the proof. O

It needs to keep in mind that the LS solution may not have the MLE interpreta-
tion, if ¢ (¢) involves random noises. Consider the case when the covariance of v(z)

is X,(¢), and thus, {v(¢)} is not a WSS process. Suppose that X,(t) = ¢/ that is
known for all ¢. Then Jg is replaced by

LS 1o 2iv0) - 00(0)se) - 09017} (5.6)

ttg - -

The MLE minimizes the above Jg and satisfies

S (@500 ~y@)0()] =

=1y
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Hence, the MLE is the weighted LS with weighting {o, 2} Without loss of
generality, assume that #y) = 0. For £ > 0, denote

-1

: Z o, 2y(1)9(1) (8.7)

ne|Zoenen

By the proof of Theorem 8.1, é, =0 s = Qtf+1Ptf+1 is the MLE.

The simplicity form of the LS solution allows its recursive computation with low
complexity. To be specific, denote @k as the LS solution based on the measurement
data over the time horizon [0, k) for some k > 0. Suppose that new input and output
measurements are obtained at k. There hold

O = O,  Okr1 = Ori1 Py

The recursive LS (RLS) algorithm is aimed at computing ék+ 1 based on ék and the
updated regressor ¢ (k) without explicitly computing Q1 Py 1. In this regard, RLS
is similar to Kalman filtering in Theorem 5.6. The key is computation of P, | based
on P and ¢ (k).

First, it is noted that the covariance type matrix P, can be written as

Poi = [B ' + 070 (ko (k)] !

= P.—Po(k)[of + ¢ (k) P (k)] 9 (k) Py

by the matrix inversion formula in Appendix A. See also Problem 8.4 in Exercises.
The above can be rewritten as

Pii1 =P—Po(K)gr, g =[of +9(k)Po(k)] " o(k)Pi. (8.8)

The derivation next shows the relation between 9 (k) Py 1 and g:

O(k) Pt = ¢(k)'Pe— 9 (k)P (k) [0} + 9 (k) P (k)] ¢ (k) Pe

= {1—9(k) PO (K)[0f + 9 (k) Pg (k)] "'} o (k) P

= otof + ¢ (k) Ped (k)] 9 (k)' P = oigy.
It follows from Q41 = Ok + 0} 2y (k) [ (k) that
Ot = Ok [Pk — Peo(k)gx

= O — 640 (k)gi + 0 2y (k)§ (k) Py

= 6 — 09 (K)ge +y(K)gk = Or + [y (k) — ¥(k) ],
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where y(k) = ékﬂ (k) can be regarded as the predicted output. The above and (8.8)

form the RLS algorithm. If no knowledge is available at k = 0, then é() =0 and
Py = p?I with large p can be employed which admit a similar interpretation to that
in Kalman filter.

An important problem in parameter estimation is the convergence of the estimate.
Consider the case when 67 = 6 > 0 is a constant. Then the signal is called
persistent exciting (PE), if P, — 0 as 7 — . Accordingly, the PE condition implies
O, — O asymptotically based on the facts that g; — 0 as 7 — o and that LS algorithm
yields the MLE. As a result O, stops updating eventually. In fact, the LS estimate ©;
may stop updating very quickly when the signal is rich in its information content.

While the convergence is welcomed, it does not suit to estimation of the time-
varying parameter matrix. Basically, the RLS algorithm fails to track the underlying
parameter matrix, when the PE condition holds. One may periodically reset P to
prevent it from being zero. However, this method is not suggested due to the loss of
past information. A more sophisticated method considers the following performance
index:

1
Jo(tr) = 5 |y(p) = ©8(t)|* +nJo (1 = 1), (8.9)

where % € (0, 1) is referred to as the forgetting factor at time ¢. In the case when
% =visaconstantand 0 <y < 1,

1L,
Jol(ty) = 3 S ly(e) — 09 (1)1
t=0
Thus, the terms in the distant past decay exponentially with respect to the time
duration. The resultant minimizer is very similar to the RLS algorithm derived
earlier with an appropriate modification.
To derive the RLS with the forgetting factor, it is noted that

Jo(t—1)=C +0OP '@ -00Q - 0.0’

for some time-dependent constant matrices P;, Oy, and C;. Consequently,
_ 1
Jo(t)= 21 {C, + OB 10/~ 00, - 0:0'} + 3 (1) ~ 09(17) .

Its partial derivative can be easily computed and is given by

dJo (1)
a@ @:érH

=01 ¥+ 919 (1)] — (KO +¥(1)9(2)'].

Setting the above to zero yields 6, = 0,1 P41 with

Py =uPk +¢()9(t), 01 =10 +y(0)o ().
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It is interesting to observe that

By =3P, Qt+1 =%0r+1

where P, and O, are defined in (8.7) by taking 3 = Gtz. It is left as an exercise
(Problem 8.6) to show that the RLS with forgetting factor is given by

Or1=6,+ (1) =¥(t)] g, ¥(t) = ét?(t)a (8.10)
P =7 [B=Ro(g], &=D+o@/Re@) o(VR. 1D

Two examples are used to illustrate the LS algorithm next.

Example 8.2. Let {H;}?_, be the CIR with one input and two outputs. Thus, each
H; has dimension 2 x 1, specified by

H =

h =

[0.6360}7 = [—0.3552}7 8.12)

0.5149
0.0636 0.2439 '

—0.3737

Hence, |HJ|; = 1. The training sequence of binary symbols +5, is transmitted with
length ranging from 10 to 20 bits. The received signals are corrupted by i.i.d. Gauss
noises with variance 6. Since ||H||, = 1, the SNR is the same as the ratio of B,
to o2. Numerical simulations are carried out for the cases when SNR = 10dB and
when SNR =20dB. A total of 500 ensemble runs are used to evaluate the channel
estimation performance. Let {I-Ali(k) } be the estimated CIR at the kth ensemble run.
The RMSE is computed according to

RMSE = %én{g (Hk_ﬁi(k)) (Hk—ﬁ;k))'}.

The results are plotted in the following figure.
The upper two curves correspond to the case of SNR = 10 dB. The dashed line
marked with diamond shows the RMSE, while the solid line marked with circle is

the corresponding CRLB curve, defined by |/ Tr{FIM~!} that is the lower bound
for RMSE. These two curves are close to each other. In fact, the two curves overlap
for large T (Problem 8.5 in Exercises). The lower two curves in Fig. 8.1 correspond
to the case of SNR = 20 dB. The dashed line marked with square shows the RMSE,
while the solid line marked with % shows the corresponding CRLB.

The simulation result validates the MLE nature of the LS solution in the case of
FIR models that hold for the wireless channels (Problem 8.8 in Exercises). However,
if the temporary assumption on noise-free {¢(¢)} is removed that is the case for [IR
models (refer to (8.1) in which M;, # 0 for at least one k), the MLE interpretation of
the LS solution will be lost. Specifically, the physical systems in feedback control
are generically described by IIR models. Figure 8.2 illustrates the plant model with
input/output signals together with observation noises.
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Fig. 8.1 RMSE plots for LS-based channel estimation

Fig. 8.2 Plant model with 0! vy(t)

noisy measurement data u(t) y()
— Piz) —O—

It is clear that both observations u(f) and y(¢) are no longer the actual input and
output of the plant. In fact, the signal model in (8.1) is replaced by

y(t) =vy(t) + i Myy(t —k)+ "zv: Ni[u(t — k) +v,(r — k)]. (8.13)
k=1 k=1

Hence, when the LS algorithm is applied to estimate the system parameters, the
estimation performance is different from the case for FIR models. The next example
illustrates the identification results.

Example 8.3. Consider identification of a SISO plant represented by its transfer
function

pley _ 03624 +0.1812
YT T2 152407

The input u(z) is chosen as white Gauss with variance 1 that results in output
variance about 4 dB. Observation noises are added to input, or output, or both in
the same way as shown in Fig.8.2. The corrupting noises are white and Gauss
distributed with variance 0.1, or —20dB. The corresponding RMSE curves are
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Fig. 8.3 RMSE curves for LS-based IIR model estimation

plotted in Fig.8.3 with a larger observation interval than the previous example,
in order to illustrate the trend of the identification error. It is clearly seen that
the RMSE curves do not monotonically decline anymore. The simulation results
indicate that the LS solution is biased for identification of IIR models in the presence
of output observation noises. In fact, the corruption noise at the output impacts more
negatively than at the input in terms of the estimation performance.

It needs to be pointed out that the CRLB curve used in the figure is the same as

o, \/ Tr{(®o s P ;) '}. This expression is actually not the true CRLB anymore due

to the observation noise involved in @y . The derivation of the CRLB for the case
of noisy @ y will be investigated in a later subsection.

8.1.2 MMSE Algorithm

For the signal model y(t) = ©¢(¢) + v(¢) studied in the previous section, {¢(¢)} is
likely to involve observation noises, in which case the LS solution is not the MLE,
and the MLE solution is difficult to compute in general. An alternative to MLE is
the MMSE estimate that minimizes E{||y () —©¢(¢)||*}. Assume that both ¢ (¢) and
v(r) are WSS processes, and denote N N

Ry=E{y(t)y(t)}, Ry =E{9()o(1)}, Ry, =E{y()e(t)’}.
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The following provides the MMSE estimate.

Theorem 8.4. Suppose that both ¢(t) and v(t) are WSS processes, and Ry
is nonsingular. Then OyMsg = Ry¢R;1 is the MMSE estimate and minimizes
E{[y(t) —©9¢(7) |?}. Moreover; the MSE associated with Oys is given by

Eunsse = MINE{[y(1) ~ ©9(1) |2} = Tr { Ry — RyoR; 'Ry | (8.14)

Proof. Let &, = E{|ly(r) — @Q(t)Hz} be the performance index for the MMSE
estimation. Then

Euss = Tr{Ry + OR40' ~ Rys0' ~ ORy, |.

Since the MMSE estimate minimizes €

wiss» 1t can be computed from

9
T 2 (ORy — Ry) = 0 (8.15)

that shows Oyvmsg = RWR;I. Substituting © = Oyvsg into the expression of &,
yields (8.14). O

The autocorrelation matrices Ry and Ryy are often unavailable in practice.
Estimates based on N samples of measurements over [0, 7] with 7 = N —1 can
be used:

RwlNil ,_Pﬁl R Nlel , On -
o=y B OO =Fos Rom g Ty000 =T ®16

where Py and Qp are the same as defined in (8.7). If

N—rc0 N—yoo

1 N—1 1 N—1
Ry = lim > 0()9(t)', Ry = lim N > y(0)e),
t=0 t=0

then {¢(r)} and {y(#)} are called ergodic processes. The PE condition is clearly
necessary for Ry to be nonsingular. Under both WSS and ergodic assumptions, the
RLS solution approaches the MMSE estimate, i.e.,

1 N—1

R N—1 -1
Oy =PyOn = (11\, > Q(f)ﬂ(f)l> <N > Y(f)ﬂ(f)/> — OMMSE
=0 =0

as N — oo, It follows that (cf. Problem 8.10 in Exercises)

~ -1
1 - / - /
Oy — 0+ lim E{Vo ;@) , } (E{@,, 4, }) 8.17)
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Fig. 8.4 Schematic s(1)
illustration for channel
estimation
Transversal Unknown
Filter Channel
€ \J) -

where N =t — 1)+ 1. Hence, if E{Vo @ ;} — 0 as N — o, then the LS algorithm
is asymptotically unbiased. Otherwise, the LS solution is biased in which case large
number of samples does not help to eliminate the bias in the LS solution.

The next example illustrates the use of MMSE estimation.

Example 8.5. In wireless communications, channel information is essential for
reliable data detection. While pilot tones such as training sequence can be used
to estimate the CIR, it is desirable to estimate the CIR based on statistical
information of the data sequence. Consider MIMO channel estimation in Fig. 8.4
with E{s(7)s(t —k)'} = Rs(k) assumed to be known for each integer k. The received
signal at the output of the channel is given by

st—i)+v(t)=00¢(t)+v(t)

I Mn

for some white Gauss noise v(z) where

s(r—1)
O=[H - H], ¢6)=]|
s(r—1L)
It follows from E{s(r)s(t — k)’ } = Rs(k) that
Ro =R, =E{9(0)8(1)'} = [Rs(k—1) IiiC

is a block Toeplitz matrix known at the receiver. However, Ry, has to be estimated
using
1 N—1

Zy¢

for some integer N >> 1. In this case, the MMSE estimate for CIR can be obtained
from OymsE = qu,R;l. If {Rs(k)}é;(% are not available at the receiver, they need to
be estimated as well. A commonly seen method employs the past detected symbols,
assumed to be correct, which yields effective way to estimate Ry.
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It is worth to pointing out the difference between the MMSE estimation in this
section and that in Chap. 5. Recall that in Chap. 5, the state vector under estimation
is random, whereas the parameters under estimation in this section are deterministic.

8.2 Subspace-Based Identification

For the signal model y(t) = ©@¢(r) + v(¢) studied in the previous section, the MLE
interpretation for the LS algorithm does not hold in general, if the noise sequence
{v(#)} is not Gauss distributed. Although the LS solution can still be used to
extrapolate the system model, the estimate is not unbiased anymore for IIR models,
because ¢ (¢) involves {y(k)} for k < ¢ (Problem 8.10 in Exercises). It turns out that
it is the TLS algorithm that yields the unbiased estimate asymptotically which will
be used for system identification in this section.

8.2.1 TLS Estimation Algorithm

The TLS algorithm arises from the class of error-in-variable (EIV) models. Let ©
be the parameter matrix of interest satisfying ©®Ay = By where A and B are
wide matrices. The precise values of Ag and By are not available. Instead, only
their measurements, denoted by A and B, respectively, are available given by the

EIV model
A A
= MA. 8.18

[3] {Bo} * ®19)

To be specific, the dimensions of A, B, and M are L X N, p X N, and p x ¢ with
N > (L+ p). Thus, A has dimension ¢ x N. The elements of A are assumed to be
independent and identically distributed (i.i.d.) random variables with mean zero and
variance 6. The goal is to estimate © of dimension p x L based on A, B, and M.
The previous section studied the estimation problem for the case of A = Ag. The
only measurement error comes from B. Recall the deterministic assumption for @y ¢

by taking A = Ag = @y y and B =Y r # By. The LS algorithm finds B closest to B

such that
rank{ {2\] } =rank{A},

and then solve for © from @A = B. It is noted that B = B +B . of which each row
of B lies in the row space of A, and ELA’ = 0. That is, the row spaces of B and
B, are orthogonal to each other. Consequently, @AA’ = BA’ = BA’ yielding the LS
solution @ g = BA’(AA")~!. If the measurement errors are Gauss distributed, then
the LS algorithm yields the MLE estimate.
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When A # Ay in addition to B # By, both A and B closest to A and B, respectively,
are searched for such that

rank{ [g] } = rank{A}

prior to solving for © from OA = B that is the essence of the TLS. Let M = I to
begin with. The TLS algorithm is aimed at minimizing

oo )-8

with || X||# = /Tr{X’X} the Frobenius norm. A similar problem is encountered
in Hankel-norm approximation. See (4.58) in Sect. 4.3 and the discussion therein.
Hence, SVD can be used to compute such a pair of AandB. Asa result, there exists
a unique solution pair (X;,X5) with X, of dimension p X p to XjA = XoB. If X, is
nonsingular, then 0= X5 1X1 is the TLS solution.

A formal procedure for TLS is stated next. Define

~

subject to rank{ [é] } =L (8.19)
7 B

— A I n!/
W= {B] [A'B'], (8.20)

and let W = G’ A G be the eigenvalue decomposition with
A= diag(AhAQa e 7)LL+P)

arranged in descending order. Partition the eigenvector matrix G and eigenvalue
matrix A according to

G Glz] [/h 0 ]
G= . A= , (8.21)
{Gm Gn 0 A

where G| and A have the same dimension of L x L. Then
Oris = G21Gy| = —(Gh) ™' Gl (8.22)

is the TLS estimate, provided that G, is nonsingular. It can be shown that
det(Gaz) # 0 has probability 1, but the proof is skipped because of the involvement
of more specialized mathematical background. The next result shows the MLE
property when the elements of A are Gauss distributed.

Theorem 8.6. Suppose that M = I and elements of A are normal i.i.d. with mean
zero and variance 6%. Let W be defined in (8.20), W = G'AG be the eigenvalue
decomposition with diagonal elements of A arranged in descending order. Partition
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G and A as in (8.21) where G| and Ay are of dimension L X L. Then Gy, and Gy
are nonsingular w.p. 1 (with probability 1), and

Tr{Az}

S —1 —1 ~2
0 = G216y, :_(Glzz) G/127 o= L+ p)N

(8.23)

are MLEs for © and 62, respectively.
Proof. The PDF for the measurement data A and B is given by

HRAIR:

The MLE searches A, B and 62 which maximize f, ({&; i}). Since Jy p defined in
(8.19) is independent of &2, its minimum is Tr{A,} by taking © = Gglell. See
Problem 8.13 in Exercises. Hence,

fa({6i}) =

1
Lpn XP { 262

1
(22

1 1
max fa ({8;;}) = max exp{—TTr{Az}}.
PS __\ (L+p)N 2
’ (\/ 27r02) 20
Taking derivative with respect to 6 and setting it to zero yield

(L+p)N _Te{As}
5 &

Hence, 62 in (8.23) is the MLE for o that concludes the proof. O

Theorem 8.6 shows the MLE of the TLS, but whether or not it is unbiased,
estimate remains unknown. The following shows that the TLS solution is asymp-
totically unbiased.

Theorem 8.7. Suppose that the same hypotheses of Theorem 8.6 hold, and
assume that

ApA! A A} B
(i) Mo := lim =20 >0, (i) lim A4 By)
N—roo N—roo

—0. (8.24)

Then the TLS estimate O s — O as N — oo. In addition, there holds

w 1
lim — = 0?1
1mN o —i—{@

N—roo

} n[10']. (8.25)

Proof. By the EIV model (8.18), M = I, W in (8.20), and ©Aq = By,

W 1A AAT A 1
N N

BJ [40 By ]+ =+ [40 Bo ]+ [Ao Bo ] A"
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Taking limit N — o and using the two assumptions in (8.24) arrive at

W 1A, o, AA
J\I/ILILN_J}IELN[BO][AOBOH N
ot | ! Iy [16']
¢}

by the assumption on the i.i.d. of elements of A, which verifies (8.25). Hence,
Aii — 6% as N — oo for 1 <i< p. Denote () for the range space. Then

#([on]) = #(lo))

as N — oo. The asymptotic convergence of (:jFLS to O thus follows. O

Two comments are made. The first regards the assumption in (8.24): Statement
(ii) is in fact implied by (i). But because the proof is more involved, it is skipped.
The second is the convergence of the MLE for the noise variance 2. The proof of
Theorem 8.7 indicates that

i LA Tr{A)  Tr{o?h)
N—soo p N—e  pN p

(8.26)

where G2 is the MLE for 62 in Theorem 8.6. Therefore, the MLE for the 62 is
not an asymptotically unbiased estimate. The regularity condition breaks down for
estimation of ¢2.

Theorems 8.6 and 8.7 address the estimation problem for the EIV model in the
case of M = I. If M # I is a full rank and possibly wide matrix, it can be converted
to the estimation problem of M = I.

Corollary 8.1. Under the same conditions and hypotheses of Theorem 8.6 except

that M(# I) has the full row rank, the expressions of MLEs in (8.23) hold, provided
that the eigenvalue decomposition of W is replaced by that of Wy = zgl/zwz(;l/z
where MM' = X. In addition, the MLE @ is an asymptotically unbiased estimate

(L+p)G> . . . . 2
for ©, and ——isan asymptotically unbiased estimate for 6-.

Proof. Tt is important to note that 62Xy = 62MM’ can be regarded as the common
covariance for each column of AM, and thus,

LA _infA
5,12 [B} e [32] +UA (8.27)
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/

with 2(%/ z symmetric and U = % 2y satisfying UU’ = I. Theorem 8.6 can now

be applied, leading to
(M- x5 2wy ) vi=0 (8.28)

fori=1,2,---,L+ p. Hence, by setting
G:[Vl "'VL+p]7 A:diag(z’lv"'vllﬁ’[?)a

the proof of the corollary can be concluded. a

It is noted that the eigenvalue/eigenvector equation in (8.28) is the same as the
following generalized eigenvalue/eigenvector equation:

(AiZo—W)gi =0 (8.29)

by taking g; = Z(;I/ZV,- fori=1,2,---,L+ p. The above is more convenient to
compute than (8.28), and avoids the potential numerical problem associated with
the inversion of 2(% 2,

In the case when M(# I) is a wide and full rank matrix, the MLE for ©
corresponds to the generalized TLS solution. It requires to compute the p smallest
(generalized) eigenvalues and their respective eigenvectors in (8.29) in order to
obtain the MLE. Let diag(X) be a diagonal matrix using diagonal elements of X.
It is interesting to observe that the p eigenvectors associated with the p smallest
(generalized) eigenvalues in (8.29) solve the following minimization problem
(Problem 8.12 in Exercises):

min {Te{H'WH} : diag (H'%0H) =1,}. (8.30)

Indeed, by denoting h; as the ith column of H, and by setting the cost index

bS]

J =Y [hiWh;+ %(1 —hiZh;)] (8.31)
=1

l

with {%}le Lagrange multipliers, the constrained minimization in (8.30) is equiv-
alent to the unconstrained minimization of J in (8.31). Carrying out computation of
the necessary condition leads to (X9 — W )h; = 0 that has the same form as (8.29).
Hence, the optimality is achieved by taking y; = Az; and h; = gr.; for 1 <i<p
that are the p smallest (generalized) eigenvalues and their respective eigenvectors in
(8.29). In the next two subsections, the results of the TLS solution will be applied
to channel estimation in wireless communications, and also to system identification
in feedback control systems.
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8.2.2 Subspace Method

In wireless communications, the CIR has finite duration. Let {H;} be the CIR of a
MIMO channel with M input and P output. The received signal is mathematically
described by

L

y(t) =Y Hs(t—i)+v(1), (8.32)
i=0

where {s(k)} is the sequence of the transmitted symbols and {v(k)} is the sequence
of i.i.d. with normal distribution. Denote

y(t) v(t) s(t)
o= "7V o= T o=
y(t—q) v(t—q) s —Lg)

with Ly = L+ g. Let T, be a block Toeplitz matrix defined by

Hy---H, 0 --- 0
o= (8.33)
P 0
0 -0 Hy-- H

that has dimension (¢ + 1)P x (g + L+ 1)M. There holds

¥(t) = Toes(t) +¥(1). (8.34)
Training signals are often employed to estimate the CIR. However, the use of
training signals consume precious channel bandwidth. There is thus a strong
incentive to estimate the channel blindly, given the statistics of the symbol sequence
{s(#)}. A common assumption is that s(¢) is a WSS process and has mean zero
and covariance X, that is known at the receiver site. This subsection considers the
subspace method for blind channel estimation.
Suppose that P > M. Then T,y is a strictly tall matrix, if (g+1)(P—M) > LM.
Since L and M are fixed for each MIMO channel, the block Toeplitz matrix 7, can
be made strictly tall by taking large q.

Lemma 8.1. Let T,y of dimension (q+ 1)P X (q+ L+ 1)M be the block Toeplitz
matrix defined in (8.33) with P > M and (q+ 1)(P — M) > LM. Suppose that both
Hy and Hy, have the full column rank. Then T ;» has the full column rank, if

rank{ H(z) } =M VzeC (8.35)

where H(z) = Hy+Hz "' +---+ Hyz L is the channel transfer matrix.
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Proof. The contrapositive argument will be used for the proof. Suppose that 7, has
the full column rank, but the rank condition (8.35) fails. Since H(z) losses its rank
for some z = zp, there exists s # 0 such that H(zp)s = 0. The hypothesis that both
Hy and Hj, have the full column rank implies that zgp # 0 and zy 7# oo. As a result,

L -
ZH,’Z&OJr )S =0
i=0

for each positive integer k. By taking s(t — k) = z,*s for each element of s(¢) in
(8.34) yields Tyrs(r) = 0, contradicting to the full column rank assumption for T,
at the beginning. The proof is now complete. a

A common assumption on the measurement noise is that it is not only temporally
but also spatially white. Hence, E{v(¢)v(¢)'} = 62I. Under the condition that {s(¢)}
and {v(¢)} are independent random processes,

3, =E{y(t)y(t)'} = T XTI}y + o’

Both {s(#)} and {v(¢)} are assumed to be not only WSS, but also ergodic.
Consequently, there holds

. 1N
zy:N

1

yO)y(t) — Z,=TyZT)+0l, (8.36)

™M

t=0

as N — oo. Applying eigenvalue decomposition to X, yields

s-[a e[y (5 a]
Gy G| | 0 o2, | |G, G,

where the partitions are compatible and v = (¢+1)(P—M) — LM > 0. Recall Z{-}
for the range space and .#"{-} for the null space. There hold

e =ai[gly rma=a(gl) e

The former is termed signal subspace and the latter termed noise subspace. The
orthogonality of the two subspaces leads to the subspace method for channel
estimation. Specifically, 7, = T,z ({H;}), and there holds

(G, Gy | Tw({Hi}) = 0. (8.38)

However, the precise X, is not available due to finitely many samples of the received
signal and the existence of the measurement error. Hence, the relation in (8.38) does
not hold, if the eigen-matrix G is computed based on the estimated X,. Nevertheless,
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(8.38) suggests an effective way for channel estimation by searching for {ﬁ,} to
minimize

H/H; =1. (8.39)

M=

Jz = H [G/IZ G’zz} Tﬂ({ﬁl})H] subject to
0

The normalization constraint is necessary to prevent the CIR estimates {ﬁ,} from
being the meaningless zero. Although other norms and normalization constraints
can be adopted, the constrained minimization of Jz in (8.39) leads to a simpler
solution for the CIR estimates {H;}.

Specifically, let C = [G}, G, | that has dimension v x (g + 1)P. It can be
partitioned into (g + 1) blocks of the same size as follows:

[Gllz Glzz] = [CO G - Cq]'

Thus, each C; has dimension v x P. Let F = [G], G’zz]ij({ﬁi}). Recall that
T,»({H;}) has dimension (¢ + 1)P x (g + L+ 1)M. There exists a partition

(G}, Gy Ty ({H}) = [FoFi - Fyipit] (8.40)

with {F;} of the same dimension of v x M. Denote © as the parameter matrix of
dimension (L + 1)P x M with H; being the (i + 1)th block, F asa (g+L+1)vxM
matrix with F; as the (i + 1)th block, and T as a block Toeplitz matrix consisting
of {C;} as shown next:

Co 0 -0
Hy F 0
~ ﬁl Fl :
6=, F=| " |, m=|" o
N Cn
Hy Fyir )
0
0 - 0 Cy|

assuming that ¢ > L. It can be verified that F = Tcgé and

g+L+1
Y, Ti{FF}=FF.

=

Jz = H (G}, G, ] Tﬁ”({ﬁ’}) H;«Z B

Therefore, the constrained minimization of J & is the same as minimization of

Ty = Tr{é/T%;Trgé} subject to @'0 = 1. (8.41)
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Fig. 8.5 RMSE for blind channel estimation

It is important to observe that 7., T is a block Toeplitz matrix. The minimizer
consists of the M right singular vectors {v;} corresponding to the M smallest
nonzero singular values {0;} that can be obtained via SVD of Ty = USV’ and
V=[vivy V(LH)M]. Since the true second-order statistics X is not available, its

sampled version ﬁy defined in (8.36) has to be used. As a result, éopt # O in general

with O the solution to the constrained minimization in (8.41). The performance of
the subspace algorithm depends on SNR and on the estimation of the noise subspace.

Example 8.8. Consider the same CIR in Example 8.2 with P =2, M =1, and L =2.
The transmitted signal consists of binary symbols that is white. The SNR, defined
as the ratio of the signal power to the noise power, is taken to be 0 dB. The received
signal is measured at 2000 times samples and used to compute the sampled second-
order statistics Xy. The constrained minimization of (8.39) is employed to compute

the estimated CIR. Let {I-Ali(k) } be the estimated CIR for the kth emsemble run. The
RMSE is computed according to

1 T
RMSE =, | — Tr
rin

5 (u-a) (n-") |

i=0

with a total of 7 = 2500 ensemble runs. The simulation results are plotted in the
Fig. 8.5 that shows the improvement when N increases. However the improvement
due to large N diminishes as SNR increases that is why a small SNR is used in this
example.
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The subspace algorithm for blind channel estimation is closely related to the TLS
algorithm studied in the previous subsection. Both compute the sampled second-
order statistics, and both use eigenvalue decomposition. The difference lies in the
Toeplitz structure of the second-order statistics for blind channel estimation that
prevents the subspace algorithm from being MLE. Nonetheless, the following result
is true.

Theorem 8.9. Let @Opt be the channel estimate for blind channel estimation based
on the subspace algorithm. If the input signal is both temporally with nonsingular
X, then the estimate Gqy converges to the true © as the number of time samples
approaches infinity w.p.1.

Proof. The assumption on the input signal implies that (8.36) holds. In addition,
the convergence has probability 1 which is the same as that for the TLS algorithm.
Hence, the strong convergence holds. O

Thus far, the optimality of the subspace method is not addressed. The main hurdle
lies in the structure of the signal model that is not in the same form as the EIV model.
It will be shown in the next subsection that the subspace is asymptotically optimal
in the sense of MLE.

8.2.3 Graph Space Method

For identification of the plant model in feedback control, the subspace method can
also be used to estimate the plant parameters. Let P(z) be the transfer matrix with m
input/p output. It is assumed that P(z) = B(z)A(z) ' with

L L
AR =1+Y A", Be)=Y Biz " (8.42)
k=1 k=0

Even though the physical system is strictly causal, By # 0 is assumed which can
help to reduce the modeling error. It is further assumed that

o [A9]} 2 vece

The above ensures that {A(z),B(z)} are right coprime. Because physical systems in
practice are more complex than the linear finite dimensional models, this assumption
holds for most real systems.

Let {u(r)}, and {y(z)} be the input and output of the system, respectively. The
graph space associated with the plant model P(z) is defined as

S IR ot S
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The unknown signal {w(#)} will be referred to auxiliary input. For this reason, an
FIR transfer matrix G(z) can be defined via

L
G =Y Gz* G= [A"} , (8.44)
=0 By

where Ag = I, is taken. By taking z(r) as the observation and w(z) as the unknown
input, system identification for the plant model P(z) is converted to parameter
estimation for { Gy }. As a result, the subspace method from the previous subsection
can be employed to estimate the system parameters. To emphasize the graph space of
the system and to distinguish it from blind channel estimation, the subspace method
used for control system identification is termed as the graph space method.

Denote © = [G|, G| --- G, ] as the parameter matrix of the system. The
constraint ©®'© = I from the subspace method is replace by the first square block of
O being Ay = I. However, this constraint does not change the estimation algorithm.
Let v(7) be the noise vector comprising both measurement errors at the plant input
and output. There holds

z(t) = i Gw(t—k)+v(t) (8.45)
k=0

that is almost identical to (8.32). Define the block Toeplitz matrix 7z of dimension
(g+1)(p+m)x (L+q+1)mas

Go--GL 0 - 0
Ty=| R (8.46)
L
0 ---0 Gy G

that is identical to (8.33), except that H; is replaced by G; for 0 <i < L. Similarly,
denote

z(t) v(r) w(t)
o) = z(t:— 1) )= v(t — 1)  wi)= w(t.— 1)
z(t —q) v(t—q) w(r—Lg)

with L, = L+ q. It follows that at each time sample ¢,

z(t) = Tyw(t) +¥(1). (8.47)
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The observation noise vector v(¢) is assumed to be both spatially and temporally
white with noise variance 6. The sampled second-order statistics can be computed
via
o 1IN / r, 2
=g N z(t)e(t) — E=TyZ,T,+0°1
t=0

as N — oo. The above convergence has probability 1, and is similar to that for blind
channel estimation.

For the graph space method, the persistent excitation (PE) for the input signal
{u(r)} needs to be assumed which ensures strictly positivity of Z,,. Hence, under
the PE condition and u = (¢+ 1)p — Lm > 0, the covariance matrix X, has precisely
U zero eigenvalues. Let {x,'}l”: | be the corresponding eigenvectors that span the
noise subspace of the sampled second-order statistics. Denote

X = [Xl X5 ---Xu].

The graph space method is aimed at searching for {(A},} to minimize
~ 2 ~
Ty = HX/Tg ({G,}) H? subject to [1,, 0] Go = I (8.48)

The matrices X and F = X'Ty({G,}) have dimensions of (g + 1)(p +m) x i and
W X (L+ g+ 1)m, respectively. Partition these two matrices in accordance with

X' =X X1 - X,],
F=[FRF - Fig1],

of which each X; has the dimension u x (p+m) and each F; has the dimension
U x m. There holds F = T9© where

Xo 0 --- 0
6() Fy 0
~ Gy F
6= ", F=| | 1s- Xl
N X,
G Foyrta 0
| 0 0 X, |
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assuming that ¢ > L. As a result,

~o\(2 et
b (@) E i) -
: i=0

Therefore, the constrained minimization of J# in (8.48) is the same as minimiza-
tion of

Ty = Tr{é/TéZ'TQfé} subject to [1, 0] 0 =1I,,. (8.49)

The minimizer is given by Gy = [vLmH Vimi2 - V(L+1)m} Q! consisting of

the m right singular vectors {Vl}l(izln)f | corresponding to the m smallest nonzero

fiﬁ?)ﬂ The normalization matrix €2 is used to satisfy the

constraint [Im 0} © = I,,. Similar to the subspace algorithm, the right singular
vectors can be computed via SVD.

singular values {o;}

Theorem 8.10. Consider square transfer matrix P(z) = B(z)A(z)~! with
{A(z),B(z)} specified in (8.42). Suppose that G(z) defined in (8.44) is right
coprime, the input {u(t)} is PE, and the noise vectors {v(t)} in (8.45) are both
spatially and temporally white and Gauss with variance 6>. If the auxiliary input
{w(t)} is also spatially and temporally white with covariance identity, then the
graph space algorithm in this subsection is asymptotically optimal in the sense of
MLE, and the estimate Oy converges to the true system parameter matrix © with
probability 1.

Proof. By the hypothesis, p = m, although the result is true for p # m. The right
coprime assumption implies the existence of

G(z) = i [Afk Bék} z
i—0

such that G¢(z)JG(z) = 0 where

01
J= Pl Ay =1
{—ImO]’ o

That is, Ay(z)B(z) = B/(z)A(z) with
L L
A(z) =1+ Agz ", By(z)=Y By,
i=1 i=0
and thus, {A/(z),B/(z)} are left coprime and P(z) = Ay(z) "'By(z). Since A, = Ag

by p = m, the left coprime factors {A(z),B¢(z)} are uniquely determined by right
coprime factors {A(z),B(z)} up to a unitary matrix, and vice versa. As a result,
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identification of the right coprime factors is the same as that of the left coprime
factors. Consider the case ¢ = L. Denote

z;(t) =Jz(t) = [ y(t)} .
In the noise-free case, there holds the relation
[I @d Z,/(t) =0, 9,= [Bgo Ay, By - Ay, BZL}

where z;(¢) is the blocked column vector of z;(¢) with size (L+ 1)(p +m). Clearly,
z,(t) is permutation of z(¢). In the noisy case, an EIV model is resulted in but the
elements of the noise matrix are not i.i.d. anymore.

Without loss of generality, the measurements z;(r)} at times samples [, #¢] are
assumed. Hence, the corresponding EIV model is given by

[2/(10) - 2(t)] = |27 (0) - 2 () | + [xs010) -+ 3, 019)]

with ng (t) the noise-free blocked graph signal at time . Indeed, the elements of the

noise matrix are not i.i.d., because v, (¢) is a blocked column vector of v;(¢) = Jv(z)
consisting of {v(r —i)}% . It follows that the TLS solution is not an MLE for 6.
On the other hand, let

(0

1 2
eﬁ—ﬁz L/(t)—lf>(f)H » N=ty—t+1.

Since v, (¢) = z;(t) — ZSO) (t), it can be verified that

2 IO+~ Z[ = DlIvalio =) +illvalty =i+ D]

l[()

Recall g = L that is fixed and finite. The second summation on the right-hand side of
the above equation approaches zero as N — co. Hence, the TLS solution minimizes
€7 asymptotically in the same spirit of MLE. In addition, the white assumption on
w(r) leads to

— N z()z(t) — QiTyT,Q,+ 0%

for some permutation matrix Q; dependent on J. The right-hand side is determinis-
tic. Consequently, the TLS solution for ©, and thus the graph space estimate Oqpy,
are indeed the asymptotic MLE. The convergence with probability 1 follows from
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the PE condition and identity covariance of {w(¢)}. The proof for the case of g > L
can be covered by adding zero blocks to &,. The proof is now complete. O

It is known that the error covariance for MLE approaches the CRLB asymp-
totically under certain regularity condition. To compute the CRLB, it is necessary
to obtain first the corresponding FIM. Denote fy ({z(r)}) as the joint PDF. By the
Gauss assumption and the signal model in (8.45),

[f
Infy ({2(1)}) ~ J = _2%2 > T { [2(e) - Ow(n)] [2(r) - Ow()]'}. (850

=1y

where O = [Go Gy - GL]. Denote

vee(Go) | z(ty)
Y= y Iy = )
vec(Gp) | | (1)
E [v(tr)
Wrip = v‘(’t(tf ) I;) T
W —
0 - V(t())
Direct calculation yields
Y, - | Wl(tf.)Ierm WI(IO.)IIJer V(.tf)
00 - o2 . :
Wt Dm () psm =+ Wiep1ym(to)lpm ] [ V(to)
1
=: FMW!N (8.51)

where wy () is the kth component of w(z). A caution needs to be taken to that the
first m rows of ¢ are the same as I, which are known. Let ¥ be obtained from ¥ by
deleting the m” known elements. Then

- [Z 0

1 -
:GZMWXNa My = 01 L:|MW7 (8.52)
mp

andZ=1,®[01,].

It is important to notice that the auxiliary input {w(¢)} is also unknown. Its
impact to the CRLB needs to be taken into account. Let 7 (©) be the same as
in (8.46) but with blocking size g = N. There holds

zy =Ty (O)Wy. 1 +Vy.
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Then the likelihood function in (8.50) can be written alternatively as

1 /
J(O,w) = T352 [ZN - Tg(@)ﬂzwL] [ZN - T‘!(@)ENJFL} ‘ (8.53)

Thus, the partial derivative of J(©,w) with respect to Wy, is given as

2J(O,w) 1 1
TM = ?T{f(@)/ [ZN - T.of(@)EN+L] = ?T{ﬁ(@)/&v- (8.54)

To compute the FIM, the following matrices

dJ(O,w) dJ(O,w 1 - .
FIM(@)_E{ (85 ) ((95/ )}_?MWMQV,
aJ(O,w)dJ(O,w)| 1
E{ 55 ow | = 52" Ts(©).
dJ(O,w) dJ(O,w 1
rv(w) = { LD O L reymice)

are useful. The CRLB for estimation of © can be obtained according to

-1

CRB(0) = 62 (FIM(@)—Mng(@) [14(©) T (0)] Tcg(@)/Miv)il. (8.55)

The above CRLB can be difficult to compute, if N, the number of time samples,
is large, in light of the fact that the blocked Toeplitz matrix T4 (©) has size
(N+1)(p+m)x (N+L+1)m. It is left as an exercise to derive an efficient
algorithm for computing the CRLB (Problem 8.16).

Example 8.11. Consider the SISO plant model given by

P(2) = 1.44967 ! +0.72487 2
ST T 15 140772

This plant model has the same poles and zeros as the one in Example 8.3. The
difference lies in the gain factor of 4. A total of N=3,000 input and output
measurements are generated by taking the auxiliary input {w(z)} as white Gauss of
variance one. The resulting {u(#)} and {y(¢z)} are WSS and admit variance of 5.672
and 4.264 dB, respectively. The measurement error {v(¢)} is also taken as white
Gauss with variance one, implying that the SNR for the input and output signals
is 5.672 and 4.264 dB, respectively. Using the graph space method, the estimation
errors are plotted against the CRLB similar to that in Example 8.8. A total of 2500
ensemble runs are used to compute the RMSE value of the estimation error. The
RMSE is seen to converge to the CRLB, albeit slowly. In fact, a larger number of
time samples are used in order to see such a convergence.
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Fig. 8.6 RMSE curves for identification using the graph space method

The simulation results show that as g increases, the RMSE value decreases.
However, the largest drop of the RMSE value occurs at ¢ = L+ 1. As N increases
beyond L+ 1, the decrease of the RMSE values slows down dramatically that is why
the RMSE values are shown for only the cases of ¢ = L,L+ 1,L+ 5. It needs to be
pointed out that the white assumption for auxiliary input {w(z)} is important in order
to achieve asymptotic MLE. Figure 8.6 shows the case when the input signal {u(¢)}
is white with variance one, and both {y(r)} and {w(¢)} become colored signals
with variances 15.78 and 9.28, respectively. Under the same statistical noise {v(¢)},
the total SNR is greater than the previous case. However, the simulation results in
Fig. 8.7 shows that the RMSE values resulted from the graph space method do not
converge to the CRLB. In fact, the larger the g, the worse the RMSE performance.
The simulation results in this example indicates the importance of the auxiliary
input being white, in order to obtain asymptotic MLE, which is consistent with
the theoretical result in Theorem 8.10. Since white auxiliary input is not possible
to generate prior to system identification, it is suggested to apply the LS algorithm
first for system identification. After a reasonably good plant model is identified,
white {w(¢)} can be generated, and the plant input u(z) = A(¢)w(¢) can be obtained
using the estimate model, which can then be applied as the exogenous input. Once
the output measurements are available, the graph space algorithm can be applied to
obtain more accurate identification results.
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Fig. 8.7 RMSE curves for (graph space) identification with white input

Let 62 and Gyz be the noise variances of the input and output, respectively. This
subsection assumes 0, = 0, = 0 thus far. In the case when 6, # 0y,

s =[], -2

can be employed to replace z(z) in (8.45). The noise vectors associated with {z,(¢) }
admit covariance Gyzl , and thus, the graph space method can be applied to {z,(¢)}
which estimates rA(z) and B(z). A more serious issue is how to estimate the
variances 672 and Gyz_ Methods have been developed in the research literature, and
are not pursued in this book.

Notes and References

LS algorithm is presented in almost every textbook on system identification. See for
instance [78,102]. The RLS algorithm can not only be found in system identification
books but also in adaptive control books [7,38]. The TLS algorithm has a shorter
history. A good source is [35, 113]. It is basically the same as the bias elimination
LS [49, 103, 104]. Blind channel estimation based on subspace in [87] is connected
to TLS. See also [51, 110] for blind channel estimation. The graph space method in
this chapter is generalized from the subspace method in [87].
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Exercises

8.1. Let A, B, and X be real matrices with compatible dimensions. Show that

!
JTr{AXB} _AB, JdTr{AX'B} _BA,
0X X
/
% = A'XB' + AXB.

8.2. Suppose that p = m = 1, and thus, (8.2) is reduced to y(t) = ¢(¢)'6 where
© = 0’. Show that the RLS algorithm in Sect.8.1.1 can be derived with Kalman
filter. (Hint: Use x(t) = 0 as the state vector, and thus,

x(t+1)=Ax(r), y(t)=cx(t)+v(r)
with A, =1, ¢, = ¢(r)’, and 67 = E{[v(1)]*}.)

8.3. Let P be updated in (8.8). Show that the RLS algorithm in the previous
problem can be obtained from minimizing

Jo = (5z+1 - a)/Pfl (§t+1 - 5:) +o? [)’(f) —Q(f)/azﬂr-

8.4. Show that (D—CA~'B)"' =D '+ D 'C(A—BD~'C)"'BD"!. (Hint: Recall
the inverse of the square transfer matrix:

[D+C(z—A)"'B] ' =D ' —D 'C(zI—A+BD"'C)"'BD!
and then set 7z =0.)

8.5. For the LS solution O g = Yoyfééf(dbo’f(b(’) f)’l in Theorem 8.1, denote 9,

and Ei as the ith row of @ and Og, respectively. Assume that @ ; is noise-free.
Show that

(i) E{Ez} =0;, (i) E{(El _Qi)/ (él _éi)} = Giz(q’o,,fq)(/),f)fl-

8.6. Prove the RLS algorithm with the forgetting factor in (8.10) and (8.11).

8.7. Program the RLS algorithm, and the RLS algorithm with forgetting factor. Use
the following transfer function as a testing example:

1449677 '+ bz ?

P(z7) =
(2) 1-1.5z " +a,772

where both g, and b, lie in the interval of [0.6, 0.8] and change slowly. The forgetting
factor can be generated via % = %1 + (1 — ) with % € [0.95, 0.99].
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8.8. Consider the input/output measurement model in Fig. 8.2. Show that the LS
solution to system identification is MLE, if the plant model has an FIR structure and
input is noise-free. What happens when the plant input is not noise-free?

8.9. Consider the input/output measurement model in Fig. 8.2. (i) If the plant input
is noise-free, show that the LS solution is asymptotically unbiased, and (ii) if the
plant input involves noise, show that the corresponding RMSE depends on the
system parameters.

8.10. For the signal model in (8.2) for r € [ry, tf], arising from the system
input/output description in (8.1) in which the observation noises corrupt both input
and output signals, show that

1. The matrix @y ; in Yy y = O Dy  + Vo r involves observation noises if M # 0 for
at least one k > 0.
2. The LS solution can be written as

Os=06+ vo,fq%’f(cpo,fcpé,f)*l.

3. Show that O g is a biased estimate of O, if M; £ 0 for at least one k > 0.

(Hint: E{Voyféé‘f(dio’f@(/)‘f)’l} # 0, because the noise components of {v(¢)}
corrupted to {y(z)} cannot be removed from @ y, if My # 0 for at least one k > 0.)

8.11. Consider partition of the eigenvector matrix G and eigenvalue matrix A in
(8.21).

(i) Show that
G1,G11 + GGy = 0.

(i) Show that Gy is nonsingular, if and only if G5 is nonsingular.
(iii) Show that Gy g in (8.22) is indeed the TLS solution.

8.12. Show that the optimal solution to (8.30) is the generalized TLS solution.

8.13. Consider minimization of J4 g in (8.19). Show that minJy g = Tr{A,} where
Ay of dimension p X p is defined in (8.21).

8.14. For the case p = 1, the bias-eliminating LS estimate is given by
é = YO’f(D(/)’f((DO’fQ)(/)’f — //’1\,2 1)71

‘min

where Apin is the minimum eigenvalue of

with z(7) the same as in (8.43). Show that the bias-eliminating LS estimate is the
same as the TLS solution.
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8.15. Show that the TLS solution to Yy ; ~ @ @y r minimizes

JTLS(T) = TI'{(YOJ'—@(DOJ)/ (I+ @@/)71 (Y()J'— @(I)OJ')}-

8.16. The CRLB in (8.55) is difficult to compute, if the time horizon [r, tf] is
large. This exercise provides a guideline on an efficient algorithm for computing the
CRLB in (8.55) in the case of large time horizon:

1. Show that Ty (0©)'Ty (©) = Ty (0)'Ty(©) — T, T where

G
. : G
v(0) = e
Gy
L Gy |
G i
G -Gy
T p—
G Go - Gp_1
L g |

are of dimension (1 — 19 +2L+1)(p+m) x (t; —to+ L+ 1)mand 2(p +m)L x
(tf —to+ L+ 1)m, respectively.
2. Denote ¥ = T4 (0)'Ty(O). Show that

[T4(0) Ty (0)] ' = (¥ —T5T5) !
=V VT (D — T6W ' 1) TeW
3. Let ¥~! = T',T_ be Cholesky factorization such that 7_; is block lower

triangular with block size m x m. Denote Q = TgT’, and I = M, T (©)T' .
Show that

CRB(O) = 0> (FIM(0) - I'T' —T'Q'(I- Q) 'er’) .

The efficient computation of CRB(O) is hinged to the Cholesky factorization of
yl=7 1 T,l that will be worked out in the next problem.
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8.17. (i) For {A(z),B(z)} in (8.42) which are right coprime, show that the
existence of the spectral factorization

A(z)"A(z) +B(2)"B(z) = C(z)~C(2)

where C(z) is the right spectral factor with size m x m and given by
L
Clx)=Y Gz -
k=0

(ii) Show that the Toeplitz matrix ¥ = T (0)' T (O) in the previous problem
corresponds to spectral factorization of (Sect. C.3 in Appendix C)

PG e =[] e )]

(iii) Show that 7" in the previous problem is lower block Toeplitz, and consists of
the impulse response of [z 2C(z~1)] 1.



Appendix A
Linear Algebra

The purpose of this appendix is to provide a quick review on the related materials in
linear algebra used in the text. The exposition will be concise and sketchy. Readers
are encouraged to read the more complete mathematical texts in the subject area.

A.1 Vectors and Matrices

A vector of dimension n is denoted by boldfaced letter, say, x, which has n elements
in IF. The field IF is either IR, the collection of all real numbers, or C, the collection of
all complex numbers. A vector space, also called linear space, over FF is a nonempty
set ¥ for which addition and scalar multiplications (these are familiar element-wise
operations) are closed:

X,ye¥V — x+ye¥, oxeV¥,

where o is a scalar in IF. The “length” of the vector x is measured by the Euclidean
norm: [|x|| = v/x*x. Its location in the vector space ¥ is uniquely determined by its
n components. For convenience, ¥ is denoted by F".

Two vectors, x and y, are linearly independent, if ox + By # 0 whenever
of3 # 0. The m vectors {x}}"; with m < n and n the dimension of x; are linearly
independent, if no nontrivial linear combination of x;’s is a zero vector. A set of n
linearly independent vectors {X;}}_, forms a basis for all n x 1 vectors, in which
each is a unique linear combination of {x;}}_,.

A matrix A of size n x m over F can be viewed as a linear map from IF" to F".
That is, y = Ax € F" for x € IF"", and the map: X — Yy is linear. It is noted that y = Ax
is a set of n linear equations:

V1 ai - dim X1
= - . (A.1)
Yn Aap,1 " dnm Xm
G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 377
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A natural question is: Given y € IF", does there exist a (unique) solution to (A.1)?
The following notions are introduced.

Definition A.1. For A € F"", let a; be its kth column. Its range space, denoted by
Z(A), and the null space, denoted by .4 (A), are defined as

%’(A):{yeF”: y:i(xkak}, A (A)={xeF": Ax =0},
k=1

respectively, where { ¢ } range over F.

By definition, Z(A) is a vector space spanned by the linearly independent column
vectors of A as the basis, which is a closed subspace of IF*. On the other hand
A (A) is a vector space composed of all vectors x € IF” such that Ax = 0, which is a
closed subspace of IF" too (Problem A.1 in Exercises). The next result answers the
question regarding the solution to y = Ax, or (A.1). Its proof is left as an exercise
(Problem A.4).

Lemma A.1. Giveny € F", the linear equation'y = AX, or (A.1), admits a solution
x € F", if and only if y € Z(A). In addition, the solution is unique, if and only if
N (A)=0.

The collection of all matrices of the same dimensions is also a vector space.
One may associate A with vector vec(A), which stacks the column vectors of A
sequentially into a single column. Different from vectors, multiplication of two
different matrices is possible with C = AB well defined, if the number of columns
of A is the same as the number of rows of B. In general, AB # BA, even if both
multiplications make sense. The Kronecker product of the two matrices A € F"*"
and B of any other dimension is defined as

611713 alymB
A®B=| :
apB -+ apmB

If A and B are square of sizes n and m, respectively, then the Kronecker sum of A
and B is defined as

A®B:=(A®1L,)+ (I,®B) € F"™ ™,

For square matrices, A* for positive integer k defines the power of matrices with
the convention A = I. If A* = 0 for some integer k > 0, then A is called nilpotent.
The trace of A, denoted by Tr{A}, is defined as the sum of the diagonal elements of
A.If AB and BA are both square, then

Tr{AB} = Tr{BA}. (A2)
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In addition, det(A), the determinant of A, can be defined, and A~ exists, if and only
if det(A) # 0, in which case A is said to be nonsingular. If A and B are both square
of the same dimensions, there holds:

det(AB) = det(A)det(B) = det(BA). (A3)

A matrix norm, termed Frobenius norm can be defined by

1Al == [lvec(A)|| = /Tr{A*A} = \/Tr{AA"} (A4)

which measures the “size” of A.

Let rank{A} be the maximum number of linearly independent column vectors
of A, or the maximum number of linearly independent row vectors of A. The next
result is concerned with the rank of the product of two matrices.

Lemma A.2 (Sylvester inequality). Ler A € F"" and B € F™*!. Then
rank {A} +rank {B} —m <rank {AB} < min {rank[A], rank[B]}.

For a given subspace .7, the dimension of . is denoted by dim{.%”'}, which is
defined as the maximum number of linearly independent vectors in .. Lemma A.1
indicates that .#"(A) = 0 implies that rank{A} = m, and thus, Ax = 0 admits no
solution x # 0. In fact, there holds

dim{Z(A)} =rank{A}, dim{.A(A)} =m—rank{A}. (A.5)

If rank{A} = r, then the matrix A has r linearly independent column vectors
{ay, }/_,, where 1 <k; <r.Ifdim{.#"(A)} = p, then there exits a maximum number
of p linearly independent vectors {x;}{_, € #'(A) and p = m — rank{A}. The
following result is true.

Lemma A.3. Ler A € F™™. Suppose that rank{A} = r <min{n,m}. Then A =TF
where T has size n X r, F has size r X m, and there hold

A(A) =R(T), N (A) =N (F),
R (A*) = B (F*), N (A*) = N (T").

Proof. Since A has rank r, there exist r column vectors of A, denoted by {aki}le,
which are linearly independent. It follows that

o1 O

A=lay a0 | STH

OCr,l o Olpm

9
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where T is a “tall” matrix with size n X r and F' a “fat” matrix with size r x m. Hence,
H(A) =% (T).Because T has full column rank, Ax = 0, if and only if Fx = 0. Thus,
N (A)= A (F).Bynoting that A* = F*T*, Z(A*) = #(F*) and A (A*) = A (T*)
follow accordingly. O

Let .1 and .%; be two closed subspaces of the same vector space ¥, which do
not have common elements, except 0. The direct sum, denoted by B, is defined by:

PSS ={x=xX1+x: X] €ES,X2 € S5} (A.6)

Theorem A.1. For A € F"*™, there hold
ZA) DN (A =F", ZA )N (A)=F".

Proof. By Lemma A3, A = TF with T and F full column and row ranks,
respectively, and Z(A) = #(T). Hence, there exists 7| such that [T T\ ] is a
square nonsingular matrix with size n x n and T*T| = 0. It follows that Z(T|) =
NN(T*) = N (A*), and thus, Z(T) @ Z(T1) = Z(A) & A (A*) = F", in light of
the fact that columns of 7 and T, are all linearly independent, and form the basis
of IF". Applying the same procedure to A* shows that Z(A*) & .4 (A) = IF" is true
as well. ad

A.2 Projections and Generalized Inverses

Let . be a closed subspace of IF*. That is, . is itself a vector space over the filed
F. Let dim(.’) = r < n. Then it has r linearly independent vectors {s;}/_,. Any
element of . is a linear combination of s;. Hence, {s;}/_; form a basis for .7 It is
a fact that the basis can be chosen such that

sisk=0(k—1i), [skll=1.

(Problem A.14 in Exercises). Such a basis is called orthonormal basis of .%.
Since r < n, there exists an orthogonal complement of the subspace .# defined by

S ={xeF": x's;=0 for 1 <i<r}.

It follows that IF = . @ .| and dim(., ) = n — r. As such, there exist linearly
independent vectors {s, };_{ which form a basis of .#/; and which can be chosen
as an orthonormal basis of .7, . Define

S= [Sl "'sr]7 S = [sr+1 sn]

Both S and S, are orthogonal matrices satisfying

(S5, ] [i] = [i] (S, ]=I. (A7)
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Therefore, S, = [S S J_} is a unitary matrix, and S ! = S*.
A matrix P € " is a projection, if P> = P. Let r < n be the rank of P. Then
P=TF with T € F"*" and F € F"™" full rank matrices by Lemma A.3. Hence,

P=P> < TFTF=TF = FT=1I,. (A.8)

That is, F is a left inverse of T and T is a right inverse of F'. Moreover, there exists
T, suchthat FT, =0 and [T T, ] is both square and nonsingular. As a result, there
exists F'| with an appropriate dimension such that

{;][TTL]—I < TF+T.,F =1 (A.9)
1

Thus, F| is a left inverse of T, . It follows that
Z(T)D N (F)=%(P)®N(P)=TF".

Geometrically, P projects x € IF" into the subspace % (P) along the subspace .4 (P):
Any x € IF" can be decomposed into X = x| + X, with x; € Z(P) and x; € A (P) =
A (F), and

Px=x; € Z(P), Px,=0.

In other words, the four tuples (0,x1,X,,x) form a parallelogram. If, in addition,
Z(P) and A (P) are orthogonal and complement to each other, then P is an
orthogonal projection. Thus, the four tuples (0,x;,x;,x) form a rectangle. Note that
P = TF satistying (A.8) implies that

Q=I1-P=T,F,

is also a projection. On the other hand, for S and § satisfying (A.7), both Py =
§8* and Py =S, 87 are orthogonal projections, and Py + Py = I,.

Let A € "™ and B € F"" be given, and X € F"*" be unknown. The more
general linear equation AX = B admits a solution X, if and only if

A(B)CZ(A) — N(AT)C AN (B),

in light of Lemma A.1 and Theorem A.1. Two scenarios arise: The solution X does
not exits, or there are more than one solution X. In the former, it is natural to seek X
such that ||AX — B||r is minimized, and in the latter, there is an interest in searching
for X which has the minimum Frobenius norm among all possible solutions.

Lemma A4. Let A € F™" and B € F™'. (i) Suppose that % (B) is not a subset of
#(A) and rank{A} = m < n. Then X = X,, := (A*A)~'A*B minimizes ||AX — B||r
overall X € F™*". (ii) Suppose that Z#(B) C Z(A), N (A) # 0, and rank{A} =n <
m. Then X = X, := A*(AA*)~' B has the minimum Frobenius norm over all solutions
to AX = B.
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Proof. For (i), let S be an orthogonal matrix of size n x m, whose columns form an
orthonormal basis of Z(A). Then

A=SF, B=SB +S,B>

for some nonsingular matrix F of size m x m, where S satisfies (A.7). By the fact
that unitary matrices do not change the Frobenius norm, there holds

Jax sl = [ | sPx—s81-5.8)
1

F

= VIEX = Bi[ +[|Bal > [Ba]|
On the other hand, there holds

[A% = Bllr = [[[1-A(4"4)'A"] B
= 11, = SS7)Bll = 1SS Blly = |B2]| -

That is, X = X,, = A*(AA*)~! B minimizes the error ||AX — B||r. For (ii), it is noted
that AX,, = AA*(AA*)~'B = B. So, X, is a solution to AX = B. Because ./ (A) # 0,
there exists an orthogonal matrix U whose columns form an orthonormal basis of
A (A). Moreover, all solutions to AX = B is parameterized by X = X,, + UR with
R an arbitrary matrix of the appropriate dimensions. Now direct calculation shows
that (by noting that AU = 0)

IXIG: = 4 (4A%) B+ URIE =T {B* (A4") ' B+ R'R)
> Te{B* (44") "' B} = X1

Hence, X, is the minimum norm solution. The lemma is true. O

In (i) of Lemma A.4, A admits a left inverse AT = (A*A)~!A*, and all left inverses
of A are parameterized by

AT=@A*A) A rOsT =AT 105", (A.10)

where © € F™* (""" is arbitrary and Z(S,) is the orthogonal complement of
#(S) = Z(A). Tt is noted that P = AAT is a projection and P = AA" is an
orthogonal projection. Hence, orthogonal projection matrices are always hermitian,
but projection matrices are nonhermitian in general. The proof of Lemma A.4 also
shows that

14Tl = /14" 2 +||@s7 |2 = 1A% -
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In (ii) of Lemma A.4, A admits a right inverse AT = A*(AA*)~!, and all right
inverses of A are parameterized by

AT=A*(AA) ' L U'R=AT 4 U"R, (A.11)

where R € F"~")*" ig arbitrary and U is an orthogonal matrix whose columns
form an orthonormal basis of .4 (A). Again, P = ATA is a projection which is
nonhermitian in general, and P = A"A is an orthogonal projection which is always
a hermitian matrix. Similarly,

1AT1F = A/ IIATIIZ + IURIZ > [A* 7.

More generally for any matrix A of arbitrary rank, generalized inverses or
pseudoinverses of A are denoted by A™ and defined as satisfying

(a) AATA=A, (b) ATAAT=AT, (A.12)

Clearly, A" is not unique. It is left as an exercise to derive a general expression of
A" (Problem A.16). The one that minimizes ||A*||r among all possible A" is called
Moore—Penrose pseudoinverse and is given by

At =F*(FF) N (T*T)"'T*,

where A = TF is the canonical factorization as in Lemma A.3. Again, both AA"
and AA are projections, and AAT and A A are orthogonal projections. Often A™ is
computed via the SVD to be discussed in the next section.

A.3 Decompositions of Matrices

A.3.1 Eigenvalues and Eigenvectors

For A € IF"*", its eigenvalues are the n roots of the characteristic polynomial
a(A) =det(Al, —A) = A"+ a; A"+ +a, (A.13)
The set of n eigenvalues, denoted by {A,}}_,, is called spectrum of A, and

p(A) = max |

1<k<n

is the spectral radius of A. Let A be an eigenvalue of A. Then there exist a row
vector q and a column vector v such that

qgA=A1q, Av=Av,
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and q and v are left and right eigenvectors of A, respectively. Moreover, A admits
the decomposition termed as Jordan canonical form as follows. However, its proof
is nontrivial and skipped in this text.

Theorem A.2. For A € F**", there exists a nonsingular matrix T such that A =
TJT ' and J = diag(Jy,...,J;) where,

The Jordan canonical form in Theorem A.2 does not rule out the possibility that
Ak; # Mk for i # j. On the other hand, if {Ax, }o_, are all distinct, then A is called
cyclic, and J; the Jordan block. If in addition {A;}}_, are all distinct, then each
Jordan block has size one, and A is diagonalizable by a nonsingular matrix 7 with
J=A =diag(Ay,..., A).

The following Cayley—Hamilton theorem is useful in linear system theory.

Theorem A.3. Let A € F"*" and det(Al, — A) be as in (A.13). Then

A"+ a A" tal, = 0.

The proof is left as an exercise (Problem A.17).

A.3.2 QR Factorizations

Let v € R" be nonzero. A square matrix
P=1,—2w!/|v|? (A.14)

is both symmetric and unitary, i.e., P = PT and P% = I,. Such a matrix is called
Householder reflection, or Householder transformation and v the Householder
vector. Let x € R”, and denote e; as the vector with the first entry 1 and the rest
zeros. If Px € #(e;), then v e Z([x e ]), and

T
Px— (In—2%>x_¢|x|el. (A.15)

The Householder reflection sets the elements of Px to zeros except the first one. It
sets v = x =+ ||x||e; with £ sign so chosen that ||v|| has a larger value to avoid the
possible rounding-off error. Furthermore, for A € F"*"",

w!

PA = (I,,—ZW)AzA—i-vqT, (A.16)
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where q = aATv with o = —2/||v||>. That is, a Householder update of a matrix
involves a matrix—vector multiplication followed by an outer product update, which
avoids the multiplication of P and A directly. For this reason, Householder transfor-
mation is widely used in triangularization of matrices such as QR factorizations.

Lemma A.5. Let A € R"™, Then there exists QR factorization A = QR where Q is
an orthogonal matrix and R is an upper triangular matrix.

Proof. Applying (A.15) with the first column of A as x eliminates the elements
of the first column of PA, except the first one. Record such a Householder
transformation as H;. Now applying (A.15) with the last (n — 1) elements of the
second column of H1A as x eliminates the second column of HyHA except the first
two elements. By induction,

_ya_ R _ | k-1 0 e
H, H1A—HA—{0], Hk—{ . Pk] — 0=H [0],

where P, is a Householder matrix. Thus, R is upper triangular. Since product of
unitary matrices is unitary, Q” Q = I or Q is an orthogonal matrix. O

In light of (A.16), multiplication of a Householder matrix with another matrix
can be easily implemented. The use of the unitary matrices improves the numerical
property of QR factorizations. Moreover, R can be made full row rank by taking O
comprised of the minimum number of columns. It is noted that the QR factorization
also holds for complex matrices.

A.3.3 Schur Decompositions

For the Jordan canonical form as in Theorem A.2, partition
T= [Tkl T, - Tké]

compatibly with that of J. The decomposition A = TJT ! gives the rise of AT = TJ,
implying that
AT, =Ty, J;, 1<i</L. (A.17)

It follows that for any vector v € Z(Ty,), Av € Z(1y,). In other words, Z(T,) is
A invariant for each i. Moreover, the direct sum of any pair of {Z(T},}!_, is also
A invariant. It is left as an exercise to estimate the number of distinct A-invariant
subspaces (Problem A.20).

Suppose that J; has size m > 1. Then

Avi = Mvy, Avi =AM vi+vieg, 1 <k<m.
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Hence, both Z(v;) and %’([Vl vm]) are invariant subspaces of A. The same
holds true for other J;’s. Let . C F" be an A-invariant subspace with dim{.#} > 0.
Then there is at least one v € . such that Av = Av. If all eigenvalues of
A constrained into . are strictly inside the unit circle, then .% is a stable A-invariant
subspace. The following Schur decomposition is useful.

Theorem A.4. For A € C"*", there exists a unitary matrix Q such that A = QR,Q,
where Ry is an upper triangular matrix with eigenvalues of A on the diagonal.

Proof. By Theorem A.2, AT = TJ with J in the Jordan canonical form, and T
nonsingular. Applying QR factorization to 7 yields

T=0QR = AQR=QRJ] <= Q*AQ=RJR '=R,.

Since both R and J are upper triangular matrices, R4 is also an upper triangular
matrix (Problem A.19 in Exercises). The fact that Q is orthogonal and square implies
that Q is unitary. Thus, A and R4 have the same eigenvalues which are on the
diagonal of R4 and can be arranged in any order. O

Schur decomposition can be computed directly without going through the Jordan
form. In fact, due to the use of unitary matrices, the Schur decomposition is
numerically reliable and efficient. It is a preferred method in computing eigenvalues
as well as invariant subspaces.

In general, eigenvalues are complex, even if A is a real matrix. However, if A is
real and has a real eigenvalue A, then its corresponding eigenvector can be chosen
as real too. Moreover, if A is real, then real Schur form exists in which Q and
R4 are both real, but R4 is now block upper triangular to account for the complex
eigenvalues. For the case when all eigenvalues of A are real, A;(A) denotes the kth
largest eigenvalue of A, and the real Schur form can place eigenvalues of A in the
diagonal of R4 arranged in descending order.

A.3.4 Singular Value Decompositions

Singular value decomposition (SVD) is widely used in matrix analysis and linear al-
gebra. Roughly speaking, singular values measure the “size,” and the corresponding
singular vectors the “directions” for the underlying matrix.

Theorem A.5. Let A € F"*". There exists SVD: A = USV* where U € F"" and
V € F™™ are unitary matrices and S € F"*™ contains nonzero elements {0y }t_,
on the diagonal in descending order where p = min{n,m}.

Proof. Applying Schur decomposition to AA* and A*A gives

AA* = QuD; 0y, A*A = 0uD;, 0,
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where Q, € F**" and Q,, € F"*" are unitary matrices, and D, and D,, are upper
triangular matrices. By the hermitian of AA* and A*A, and the fact that nonzero
eigenvalues of AA* and A*A are identical, D2 and D2, are in fact diagonal and
positive real of the form

D} = diag (d},d,...,d}), k=n,m.

If n > m, then there exists an orthogonal matrix Q € IF"*" such that
Dy,
AQm = 0Dy = [Q QL] 0 = 04D,

by QfA*AQ,, = D2, and thus .4 (AQ,,) = .# (D,,). Hence, the SVD holds with
U=0Q,,S=D,andV = Q. If n < m, a similar procedure leads to

0:A=D,0"=[D,0][00,] =DQ;

with Q orthogonal. Hence, the SVD holds with U = Q,,, V = Q,, and S = D. The
nonzero diagonal elements of S are {|di|};_, = {ox}}_,, which are called singular
values of A and which can be arranged in descending order. O

Denote u; and v; as the kth and ith column of U and V, respectively. Then the
SVD of A implies that

Av, = O Uy, A*llk = O} Vi (A.18)

for 1 < k < r =rank{A}. For this reason, u; and v; are called kth left and right
singular vectors of A. The relations in (A.18) also show that

A*Av, = 6V, AA*w = ofu;.

It follows that 6} = /A (AA*) = \/A4(A*A) for | <k <min{n,m}.
The next result is concerned with the induced norm for matrices, and shows that
the induced norm is the maximum achievable “gain.”

Corollary A.1. Let G(A) = 0y be the maximum singular value of A. Then

[[Ax]| -
[|A]] := sup TR |Ax|| = o/(A).
x£0 [IX lIx[l=1

Proof. By SVD, A =USV* with V a unitary matrix. Hence, any nonzero vector is a
linear combination of vy, the kth column of V. That is,

x:iﬁkvszb, b:[ﬁlﬁm]Tu

k=1
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where A € F"*™_ It follows that ||x|| = ||b]||. Let p = min{n,m}. Then
n
AX=AVb=USb =Y Bioqu,
k=1
with uy, the kth column of U. The fact that U is unitary implies that
2% g2 2(11 (12 2115112
1Ax]|* = 3 o B¢ < of|[blI* = of ||x]*.
k=1

Thus, 6(A) = oy is the upper bound for the induced norm [|A]|. Choosing x = v;
shows that ||x|| = 1 and ||Ax|| = G(A). O

A.4 Hermitian Matrices

In light of the Schur decomposition A = QR4 Q", there hold
AA" = QRAR1OQ*, A*A=QR}iR\0".
Hence, if a square matrix A of size n is normal, i.e., AA* = A*A, then
RiR4 = RsR}; = diag (o7,...,0;) .

It follows that for a normal matrix A, it is necessary that R4 be diagonal. That is,
normal matrices are diagonalizable with unitary matrices.
Hermitian matrices are clearly normal matrices. If A is hermitian, then

A=0R\Q"=A" =0QR, 0",

leading to the conclusion that R, is a real diagonal matrix. Consequently, eigenval-
ues of a hermitian matrix are all real. If in addition all eigenvalues of a hermitian
matrix are positive or strictly positive, then A is called positive semidefinite or
positive definite, denoted by A > 0 and A > 0, respectively.

If A=A" > 0, then there exists a “square root” R = A'/2 such that A = R2. One
may take the square root of A as R = US'/2U* with A = USU* as the SVD of A.
Suppose that A > B > 0. Then

0<I—A2BA 12— A12BA~141/2,

Hence, p (BA’I) < 1, and all eigenvalues of BA~! are strictly positive real.

Two results will be presented for positive semidefinite matrices with one on
Cholesky factorizations, and the other on simultaneous diagonalization of two
positive semidefinite matrices.
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Proposition A.1. Let ©; = O > 0 and ©3 = O35 > 0, which may not have the same
dimension. If
0, 65
0= 21 >0
[@2 8 ] 7
then V| = 0, —@2*@;@2 >0,V;=0; —@2@?@2* >0, and
(i) 2(6,) € #(63), (i) Z(0;) C %(6n). (A.19)

There hold factorizations of the form

1 00+ Vi 0 I 0
O = 2>3 A.20
[0 I Ho @3] {@;@zl} (A-20)

1 ol[e 0][16/6;
= . A21
[@zef 1} [o VJ [o I (A.21)

Proof. As (ii) of (A.19) and (A.21) are dual to (i) of (A.19) and (A.20), respectively,
only (i) of (A.19) and (A.20) will be proven. Because © > 0, choose a nonzero
vector v and set w = —0; @,v. Then

e

=V (0; —0;0;0,)v=vV,v.

Since ® >0,V; >0.If w= —@f O,V is chosen, then similar calculations show that
V3 > 0. Now if Z(0,) C %(6s) is false, then there exists a nonzero vector v such
that v'©@, # 0 and v*'©3; = 0. Hence, v*V3v = —V*@z@f@fv < 0, contradicting
to V3 > 0. As a result, Z(0,) C Z(03), and ©, = ;I" for some matrix I" of
appropriate size. It follows that

0305 0, = 0;0; 6; = 6" = 0,.
The above implies the decomposition in (A.20). The proof is complete. a

The factorizations in (A.20) or (A.21) have the form ® = LDL* or ©® = L*DL
with L lower block triangular and D > 0 block diagonal. Hence, it is the Cholesky
factorization in block form. Note that D = I can be taken in Cholesky factorizations.

Theorem A.6. Let P and Q be two positive semidefinite matrices. Then there exists
a nonsingular matrix T such that

D D
pY) 0
0o | D) ’
0 0

TPT* = (") 'or ' =

where X1, X5, and X3 are diagonal and positive definite.
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Proof. Since P > 0, there exists a transformation 77 such that

. 10
T1PT1:[00}

Compute (Tl*)f1 QTfl, and partition compatibly as

(Tl*)fl QTfl — |:Q1 Q2:| )

0; O3
By the SVD, there exists a unitary matrix U; such that

220

, 21 >0.
00} !

U0.Uf = {

Setting T[l =diag (U},I) implies that
30 Oy
() () ror 'y = 0 0 0O
05105, O3
Since Q > 0, QAM =0. Let
I 00
(13) ' = 0 10
—03,27701

Direct computation yields

(2200
T3T2T1PT1*T2*T3* = 0 I 0 3
L0 00
(220 0
x\—1 x\—1 \—1 I e -
() (1) () ey 'y 'yt =1 000 U
L0 00:-03,%7°0a,

Finally, a unitary matrix U, can be obtained such that

230

550,
00}’ 3>0

U, (03— QAZlZszAz,l) U; = [

Setting T = TyT3T,T| yields the desired expressions for TPT* as well as for
(T*)~'QT ! with X, = I. O
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The proof of Theorem A.6 shows that if Q is nonsingular, then P and Q! are
simultaneously diagonalizable in the sense that there exists a nonsingular matrix
M such that M*PM and M*Q~'M are both diagonal. In fact the positivity is not
required. See Problem A.28 in Exercises.

A.5 Algebraic Riccati Equations

In Chap. 5, the necessary and sufficient conditions to the ARE (5.96) are obtained
for the existence of the stabilizing solution. This section will present a numerical
algorithm to obtain the unique stabilizing solution when the existence conditions
hold. For simplicity, it is assumed that det(A) # 0. The case of det(A) = 0 will be
commented at the end of the section.

Let R=R*>0,G=BR 'B*, and Q = Q* > 0. Denote

_[A+G@n o -Gty [0,
S= —(A*)le (A*)fl ]7 J= |:In 0 ] (A.22)

Then X is a solution to the ARE (5.96) such that det(l, + XG) # 0, if and only if
(refer to Problem A.29 in Exercises)

[-X In]S[H =0. (A.23)

It can be verified that J~'S*J = S~!. Such matrices are called simplectic. Thus,
A = re/? is an eigenvalue of S implies that 1 ~! = r—'e/? is also an eigenvalue of S.
As aresult, the 2n eigenvalue of S form a mirror image pattern about the unit circle.
Moreover, the following result is true.

Lemma A.6. Let G = BR™'B*, and Q = C*C. If (A,B) is stabilizable and (C,A)
has no unobservable modes on the unit circle, i.e., (5.100) holds, then the simplectic
matrix S in (A.23) has no eigenvalues on the unit circle.

Proof. By the contradiction argument, assume that S has an eigenvalue e/?. Then
there exist vectors q and v of dimension n such that

s[a]=en (3] #[o)

[A+GAY)'0lq—G(A") v = /¥, (A.24)
—(A") "0+ (A) v = e/f. (A.25)

The above is equivalent to
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Multiplying (A.25) by G from left and adding it to (A.24) give
Aq—ePGv = e/, (A.26)
—0q+v=ef%"%. (A.27)
Premultiplying (A.26) by e /v* and (A.27) by q* yield
e /9v*Aq = v*Gv + vq,
—q°0q+q'v = e/fq Ay,
It follows that q*Qq + v*Gv = 0, and thus,
VVB=0 — v'G=0, Cq=0 = Qq=0.
Substituting the above into (A.26) and (A.27) leads to
Aq=¢/fq, A'v=e /.

Since q and v are not zero simultaneously, e/? is either an unobservable mode of
(C,A), contradicting to (5.100), or uncontrollable mode of (A, B), contradicting to
the stabilizability of (A, B). Hence, the lemma is true. O

If S has no eigenvalues on the unit circle, then its 2n eigenvalues are split into
evenly inside and outside the unit circle, in light of the property of the simplectic
matrix. Let 7 be the 2n X n matrix, whose columns consist of the basis vectors of the
stable eigensubspace of S, i.e., eigensubspace of S corresponding to the eigenvalues
of S inside the unit circle. Then

ST=TA_, T= [Tl } , (A.28)
T

where 71, T, and A_ are all n x n matrices, and eigenvalues of A_ coincide with the
stable eigenvalues of S.

Lemma A.7. Let S be the simplectic matrix in (A.23). Under the same hypotheses
as in Lemma A.6, the stable eigenspace represented by T as in (A.28) satisfies
TI*TQ > 0and det(Tl) #£0.

Proof. Define {U;} = {TA*} where T is defined as in (A.28). Then
Uy=T, U= (TA)AF =5TAF =su,.
With 77 and T; as in (A.28),

T'T, =UVUy, V= {0 I} :

00
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Hence, recursive computations and Uy | = SU; yield

k—1 k—1
Yo = UVUy—UiVU = 3 (Ui VU; = Uj\VUis1) = 3 U (V = S*VS)U.
i=0 i=0

Because Q > 0and G > 0,

e [1-01T0 0 10
VoSve= [o I ] {o AlG(A*)l} [—QJ =0

from which Y;, > 0 follows. Stability of A_ implies that Uy = TAK = 0ask — oo,
and thus, UV Uy = Y., = T{'T> > 0. Now write (A.28) as

reamee-gt V][5

which is in turn the same as

AT +G[(A") QT — (A") '] = TiA-, (A.29)
—(A")TOT 4+ (A%) ' = DA (A.30)

The expression of (A.30) implies that (A.29) is the same as
ATy —GTHhA_- =T\ A_. (A.31)

Using contradiction argument, assume that 77 is singular. Let v € A4(T}). Pre-
multiplying (A.31) by v*A* T and postmultiplying by v give

VAT G A_V=V'"A"T; TiA_v,
where T1v = 0 is used. Since A*T;GTbA_ >0, and T;'T1 > 0,

GhA v=0 <= B'ThA v=0, (A.32)
by G = BR™'B*. Postmultiplying (A.31) by v concludes that T{A_v = 0, by
GThA_v =0. That is, v € A (T1) implies that A_v € A(T1), and thus, .4 (T})
is an A_-invariant subspace. As a result, there exists an eigenvector 0 # v € A (T})
such that A_v = Av and |A| < 1 due to stability of A_. Rewrite (A.30) into
—QT\ + T, = A*T>A_. Then multiplication by v from right yields

hv=A"Thv <= A'Thv= /’1,71T2V.
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In connection with (A.32), 0 = B*T,A_v = AB*Tyv. By the PBH test with q = Thw
and the fact that [A~!| > 1, (A, B) is not stabilizable, contradicting to the hypothesis
of the lemma. Hence, det(77) # 0 is true. O

With the established results, it is ready to show that X =75 Tfl is the stabilizing
solution to the ARE in (5.96) which is the ARE
X=A"I+XG) 'XA+Q (A.33)

under the notations in (A.23). Indeed, under the condition that S has no eigenvalues
on the unit circle and that (A, B) is stabilizable, 7} is nonsingular and ' >0,
which implies that

X=DT ' =T('T) (T'DL)(T'T)'T] > 0.

By multiplying, Tfl from right on both sides of (A.28) obtains

| _|Th Il |1
SEl-[A]a o s[]-[]a

where A, = T1A_ Tfl is a stability matrix. If premultiplying the equation on the
right of (A.34) by [ 0] from left, then

Ac=A+GAY) 10— GA") "X =A+GA") (0—-X)
=A—-G({I+XG) 'XA=A+BF,

where (Q — X) = —A*(I+XG) 'XA from the ARE (A.33) is used and:

F=—-R 'BI+XBR 'B)"'XA=—-R '(I+B*XBR ') 'BXA
= —(R+B*XB) 'BxA

is the state-feedback gain. Stability of A, implies that F is a stabilizing feedback
gain, and thus, X = Tszl is the stabilizing solution to the ARE (5.96), i.e., (A.33).

In summary, the stabilizing solution to the ARE (A.33) can be obtain by
computing the stable eigensubspace of S as in (A.28) under the condition that (A, B)
is stabilizable and (C,A) has no unobservable modes on the unit circle. Clearly, the
Schur decomposition is well suited for such a task, which is numerically reliable and
efficient. The stabilizing solution X = 7> Tfl can then be obtained. If A is singular,
then the generalized eigenvalue/eigenvector problem (which is also referred to as

matrix pencil)
IG A0
(A[OA*}_ [—QIDX_O (43
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needs be solved for each stable eigenvalue A and its corresponding eigenvector x. If
A has multiplicity u, then (A.35) needs be added by

I G A0 I G
A — ; i-1=0,
(Lot L) [o ]
fori =2,...,u with x = x;. Such generalized eigenvectors are called generalized
principle vectors.

Exercises

A.l. Asubset.” C IF" is said to be a closed subspace, if . is itself a vector space.
Show that both range space and null space associated with a given matrix are closed
subspaces.

A.2. Show that the Euclidean norm || - || satisfies (i) ||x|| > 0, (ii) ||x|| = 0, if and
only if x =0, (iii) ||ox|| = |o|||x||, and (iv) [|x+ y|| < [|x]| + ||y]|- Note: Any map:
x — R satisfies the properties (i)—(iv) defines a norm, which can be different from
the Euclidean norm.

A.3. Forx € F*and p > 1, define

n 1/p
%[l = <Z IXkI"> X[l = sup lx|.
k=1 k>1

Show that || - ||, defines the norm, i.e., |- ||, satisfies properties (i)—(iv) as in
Problem A.2. Draw the unit circle in the case p = 1,2, 0 for R?.

A.4. Prove Lemma A.1.
A.5. (i) Show that

rank{A}, if det(BB') #0

rank{AB} = {rank{B}, if det(A’A) #0

(ii) Show that rank{ARB} = rank{R} if det(A’A) # 0 and det(BB') # 0.
A.6. Prove Lemma A.2.

A.7. (i) Prove (A.2). (i) Let A € F"*™ and B € F"*" and show that A(I,, +BA)~! =
(I, +AB)~'A.

A.8. Show that (A.3) is true for the case when both A and B are square of the
same dimension. (Hint: If E be an elementary matrix which performs some row
operations to A, then det(EA) = det(E)det(A).)
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A.9. (Laplace expansion) Let A = {a;x}"_, ;. Show that

det(A) = 2 aixYiks, Yik= (—1)i+k det(M,-,k),
k=1

where M; is the (n — 1) x (n— 1) matrix obtained by deleting the ith row and kth
column of A and 1 <i < n. (Note: v is called cofactor corresponding to a; ¢, and
det(M; ;) is called the (i,k)th minor of the matrix; if i = k, det(M; ;) is called leading
or principle minor.)

A.10. (i) If A is nonsingular, show that

[AB]\ 1
det(_CD_) =det(A)det(D—CA™'B).

(i) If D is nonsingular, show that

det ( _2‘ g | ) = det(D)det(A —BD"'C).

(iii) Show that det(/+AB) = det(I + BA), if AB and BA are both square.
A.11. Suppose that A =A* > 0. Show that
X*AX —X'b—b*x+c¢ > c—b A" 'b.
A.12. (i) Suppose that A~! exists. Show that
AB]" [A'4+A 'BATICAT! —AT1BA!
cp| —A~lcAa™! Al ’

where A = D — CA~!B is known as the Schur complement of A.
(ii) Suppose that D~! exists. Show that

ABl " [ v —V-1BD!
cp| ~|-Dl'cev!D 4D lcv-iBD L]’

where V = A — BD~!C is known as the Schur complement of D.

(iii) IfbothA~" and D! exist, prove the matrix inversion formula:
(A-BD'C)"'=A""4A"'B(D-cA'B) 'cA™!.
A3, LetA €@, B €™, and X € €. Show that
vec(AXB) = (B" ® A) vec(X),

and thus, vec(AX +XB) = (BT ©A)vec(X).
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A.14. (Gram-Schmidt orthogonalization) Given m linearly independent vectors
{xx}{ . develop a procedure to obtain an orthonormal basis { v }"_; which span the
same range space of {x¢}/",. (Hint: One may proceed as follows. Step 1: Choose
vy =x1/||x1]|. Step 2: Set

Xy — OV]

_— OCZV*X .
x2—avi |’ 1

V) =

Step k (2 < k < m): For 1 <i <k, compute ¢ ; = v;X. Set

k—1
Vi= | Xk — O kVi
i=1

Show that such a set of {v;}}"_, is indeed an orthonormal basis.)

k—1
X — O i Vi| -
i=1

A.15. Let S be an orthogonal matrix, whose columns form an orthonormal basis for
the projection P. Let S| be the complement of S, i.e., satisfying (A.7). Show that
P=S (S* + @Si) for some @, and

PP* =S(I+00%)S*, (I-P)'(I-P)=S5,(I+0"0)S".
Show also that Q = I — P is a projection, and ||Q||r = ||P||F-

A.16. Let A € €™ have rank r. Show that A = SRV* where R of size r X r is
nonsingular, and both S and V' are orthogonal matrices. Show also that all pseudo-
inverses of A, satisfying (A.12), are parameterized by

AT=(V+V,.0,)R (S +6,5),

and the Moore-Penrose pseudoinverse are given by A = VR~!S* where ©, and O
are arbitrary, and

[i] [S5.] =1, B&] [V V.] =l

A.17. Prove Theorem A.3. (Hint: Use (A.13) and

(/’Lln—A)71 Rl/lnil—l—Rz/lniz—l—---—l-Rn)

B 1
~ det(Al,—A) (

to show that det(Al, —A)l, = (RiA" '+ RyA" 2 +---+R,) (Al, — A). By match-
ing the coefficient matrices of ¥ on both sides, show that

aq - —Tr{A}7 Rl = Il‘la
1
a = —ETI'{RQA}, R, = RiA+al,,
1
ap—1 = I 1TI‘{R,,,1A}, Ry = Ry 1A+ay Iy,

1
a, = —;Tr{RnA}, 0 =R,A+a,l.
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Finally, show that the recursive formulas on the right-hand side lead to
0=RA+a, =A"+a A" "+ +aul,,

which concludes the proof for the Cayley—Hamilton theorem.)
A.18. Let P be a Householder reflection matrix in (A.14). Verify (A.15) and (A.16).

A.19. For square matrices, show that (i) the product of upper triangular matrices is
upper triangular, (ii) the inverse of a triangular matrix is upper triangular, and (iii)
the equality in (A.17) can be converted into AQ; = Q;R;, where Q; is an orthogonal,
and R; is a triangular matrix.

A.20. Consider Theorem A.3. (i) Show that there are at least 2¢ distinct A-invariant
subspaces. (ii) Show that if k of {Ji}le has sizes greater than 1, then there are at
more (2/7¥) distinct A-invariant subspaces. (Note: TF" and 0 are also A invariant).

A.21. Suppose that A, B € C"*" and A has n distinct eigenvalues. Show that if A and
B are commute, i.e., AB = BA, then A and B are simultaneously diagonalizable, i.e.,
there exists a nonsingular matrix 7" such that both Ay = T~'AT and Ag = T~ 'BT
are diagonal.

A.22. Suppose that A,B € C"*" are diagonalizable. Show that A and B are
simultaneously diagonalizable, if and only if A and B are commute. (Note: When
A and B are not diagonalizable, eigenvalue decomposition can be replaced by Schur
decomposition as follows: There exists a unitary matrix Q such that Ty = Q*AQ and
Tp = Q*BQ are both upper triangular, if and only if A and B commute. See p. 81 in
[501.)

A.23. Let A € €7" be a hermitian matrix. Then all eigenvalues of A are real.
Denote ny, n_, and ng as the number of strictly positive, strictly negative, and
zero eigenvalues of A, respectively. Then (ny,n_,ng) is called the inertia of A. (i)
Show that S*AS does not change the inertia of A whenever S is nonsingular. (ii)
Assume that A is nonsingular and B € €"*" is also a hermitian. Show that A and B
are simultaneously diagonalizable, if and only if A~!B is diagonalizable. (Note:
Hermitian matrices A and B are simultaneously diagonalizable, if there exists a
nonsingular matrix S such that both S*AS and S*BS are diagonal.)

A.24. Given A € C"*", use the Schur decomposition to show that for every € > 0,
there exists a diagonalizable matrix B such that ||A — B||, < €. This shows that the
set of diagonalizable matrices is dense in €"*" and that the Jordan canonical form
is not a continuous matrix decomposition.

A.25. Let A and A + E be in R™*™ with m > n. Show that
(i) [ok(A+E)—ok(A)| <oi(E) = [IE|]2,

n

2
i) Y [on(A+E)—ouA)” <|E|Z.
k=1
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Let a; be the kth column of A and A, = [al e a,} . Show that
01(Art1) 2 01(Ar) 2 02(Ar1) = - 2 0:(Ary1) 2 0,(A) > 01 (Ars),

where 1 < r < n.

A.26. (Condition number) Let A € R"*" be nonsingular. Consider

(A+e€E)x(e)=y+ev, x=x(0).

(i) Show that x(€) is differentiable at € = 0 and
x(0) =AY (v—Ex).

(i) Letx(€) = x+&x(0) + & (&*). Show that

[x(e) —x| <ella | (M + |E||) +0(e%).

] ]
(iii) Define the condition number k(A) = ||A|| ||A~"||. Show that

_ Omax(A)
K(4) = A a1 = ZnextA).
Gmln(A)
(iv) Denote ps = €||E||/||A]] and py = €]|v]|/||y||- Show that

x(g) —x
W < k(A)(pa+py)+ O (€7).
A.27. Suppose that © is a hermitian matrix. Partition © as

@:[glgﬂ, O e F1 M, @3 € TS,
2 O3

i) If ©; > 0, and O3 < 0, show that © has n; strictly positive and nj strictly negative
eigenvalues. (ii) If @; > 0 and O3 < 0 with one of them singular, show that the
numbers of positive, and negative eigenvalues of @ cannot be concluded based on
O, and O3 alone.

A.28. Let A and B be hermitian matrices of the same size. Suppose that P =
oA + BB is positive definite for some real o and . Show that A and B are simul-
taneously diagonalizable. (Hint: Hermitian matrices A and B are simultaneously
diagonalizable, if and only if A and P or B and P are simultaneously diagonalizable.)
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A.29. Assume that det(A) # 0. Denote

_[A+6AnTo =G 10—,
Bl Lk B P

where G = BR™'B*, Q = C*C, and R > 0. (i) Show that J~'§*J = §~!. Such a

matrix is called simplectic. (ii) Show that X is a solution to the ARE (5.96) such
that (I, + XG) ! exists, if and only if X satisfies

[—Xln]S[;] =0.



Appendix B
Random Variables and Processes

This appendix gives an overview for some of the materials from probability theory
and theory of random processes which are used in this text. The focus is on real
random variables. This appendix serves to refresh the reader’s memory, or to fill in
a few gaps in the reader’s knowledge, but, by no means, replaces a formal course
on probability theory and random processes. Readers are advised to consult more
extensive textbooks on this subject.

B.1 Probability

An experiment may result in several possible outcomes. The collection of all
possible outcomes from an experiment forms a sample space £2. An event A is a
subset of Q2. If A = (2, then it is the sure event. If A is empty, denoted by 0, then
it is the impossible event. Let .% be the collection of all events. It is assumed that
Z is a o-filed, meaning that it contains @ and is closed under complements and
countable unions. A probability measure P(-) is a mapping from .% into R satisfying
the following three axioms:

(i) P(A)>0, (i) P(Q) =1,
(iii) P(A;UAg) = P(A) + P(Ay) if AiNA=0. (B.1)

Furthermore, it is required in the infinity countable case,
P (UAk> =Y P(Ay) (B.2)
k=1 k=1

provided that the events are pairwise disjoint. The triplet (£,.%,P) is called a
probability space.

G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 401
DOI 10.1007/978-1-4614-2281-5, © Springer Science+Business Media, LLC 2012
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The joint probability of two events A and B is P(ANB). By the elementary set
operations and the axioms of probability, there holds

P(AUB) = P(A)+P(B) — P(ANB) < P(A) + P(B). (B.3)

More generally, there holds union bound

P (DAk> < i P(Ap). (B.4)
P k=1

The conditional probability of A given the occurrence of B is defined as

P(ANB)

P(A|B) = W,

if P(B)#0.

It follows that the joint probability of two events A and B is given by
P(ANB) = P(A|B)P(B). (B.5)
In fact, the above holds even if P(B) = 0. Since P(ANB) = P(BNA) = P(BJA)P(A),

P(B|A)P(A)

PAIB) = =

(B.6)

which is the well-known Bayes rule. By repeated applications of (B.5),
P(AINAz---NAy) = P(A|A2-+-Ap) - P(An—1|An) P(An)

can be obtained which is the chain’s rule for probabilities.
The events {A;}", are said to form a partition of B, if

B=U" A;NB, AiNA; =0 Vi#].

In this case, the law of total probability states that

P(B) = iP(B NA4;) = ip(mAi)p(A,»). (B.7)
i=1 i=1

This law enables the computation of the probability of an event by analyzing disjoint
constituent events and allows Bayes rule to be written as

P(aB) = —LBADPA) (BlAP(A) (B.8)

P(B|A;)P(A;)

E
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Two events A and B are independent, if and only if
P(ANB)=P(A)P(B) (B.9)

implying that P(A|B) = P(A) by (B.6), i.e., the conditioning upon B does not alter
the probability of the occurrence of A, if A and B are independent. The multiple
events {A;}" | are jointly independent, if for every choice of subsets of these events

{Aki }i:I’
P (A, NAk, - DA, ) = P (Ay,) P (Ar,) P (Ar,) - (B.10)

Joint independence implies pairwise independence of the underlying events, but the
converse is not true in general.

B.2 Random Variables and Vectors

For a discrete r.v. (random variable), its sample space €2 is discrete in the sense that
there exists an invertible map between 2 and a discrete subset of R. As such, it
can be represented by X with values x; € R and specified by the probability mass
function (PMF):

PX=x]:=PlocQ :X(0)=x], i=12,... (B.11)

Clearly, P[X = x;] > 0, and Y,;P[X = x;] = 1. It can also be described by the
cumulative distribution function (CDF):

Px(x) =PX <x]= Y PIX ZP 1(x—x;), (B.12)

ixi<x

where 1(x) is the unit step function. Thus, Py (—oc) =0, and Px(eo) = 1.
For the continuous r.v., its CDF is the same as Py (x) = P[X < x] but is continuous
and nondecreasing in x. If Py (x) is differentiable at all x, then

dPx(x
px(x) = g)ﬁ ) >0 (B.13)
is the PDF and satisfies
b
Pla<X <t = [ px(x) dr=Py(b) - Px(a) (B.14)
Ja

for b > a. In particular, px (x)dx is the probability for x € (x, x+ dx).

Example B.1. Consider the toss of a coin. One side of the coin is mapped to 0, and
the other side to 1. The sample space is taken as

Q= {Ai}?:o = {(070)7 (07 1)7 (170)7 (17 1)}
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Under the equal probable assumption, P(A;) = 0.25. Let X be a discrete r.v. with
x;i =i for i =0,1,2,3, the elements of the corresponding sample space, and
P[X = x;] = 0.25. Then this experiment of tossing a coin can be represented by
X. Its CDF is given by

Px(x)=025[1(x)+1(x— 1)+ 1(x—2) +1(x—3)].
Next, consider the continuous r.v. with Gaussian distribution or the PDF

(x—my)

1 2
Px (-x) = /_27'CGX exp { - 262 } :
X

The PDF pyx(x) has the shape of a bell, and is symmetric with respect to x = my
which is the peak of px (x). If my = 0, and 67 = 1, then

x =
A= [ par=1- [ e Pay=1-0w,  ®19)

where Q(+) is the Q function or the tail integration.

It is possible for outcomes to be a collection of several r.v.’s. In this case,
X denotes random vector of dimension n > 1 with components {X;}_, random
variables. Its joint CDF is defined by

PX(X):P[XSX]:P[Xllev---axngxn]- (B.16)

Clearly, the joint CDF is nonnegative, nondecreasing in each of its n arguments, and
bounded above by 1. The joint PDF is given by

pX(X) :pX|7...7Xn (-xlw"u-xn) = (B17)

provided that the partial derivatives exist.
The marginal distributions can be introduced. In the case of n = 2, the marginal
PDF and CDF for X are given, respectively, by

oo

Px, (x1) = / PX17X2(x17x2) dxs, (B.18)
Py, (x1) ZPX11X2(X1,°°)=P[X <x1,X» <°°]. (B.19)
In addition, the conditional CDF for X|, given Xo < xp, is

PIX) <x1,X, <x3] _ P, x,(x1,X2)
PlXp < xa] Py, (x2)

Py, x,<x, (¥1) = (B.20)
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The conditional CDF Py, |x, <., (x1) is itself CDF, satisfying

PX] ‘ngxz(—oo) = 07 PX] ‘ngxz (oo) = 17

and the nondecreasing property in x;. Taking derivative with respect to x; in (B.20)
yields the conditional PDF

Py, 1xy<x, (X1)
Px, \ngxz(xl) = ”5% (B.21)

On the other hand, the conditional PDF for X7, given X, = x3, is defined by

le Xo (Xl ;xz)

s if Px, (XQ) 75 0. (B.22)
Px, (%2

pX] ‘Xz (Xl |'x2) - pX] ‘Xz—xz ('xl)

Note that py, x, (x1]x2) is a PDF of X; with X, = x; fixed. The above marginal and
conditional distributions can be extended easily to random vectors of dimension
n > 2. The details are skipped.

The n random variables X; are independent, if and only if

Py X, (X1, X0) = Py, (x1) - Px,, (xn).

The above is equivalent to

DX, Xy (X155 Xn) = px, (X1) -+ px,, (%)

The independence of n random variables implies that any pair or subset of these are
independent, but the converse is not true in general.

Often the random vector of interest is a transformation of another. Its general
form is ¥ = f(X) with X dimension of n and Y dimension of m. Given the
distribution of X, how to find the distribution of Y is the question to be answered
next. A general procedure is computing the CDF of ¥ via

Py(y) =Py <y]=P[X: f(x) <y]. (B.23)

Example B.2. Let X| and X, be two identical and independent Gaussian r.v.’s of
zero mean and variance o2. Define transformation

Y =f(X)=/X?+X3.

By Py(y) =P[Y <y| = P[ \/x%—l—x%gy},theCDFforYis

“zet /oo

Py(y) } dxydxy
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over y/x? +x3 < y. The polar transform x; = rcos(6) and x, = rsin(0) gives

2

Y

1 oy 2 _2
Py(y):m/o /Ore 202 drd@ =1 —¢ 202.
It follows that the PDF for Y is py(y) = 0 for y < 0 and

dF -5
_ 4R () = Y507, for y>0,
dy o’

pr(y)

which is termed Rayleigh distribution. For the case when X; or X, have nonzero
mean, Y is Rician distributed (Problem B.4 in Exercises).

B.3 Expectations

For a given r.v. X, its expectation is defined as

= xpx(x) dx, if X isa continuousr.v.,
B(x} o | J=Px () (B.24)
>ixiP[X =x], if X isadiscrete .v..

Expected values are simply probabilistic averages of random variables in an exper-
iment, which are also termed mean values. For transformed r.v.’s, their expectations
are defined by

E{f(X)} = { Jo f(X) px (x) dx, for C(.)ntinuous LV.s, (B.25)
S f(xi)P[X =x;], for discrete r.v.’s.

B.3.1 Moments and Central Moments

The expected value in (B.24) is also called the first moment of r.v. X and denoted
by X. The nth moment for positive integer 7 is defined by

X7 = B{f(X)} = E{X"}.
The second moment X2 is commonly referred to as mean-squared value of X.
Often r.v.’s may not have zero means. Hence, it makes sense to define central

moments for the case n > 1:

X -X|"=E{|x-X|"}. (B.26)
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The second central moment reduces to the familiar variance

var{X}:E{\X—YP}:F—YZ. (B.27)

The operation of expectation is linear in the sense that
E{Xi+Xo+ - +X,} =E{X;} + E{Xo} +--- + E{X,,}. (B.28)
However, var{-} is not linear in general. But if X;’s are independent, then there holds
var{X| + -+ + X, } = var{X; } + - - -+ var{X,, }. (B.29)

Let X be a continuous random vector and ¥ = f(X). Then the expected value of
Y is given by (the discrete counterpart is left as an exercise)

Bv)= [ [ soopx(oax (B.30)

The conditional expectation can be defined similarly:

BUOOY =y} = [ [ f@pay(xly) dx. B3
The quantity E{X|Y = y} can be randomized to E{X|Y} by taking value
E{X|Y(w) =y} as the experimental outcome ® leads to Y (w) = y. Hence, E{X|Y'}
is a function of r.v. Y, and there holds

E{E[X|Y]} = E{X}.

If X and Y are conditionally independent for a given Z, then

E{XY|Z} = E{X|Z}E{Y|Z}.

B.3.2 Correlation and Covariance

If two r.v.’s X and Y have zero mean and are not independent, then
cor{X,Y} =E{XY} = / / xypxy (x,y) dxdy (B.32)
defines the correlation between the two. If cor{X,Y} = E{X}E{Y}, then X and Y

are termed uncorrelated, and if cor{X,Y} = 0, then they are termed orthogonal. A
more accurate quantity is the covariance between X and Y

cov{X,Y} =E{(X —mx)(Y —my)} = cor{X,Y } — mxmy, (B.33)
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where my = E{X} and my = E{Y'} may not be zero. Clearly, cov{X,Y } = 0 implies
that X and Y are uncorrelated. The degree of the correlation between X and Y is
measured by correlation coefficient

_ cov{X,Y} _ E{(X —mx)(Y —my)} .
Veov{X}eov{Y}  \/E{(X —my)2}E{(Y —my)?}

It can be easily shown that 0 < |pxy| < 1. Independent r.v.’s are uncorrelated, but
the converse does not hold in general except Gaussian r.v.’s for which independence
is equivalent to being uncorrelated.

Pxy (B.34)

Example B.3. The random vector X with n tuple is Gaussian, if the joint PDF is
given by

(B.35)

x—my)* T (x—m
prx) = e !

Cryrdaz) T {_ 2

where my is the mean and X is the covariance matrix. The (i,k)th element of X
represents the correlation between X; and X, and has the expression

Zi e = B{(Xi — mx;) (Y — my, ) }.

If %4 = 0 for all i # k, then % ; = diag(0y, , ..., 0%, ), and thus,

n X, —m 2
I exp{—(" x) }pxmxl)---pxn(xn).

px(x) = 2
k=1 /an)%k 20y,

That is, for Gaussian r.v.’s, being uncorrelated is equivalent to independence. It is
left as an exercise (Problem B.8) to show that linear transform of Gaussian random
vectors and conditional (Gaussian) r.v.’s conditioned on Gaussian r.v.’s are also
Gaussian-distributed.

LetY = X1X;---X,. Then its expectation is

If X;’s are independent, then E{Z} = E{X; }---E{X,}.

B.3.3 Characteristic Functions

For r.v. X, its characteristic function is defined by:

Oy () =E{e/*} = /weijpx(x) dx. (B.36)
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So, @x(w) is the (conjugate of the) Fourier transform of the PDF. For n r.v.’s
X1,..., Xy, the joint characteristic function is

It follows that @(0) = 1 and |®x(®),...,®,)| < 1. Moreover, the PDF can be
recovered via inverse Fourier transform of the characteristic function.
In regard to moments, it is noted that

n
Dy (o1,...,0) = E{GXP [jzwixi

i=1

dtbx(a))
do

— [ ixepx() dx
Multiplying — j to both sides yields

_ ,dq)X((J))
J do

)_(:

— /wxej“’xpx(x) dx. (B.37)

0=0
By an induction argument, the nth moment of X is obtained as

n d”(DX(w)

Xr= (-

:/ X'e/ px (x) du. (B.38)
—0 Joo

[0}

If X and Y are jointly distributed, then @x (w) = ®Px y (®,0). They are independent,
if and only if

Dy y (1, 0) = Px (1) Py (ar).
Let {X;} be a set of n independentr.v.’s and Z = X; + X, + - - - + X,,. Then

Dz(0) = Py, (0) Py, () - Py, (@). (B.39)

It is left as an exercise to show that the PDF of Z is convolution of {px, (x;)}’s.

B.4 Sequences of Random Variables

Let {X;} be a sequence of random vectors. If X,,(w) — X () for all w € Q, then
X;, is said to be convergent to X everywhere as n — oo. Convergence everywhere is
usually too restrictive. The commonly used notions are:

(C1) Xj converges to X almost surely or with probability 1, if X,,(®) — X (@) for
almost all © (i.e., for all @ € A C Q such that P(A) = 1).

(C2) X; converges to X in mean square, if E{||X; — X||*} — 0.

(C3) X converges to X in probability, if P[||X; — X || > €] — 0 Ve > 0.



410 B Random Variables and Processes

Both (C1) and (C2) imply (C3). As a result, (C1) and (C2) are called the strong law
of convergence, while (C3) is called the weak law of convergence. Conversely, (C3)
implies that a subsequence of {X; } satisfies (C1). If, in addition, || X;|| < o for some
o > 0 and all n > ng for some ny > 0, and almost all w, then (C2) holds.

Example B.4. Let {X;}7 | be independent and identically distributed (i.i.d.) r.v.’s
with PDF fx (x), mean my, and variance G}%. Then

n

1
Sp==2Xi, n=12,..., (B.40)

nis

form a sequence of r.v.’s although S; are now strongly correlated. By the Chebyshev
inequality (Problem B.11 in Exercises),

2
c

P[|S,—mx|>¢€] <X -0 as n— oo,
ne?

for all € > 0. Hence, S, converges to the constant my in probability. It is also noted
that the assumption on X; gives

2
ox

1 1
E{S,} = ;E{Xi} =my, var{S,}= ;var{Xi} = —0

n

as n — oo. Thus, S, converges to my in mean square as well. It can be shown that S,
also converges to my with probability 1.

The next result is the well-known central limit theorem.
Theorem B.5. Suppose that {X;}7., are i.i.d. r.v.’s with mean my and variance oy,
and higher-order moments are all finite. Then the random variable

X;—mx
Vnox

(B.41)

n

Zn=Y

i=1

converges in distribution to the Gaussian r.v. having zero mean and unit variance,
i.e, Fz,(z) = [1 —0(z)] as n — e with Q(x) as in (B.15).

The proof is left as an exercise (Problem B.12). Let

Xi—
=2 o (B.42)
Ox

Then {Y;} are i.i.d. with zero mean and unit variance, which imply that

7 Y1+Y2+"'+Yn.

" Vv
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Thus, Z, does not degenerate into a constant, as in Example B.4. In fact, Z, has a
unit variance for each n. Because Z, converges to the standard Gaussian r.v., it is
approximately Gaussian distributed for large n.

B.5 Random Processes

Discrete-time random processes are basically sequences of r.v.’s or random vectors
of the same dimension, indexed by discretized time. One has a mapping from @ € 2
to a sequence of values Xy, (¢) where time index 7 = 0, £1, . ... Normally, the notation
{X ()} denotes the process in general. As such {x(r)} is a sample or realization of
the random process {X(¢)}. However, {x(¢)} is also used to denote the random
process in the main body of the text in order to avoid the cumbersome notations.

Clearly, X(¢) is a random vector at each time instant ¢. Assume that any
k random vectors X(t),X(t2),...,X(t;) at k distinct time indexes are jointly
distributed. Then the set of all joint PDFs (at all possible k distinct time in-
dexes) px(i)x(n)-x(y) (X(71),X(12),...,x(t;)) defines the kth order densities of
{X(1)}. The set of densities of all orders serves to define the probability structure of
the random process. The conditional PDFs can be obtained in the usual way.

Markov processes are examples of random processes. Roughly speaking, a
process is called Markov, if given that the present is known, the past has no influence
on the future. That is, if t{ > t, > --- > 1;, then

Px()X()--x(e0) X DX (12) - X (81)] = Px (1) x () X (1) X (12)].

For a given random process {X(r)}, its expectation and autocovariance are
defined respectively by

X(t)=E{X(1)}, Rx(:k):=E{[X(t)-X(1)] [X(t—k) —X(t—k)|}, (B.43)

which are functions of time ¢ in general. If {X(¢)} admit constant mean X and
covariance Ry (k), then {X ()} is called WSS. If the kth densities satisfy

Px(t)),on X () X(11) 5+ X(8)) = Px 1y 1), X (1 4m) (X(t1 10, X (1 + 1))
for any integers k and n, then {X ()} is called strict-sense stationary.
For WSS processes, the PSDs are defined as the DTFT of the ACS:
(o)=Y Ryx(ke /. (B.44)
k=—o0
If X (1) has zero mean for all ¢, then the power of the random process is

Py =EB{X(1)X*(1)} = Rx (0) = % /027r ¥ (0) do (B.45)
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by the inverse DTFT. Hence ,% () is indeed the power density function of the
random process distributed over frequency.

A WSS process {X(¢)} is called white process, if its mean is zero and its
autocovariance is Ry (k) = Rxd(k) with Rx > 0 and &(-) the Kronecker delta
function. In this case, its PSD is Ry for all frequency. The notion of white processes
can be generalized to nonstationary processes. A random process {X(7)} is called
white process, if

X(t)=E{X()} =0, Rx(t;k):=E{X()X*(t—k)} =Rx(t)6(k).  (B.46)

So far, random processes are characterized by their ensemble averages. That
is, a random process is treated as collection of random vectors at various time
instants. A natural question is whether the ensemble averages are equivalent to time
averages for WSS processes. Unfortunately, not all stationary processes possess
such equivalence properties, but those that do so are called ergodic processes. If
{X (1)} is ergodic, then there holds

T
B = Jim 57 3, /(0] (B.47)

In the case, WSS processes, one may take f[X (t)] = X () and

If {X(¢)} is Gaussian process with Ry (k) as covariance, then

S [Re(k)] <o

k=—oo

is sufficient for ergodicity.
Suppose that a LTT system represented by its impulse response {H (¢) } is excited
by a WSS process {X(7)}. Then

YO = HO)xx() = Y, Hk)x(—k). (B.48)
J—

Thus, the output is also a random process with mean

¥ = E{y()} = [ Y H(K)|X=H()X,

k=—oo
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where H(z) is the 2 transform of {H(r)} and X is the mean of {X(r)}. It is left
as an exercise to show that {Y(z)} is also a WSS process (Problem B.13) with PSD
given by

¥ (o) =H (e/°) ¥ (0) [H (e/*)] . (B.49)

B.6 Cramér-Rao Lower Bound

This last section presents a well-known result in estimation, namely, the CRLB. The
CRLB characterizes the minimum error covariance for unbiased estimates. Before
proceeding, partial derivative with respect to matrix variables is defined first. Let X
be a real matrix of dimension n x m, and g(X) be a scalar function of X. The partial
derivative of g(X) with respect to X is defined as

ag B o ag n,m
ox = 8x = [ . LHJ (B.50)

that is a matrix of dimension n x m where x;; is the (i, j)th entry of X. If

with a(+), b(-), c(), d(-) all scalar functions of X, then
JoF
Fe= 28 _ |ax bx

12).4 Cx dX

Hence, if F(X) is a column vector of dimension o with each element a function of
X, and X is a row vector of dimension f3, then, Fx is a matrix function of X with
dimension o x 3.

Generically, the unknown parameters of the given system are deterministic. How-
ever, the measurements obtained from experiments are random due to observation
errors and unpredictable disturbances. Let y be noisy observations. Then y is a
random vector. Denote the corresponding PDF by f(y;6) with 6 the parameter
vector under estimation. As a result, the estimate 5 is also random. The estimate §
is said to be unbiased, if E{ 5} = 0 that is the true parameter vector.

Unbiased estimates are clearly more preferred. Let the error covariance associ-
ated with the unbiased estimate 6 be defined by

C. ::E{(@—e) (5—6)/} (B.51)
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where ’ denotes transpose. The CRLB claims that

JInf(y;6) IInf(y;6) } ,

50 507 (B.52)

C.>FIM(0)"!, FIM(0):= E{

The matrix FIM(0) is called Fisher information matrix (FIM).
To prove the CRLB in (B.52), it is first noted that if y has dimension N with y;
being the ith entry of y, then

/:o/:cf(y’e) dyj---dyy =

in light of the well-known property of PDF. Denote [ --- [ by [ and dy; ---dywy by
dy. Taking partial derivative of the above equality with respect to 0 yields

> df(y;0) =, dlnf(y;0) [ dInf(y;0)]
/wTdy_/wf(y’e)Tdy_E{T}_o' (B.53)

Next, the hypothesis on unbiased estimate 0 implies that

= /:, 0/(y:0) dy = 6.

Taking partial derivative of the above equality with respect to 0 yields

~df(y;0 alnf(y,) _ _[adlnf(y:0)\
/me o ) ay = /Gf et dy_E{G—ae/ }_1.

It follows from (B.53) and the above equation that

E{(é—e) %} ~1I.

Consequently, there holds the following matrix equality:

0-6
) " dinf(y;0) _ | Ce 1
Eq | olnf(y: ) [(9_9) 0’ ] - [ I FIM(Q)} (B.54)
20

that is nonnegative definite from which the CRLB in (B.52) follows.

The simplest case to compute the FIM and the corresponding CRLB is when
y = A0 + v where v is Gauss-distributed. See Problem B.15 in Exercises. The next
example illustrates computation of the FIM and CRLB for a more complicated
estimation problem.
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Fig. B.1 Illustration of Yy
bearing in the

Target
two-dimensional plane &

Example B.6. Target motion analysis (TMA) is an important problem in localiza-
tion and tracking of the moving target where the target moves at the constant speed
and in fixed direction. Hence, the motion of the target is uniquely determined by the
initial position (x9,yo), and velocity (v,vy), assuming two-dimensional motion. It
follows that the target coordinate at time 7, is given by (x,yx) = (xo + k&rvy,yo +
korvy) with 87 the sampling period. The bearing 3 is defined as the angle between
the positive y-axis and the straight line from the observer at the origin to the
target where the angle is positive to the clockwise direction and negative to the
counterclockwise direction. See Fig. B.1.

The bearing measurements { Bk}:[;ol can be obtained with the aid of the antenna
array. It is assumed that for 0 < k < N,

~ _1{ X0 —I—k5TVx>
= tan — | + N,
B <yo+k6rvy Nk

where {n;} are uncorrelated Gaussian noises having mean zero and variance c2.
. . S !
Bearing-only TMA aims at estimation of the parameter vector 6 = [xo Yo Vx vy}

based on N bearing measurements { Bk }kN;()l. The uncorrelated Gauss assumption on
{Mk }g;ol gives the likelihood function

Inf(p:8) = C0—2 2 2 [ﬁk—t - (M)r

%y i y0+k5TVy

for some constant Cy. It can be verified by direct calculation that

al ) 1 Nt
nf(B ) 62 2 nkSIHBk

axO k=0

81nf([3;6) 1 NZ,I Ny cos B

ay() an =0 Ry ’

dlnf(B; 6) 1 NZI nkk5T smﬁk

vy nko

81nf([3;6) 1 N= lnkkSTcosﬁk
I0) _ LS Moo

aVy k
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where Ry = +/(xo + k&rvy)? + (o + kSrvy)?. By the definition in (B.52),

sin B sin B '
N—1 1

—cos B —cos B
FIM(6) = ——
() ,Z;) O2R? | kdrsinfy | | kdrsinfy

k& cos P | [ kor cos B
and thus, E{(6 — 6)(6 — 6)'} > FIM(6) ! can be explicitly calculated.

A natural question regarding the CRLB is whether or not the CRLB is achievable.
For the linear signal model with Gauss noise such as in Problem B.15, the answer is
affirmative. However, the CRLB is not achievable for most of the other models and
estimation algorithms. An exception is the maximum likelihood estimation (MLE).
Under certain regularity condition, its associated error covariance converges to the
CRLB asymptotically as the number of measurements approaches infinity. This fact
indicates that the MLE is asymptotically unbiased as well. While MLE algorithms
are important, they are difficult to develop in practice except for some simple signal
models. Readers are referred to Chap. 8 for further reading.

Exercises

B.1. Show that the probability measure satisfies

PA)<1, P(0)=0, PA*)=1-—P(A), P (OA,) < iP(Ai)

with A¢ the compliment of A. Show also that

P(AUB) = P(A)+P(B) — P(ANB).

B.2. For a binary symmetric channel with the signal set {0,1},
P(Bo|Ag) = P(B1]|A1) = 0.9, P(Bo|A1) = P(Bi]|Ao) =0.1,

where A; denotes the event that 7 is transmitted and B; the event of j that is received.
Suppose that P(Ag) = P(A;) = 0.5. Compute the a posteriori probability P(Ag|By) =
P(Al |Bl) and P(Al |B()) = P(A()|Bl).

B.3. Let A and B be two independent and uniformly distributed r.v.’s over [0, 1].
Consider the transformation

X =+/—2log(A)cos(2nB), Y =+/—2log(A)sin(27B).

Show that X and Y are independent, zero mean, and unity variance Gaussian random
variables.
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B.4. Suppose that X; and X, in Example B.2 have nonzero mean p. Let Iy(-) be the
modified Bessel function of zeroth order. Show that

24,2
Yy uy Yy tu
) GZIO(GZ)eXp{ 202 }’ y=z0

B.5. Let X be a discrete random vector and ¥ = g(X). Find the expression of
E{g(X)} which is the counterpart of (B.30).

B.6. Verify (B.28) for the general case and (B.29) for the case when X;’s are
independent.

B.7. Let X be a Gaussian random variable with mean zero and variance o2. Let
k > 0 1is an integer. Show that

E{X”‘}:l><3x5><---><(2k—1)02’<.

%]

is a positive definite matrix with ¥ and © positive definite. Show
7o X B 78 Vo R I 2 B I 0
Qe [0 I 0 V,'||-Q¥ I

_ I 0)[V,h o [1-Q6!
et o etjlo 1 ’

where V=¥ —Q*01Qand V, =0 — Q¥ 1 Q*.

(i) Show that if X and Y are jointly Gaussian, the marginal PDF of X or Y is
Gaussian distributed, and the conditional PDF of X conditioned on Y is also
Gaussian distributed. (Hint: Use (i) for the proof.)

(iii) Suppose that X is a Gaussian random vector. Show that ¥ = AX + b is
also Gaussian random vector where A and b are constant matrix and vector,
respectively.

B.8. (i) Suppose that

B.9. Let X be Gaussian r.v. with mean my and variance o7. Show that its
characteristic function is

Dy ((D) _ ejmxwfcr)%coz/z_
B.10. Let {X;} be asetofnindependentr.v.’s,and Z =X; + X, + - - - + X,,. Show that

pz(2) = px, (2) * px, (2) % - - x px, (2),
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where the convolution is defined by

pz(z) = px(2) % py(z /px )py (z—u) du.

B.11. Let X be a nonnegative r.v., and @ > 0. (i) Show that

E{X}

P[X >a] < -

The above is called Markov inequality. (ii) Show also that

var{X }
P[|IX —mx| > D] < Ea

where my = E{X} and b > 0. The above is termed Chebyshev inequality.

B.12. Prove Theorem B.5. (Hint: Use characteristic function
@ () =E{e%) = [TE{e7) = [y (0/vi)]"

where Y; is the same as in (B.42). Next, use Taylor series to show that

2

[0} 1
b; (0)=1——+—
(@) ”+\/$

where r(n) involves third- or higher-order moments of ¥;.)

r(n),

B.13. Show that the output of an LTI system is WSS process, provided that the
input is WSS process, and prove the relation in (B.49).

B.14. Let FIM(0) be defined in (B.52). Show that

9*Inf(y: 0) }

FIM(G):—E{ 5056

B.15. Consider y = A0 + v where y is the observation and v is Gauss-distributed
noise with mean zero and covariance X,:

(i) Show that FIM(8) = A'X'A.

(i) Show that the MLE is given by 6 g = (A’Z;IA)*1 A’z y).
(iii)) Show that the CRLB is achievable by proving that:

6{ (3s-0) (Bs—0) '}~ 'z )



Appendix C
Transfer Function Matrices

Multivariable LTI systems can be represented by transfer matrices. The most
important class of such matrices are the rational ones which are fractions of
polynomial matrices. This appendix covers various forms of polynomial and rational
matrices, introduces poles and zeros of the systems, and proves the existence of
spectral factorizations for positive para-hermitian matrices. Only the basic elements
on transfer matrices are presented which are the integral part of this text.

C.1 Polynomial Matrices

A polynomial matrix of z is represented by
‘
P(z) =P +P P =Y P, (C.1)
k=0

where {P;} are matrices of the same dimension. Each element of P(z) is a
polynomial of z with degree no more than ¢ with (¢ + 1) referred to as length of
the polynomial. A square polynomial matrix is singular, if det[P(z)] = 0.

Example C.1. Consider polynomial matrices

2
Pi(2) = [z +3z+2z+1}’

Z4z-2 z+1
2+3z+42z+41
Po(2) = z2—|— z+2z+ '
+z+2 z+1
G. Gu, Discrete-Time Linear Systems: Theory and Design with Applications, 419

DOI 10.1007/978-1-4614-2281-5, © Springer Science+Business Media, LLC 2012
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The coefficient matrices of Py(z) and P»(z) can be easily obtained by the following
alternate expressions:

Pi(z) = “8]224— ﬁ ”24— [_;”,

Py(z) = “ 8}124— [i ”z—i— [; ”

It can be verified that det[P;(z)] = 0 for all z, but det[P,(z)] = —4(z+ 1). Even
though det[P,(z)] = 0 at z = —1, it is nevertheless nonzero for all other z € C.

Example C.1 indicates a difference between P;(z) and P»(z) termed as normal
rank. For a given polynomial matrix, its normal rank is defined as the rank for almost
all z except at some finitely isolated points in €. Thus, P;(z) has normal rank 1 while
P,(z) has normal rank 2.

Suppose that Q;(z) and Qy(z) are two polynomial matrices with the same
number of columns. A polynomial matrix R(z) is called right divisor of Qy(z), if
Qi (z) = Q1(2)R(z) for some polynomial matrix Q, (z). It is called a common right
divisor of Q;(z) and Q(z), if, in addition, Q;(z) = Q2(z)R(z) holds as well for
some polynomial matrix Q;(z). Moreover, R(z) is called the greatest common right
divisor (GCRD), if for any other right divisor R(z), R(z) = P(z)R(z) with P(z) a
polynomial matrix.

A convenient way to obtain the GCRD is through some elementary row
operations which can be represented by a special class of square matrices, called
unimodular matrices. For instance, given a polynomial matrix P(z) of dimension
3 x 3, multiplication of P(z) by either of the following matrices

010 10
U=1{001], Usxz)=101az)
100 00

from left carries out an elementary row operation. Specifically, multiplying P(z) by
U, from left places the first row of P(z) to the last and moves the second and third
rows up by one. On the other hand, U,(z)P(z) adds the product of the third row
of P(z) and a(z) to the second row of P(z). Elementary row operations also include
scaling of some rows by nonzero real or complex numbers that can be represented by
a diagonal matrix. It is noted that det(U; ) = det[U,(z)] = 1. Any square polynomial
matrix with determinant a nonzero constant is called unimodular matrix. It is left as
an exercise to show that a polynomial matrix is unimodular, if and only if its inverse
is a polynomial matrix. Thus, matrices representing elementary row operations are
unimodular. A consequence of the elementary row operations is the column hermite
form, to be used later for computing the GCRD.
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Theorem C.2. Any p x m polynomial matrix P(z) of normal rank r can be reduced
by elementary row operations to a quasi-triangular form in which:

(a) If p > r, then the last (p — r) rows are identically zero.

(b) If the diagonal element is unity, then all the elements above it are zero.

(¢) In column k, 1 < k <r, the diagonal element is monic (i.e., unity leading
coefficient) and of higher degree than any element above it.

Proof. Assume that the first column of P(z) is not identically zero. Then by
exchanging rows, the element of the lowest degree in the first column, denoted by
P1,1(z), can be moved to the (1, 1) position. It follows that any other element 5 x(z)
for k > 1 in the first column can be written as

P1a(z) = qk(2)p11(2) +1i(2)

uniquely for some polynomials g (z) and r,(z) with degree of r(z) strictly smaller
than that of 5 (z) in light of the Euclidean division algorithm. Applying again
elementary row operations removes ¢x(z)p1,1(z) for k > 1, and thus, none of the
elements in the first column has degree higher or equal to that of j; 1(z). Now
similar elementary row operations can be applied to the first column for the second
time and repeatedly until all the elements, except the first one, in the first column
are zero. After then, the same procedure can be used for the second column without
affecting the element in the first row that will eliminate the elements below the
(2,2) position. Continuing this procedure with the next column and so on leads to
the upper triangular hermite form. The statements (a) and (b) thus hold. If (¢) is not
true for some column, then elementary row operations can be applied to eliminate
the higher degree terms above the element on the diagonal via the Euclidean
division algorithm. Hence, (c) can be made true as well through elementary row
operations. a

Lower triangular hermite form can also be obtained by interexchanging the rows
of the upper triangular hermite form which is skipped. The next is an illustrative
example for Theorem C.2.

Example C.3. The following shows the steps in reduction of a given P(z) to the
column hermite form:

l—z72—z+1 1 —z+1
P)=| -2 -z - | -2 Z-z
1 —z+1 l—z2—z+1
1 —z+1 1 —z+1 11
=102z = |0 z — |0z

0 z 02—z 00
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The corresponding unimodular matrix is

(1 1 0][100 1 007001
Uiz)=1[0 1 0f|001 Z 10]|]010
|01—z1] [010] [z—101] [100

1 0 z
= 1 0z—-11,
|1—z12z—1

that represents four elementary row operations on P(z) and has a determinant 1 for
any value of z.

The row hermite form can be obtained similarly by elementary column opera-
tions represented by multiplication of some unimodular matrices from right and by
simply interchanging the roles of rows and columns in Theorem C.2. Another way
to compute the row hermite form is to compute the column hermite form for the
transpose of the given polynomial matrix, and then, transpose it back. An exercise
is given (Problem C.3) for computing the row hermite form.

For given two polynomial matrices P;(z) and P,(z) with the same number of
columns, a unimodular matrix U(z) can be obtained to compute the column hermite

form as
_ | Uni(@) Uia(2) | [Pi(2) | _ [R(2)
VPG = [Uz,l(Z) Uz,z(Z)] o) =[] €2

with compatible partition where R(z) is upper triangular. If P(z) has full normal
column rank, then R(z) is both square and nonsingular. It is claimed that R(z) is a
GCRD of Py (z) and P,(z). Indeed, since U(z) is unimodular,

[U1,1(Z) UI,Z(Z):|1 _ [V1,1(Z) VI,Z(Z):|
Uz,1(z) Uz(2) V2,1(2) V22(2)

is a polynomial matrix. It follows that

[Pl(z)] B [Vl,l(z) V1,2<z)} {R(z)}.

Py(2)] | V21(2) V22(2) 0

The above implies the relation
Pi(z) = V1.1(2)R(z), Pa(z) = V21(2)R(2).

Hence, R(z) is a common right divisor of P;(z) and P,(z). To see that R(z) is a
GCRD, assume that R(z) is any other common right divisor of P;(z) and P,(z).
Then

Pi(z) =P (2)R(z), P2(z) =P2(2)R(2) (C3)



C.1 Polynomial Matrices 423

for some polynomial matrices P; (z) and P5(z). In light of (C.2), there holds

R(z) = Uy1(2)P1(2) + U1 2(2)Pa(2) (C.4)
= [U11(x)P1(z) + U12(z)P2(z)| R(2),

and thus, R(z) is a right divisor of R(z), concluding the fact that R(z) is a GCRD of
P (z) and P,(2).

It is noted that GCRDs are not unique. In particular, R(z) does not have to be in
column hermite form. Moreover, any two GCRDs R;(z) and R;(z) are related by

Ri(z2) = Q2(z)Ra(z), Ra(z) =Qi(2)Ri(2),

where Q (z) and Q;(z) are unimodular.

Polynomial matrices P;(z) and P,(z) in (C.2) are said to be relatively right
prime, or right coprime, if any of their GCRDs is unimodular. If in addition P(z)
in (C.2) has full column rank for all z € €, then the polynomial matrix P(z) is called
irreducible. The next result regards Bezout identity.

Lemma C.1. Polynomial matrices Py(z) and P»(z) are right coprime, if and only
if there exist polynomial matrices X, (z) and Xy (z) such that

X (2)P1(z) + Xa(2)P2(2) =1 (C.5)

Proof. Given P;(z) and P,(z), (C.4) holds in light of (C.2). If P;(z) and P,(z) are
right coprime, then R(z) is unimodular. Multiplying (C.4) by R(z) ! from left yields

R(z)"'Up1(2)P1(z) +R(z) 'U12(2)Pa(2) = 1.

Hence, X (z) = R(z) U} 4(z) is a polynomial matrix for k = 1,2 that verifies the
Bezout identity (C.5). Conversely, assume that (C.5) is true with X (z) and X5(z)
polynomial matrices. Let R(z) be any GCRD of P;(z) and P,(z), i.e., (C.3) holds
for some polynomial matrices Py (z) and P5(z). Then

=X (2)P1(2) + X2 (2)P2(2) = [Xi(2)P1 (2) + Xa(2)P2(2) | R(2)
= R@) ' =Xi()Pi(2) +X2(2)P2(2)

which is a polynomial matrix. Hence, R(z) is unimodular, implying that P (z) and
P,(z) are right coprime. O

A square polynomial matrix R(z) is said to be a common right divisor of poly-
nomial matrices {Py(z) }é:v each having the same number of columns, if Py(z) =
P;(z)R(z) for k =1,2,...,L where {f’k(z)}izl are also polynomial matrices. It is
a GCRD of {Py(z)}L_,, if for any other right divisor R(z), R(z) = Q(z)R(z) with
Q(z) a polynomial matrix. The set of polynomial matrices {Py(z)}:_, are said to
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be right coprime, if any of their GCRDs is unimodular. In particular, a polynomial
matrix P(z) is said to be irreducible, if all its rows are right coprime.

Common left divisor, the greatest common left divisor (GCLD), and left coprime
can be defined dually, by interchanging the roles of columns and rows as well as left
and right. Problems C.4, C.5, and C.6 are left as exercises.

C.2 Rational Matrices

C.2.1 Matrix Fractional Descriptions

A p x m rational transfer matrix T(z) has all its its elements rational functions of z.
It can be represented by fractions of two polynomial matrices

T(z) =M(z) 'N(z) =N(z)M(z) .. (C.6)

Because T(z) is a matrix, left fraction matrices {M(z),N(z)} are different from
right fraction matrices {M(z),N(z)} in general. Specifically, N(z) and N(z) have
the same dimension as T(z), but M(z) and M(z) are square of size p x p and m x m,
respectively. The representation in (C.6) is termed as matrix fractional descriptions
(MFDs).

Clearly, M(z) and M(z) are nonsingular. The left MFD {M(z),N(z)} are called
irreducible left MFD, if they are left coprime. Dually, {M(z),N(z)} are called
irreducible right MFD, if the right coprime condition holds. Given a transfer matrix
T(z), how to obtain an irreducible left and right MFDs is partially answered by the
following lemma.

Lemma C.2. Suppose that {M(z),N(z)} is a left MFD for T(z). Then there exists
a unimodular matrix V(z) such that

Vi.1(z) Via(z)

Vai(2) Vz,z(z)] = [R(2) 0] (C.7)

M@ NE)] |

with compatible partitions where R(z) is square. Moreover, the following hold:

(
(a) The polynomial submatrix Vo 2(2) is square and nonsingular.
(b) The polynomial matrices V5(z) and V2 1(z) are right coprime, and

T(z) =M(2) 'N(z) = =V2.1(2)V22(2) " (C.8)
(¢) IfM(z) and N(z) are left coprime, then

deg{detM(z)]} = deg{det[V22(2)]}- (C9)
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Proof. Applying elementary column operations leads to equality (C.7) that in turn
yields N(Z)Vzvz (Z) = —M(Z)V2,1 (Z) or

M(z) 'N(2)V22(z) = —V2.1(2).

Thus, for each z € €, the range space of V,,(z) is the same as that of V;(z).
Because all columns of V(z) are linearly independent for all z € €, (a) holds, and
(b) follows. Since V(z) is unimodular

(UL Uia@)] [Vii@) Via@)] !
U(z) = [Uz,l(Z) UQ’Z(Z)] o |:V2,1(Z) VZ,Z(Z):| (C.10)

is also a polynomial matrix. By (ii) of Problem A.12 in Appendix A,

_ -1
Upi(2) = [Vi1(2) = Vi2(2)V22(2) ' Vau(2)]
It follows from unimodular of V(z) and (ii) of Problem A.10 in Appendix A,

det[V(2)] = det[Va2(z)]det [V11(2) = Vi2(2) V22(2) ' V2,1 (2)]
= det[V22(z)]/ det[U; i (z)] = constant.

If {M(z),N(z)} are left coprime, then R(z) is unimodular. Multiplying (C.7) by
U(z) from right leads to M(z) = R(z)Uy 1 (z), and thus,

deg{det[M(z)]} = deg{det[U; ;(z)]} = deg{det[V22(z)]},

that concludes (c). O

Lemma C.2 provides a procedure for computing irreducible left and right MFDs
for a given transfer matrix T(z). It begins with any left MFD and elementary
column operations embodied in (C.7). Then {V,2(z),—Vi2(z)} constitute an
irreducible right MFD as shown in (C.8). The computation of V(z)’1 as in (C.10)
gives an irreducible left MFD {U ;(z),Uj2(z)} by M(z) = R(2)U;,1(z), N(z) =
R(z)Uj 2(z), and the fact that R(z) is a GCLD of M(z) and N(z). The next result
states the generalized Bezout identity.

Theorem C.4. Let M(z) 'N(z) = N(z)M(z)~! be irreducible left and right
MFDs of p x m transfer matrix T(z). Then there exist polynomial matrices
{X(2),Y(z),X(z),Y(2) } such that the generalized Bezout identity

[M(z) N(z)] {X(Z) 151(2)} _ [1,, 0} (C.11)

Y(z) —X(2) | [ Y(z) —M(z) 0 1,

holds in which both of the 2 x 2 block matrices on the left are unimodular.



426 C Transfer Function Matrices

Proof. The hypothesis on the left and right MFDs implies the existence of

A

polynomial matrices {X(z),Y(z),X(z),¥(z)} such that
M(2)X(z) +N(2)Y(z) =1,, X(z)M(z) + Y(2)N(2) = L,

and Y(2)X(z) — X(2)Y(z) = Q(z) is a polynomial matrix, leading to

[M(z) N(z) } [X(z) N(z)] _ [ I, 0 }
Y(z) —X(2) ] [Y(z) -M(z) Q) In ]
Multiplying the above equation from left by the inverse of the right-hand side matrix
verifies the generalized Bezout identity in (C.11) by taking

X(2) =X(2) +Q(2)N(z), Y(z) =¥(2) ~ Q(x)M(z). (C.12)

Because all submatrices in (C.11) are polynomials with the right-hand side identify,
both of the 2 x 2 block matrices are unimodular. O

C.2.2 Row- and Column-Reduced Matrices

A p x m transfer matrix T(z) is said to be proper, or strictly proper, if

lim T(z) <e or limT(z) =0,

Z—ro0 700

respectively. A proper or strictly proper transfer matrix represents a causal or strictly
causal multivariable discrete-time system, respectively. Suppose that T(z) is given
by its left MFD, i.e., T(z) = M(z) 'N(z). How can we determine if it is proper or
strictly proper? In order to answer this question, a couple of new notions is needed.

The first is the degree of a polynomial row vector, which is defined as the highest
degree of all elements in the vector. The second is the row-reduced matrices. Let
k; be the degree of the ith row vector of M(z). Then the square polynomial matrix
M(z) of size p X p is said to be row-reduced, if

deg{det]M(2)]} = i ki =n. (C.13)
i=1

Column-reduced form can be defined similarly by replacing rows with columns.
However, row-reduced matrices may not be column-reduced and vice-versa.
Let H(z) = diag (zkl 22 ,zkl’). There exists a matrix My such that

M(z) = H(z)Mj + remaining terms of lower degrees. (C.14)
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It can be easily shown that M(z) is row-reduced, if and only if det(My) # 0.
Moreover, det[M(z)] = det(My)z"+ terms of lower degrees in z. It needs to be
pointed out that any square polynomial matrix can be made row-reduced through
elementary row operations.

Example C.5. Consider 2 x 2 polynomial matrix M(z) given by
2 432 ZA0][01 2 3z
2 3 = 3 2
=+1 =z 0z 01 ZZ+10

__[0 1}[12()] [231]

“liof o] T2

In the first expression, z* and z> are the highest degree in the first and second row
of M(z), respectively. Since the leading coefficient matrix is singular, M(z) is not
in the row-reduced form. On the other hand, the leading coefficient matrix in the
second expression is nonsingular, and z> and z* are the highest degree in the first

and second column of M(z), respectively. It is thus concluded that M(z) is in the
column-reduced form. A row elementary operation can be applied to obtain

-1z 2 43z
01|[Z2+1 2

_ D+2-2-3; _ 20 n -2 -3z
Z+1 2 0] [Z+1 0 ]
Hence, the polynomial matrix U(z)M(z) is both row- and column-reduced.

Lemma C.3. If M(z) is row-reduced, then T(z) = M(z)"'N(z) is proper (strictly
proper), if and only if each row of N(z) has degree less (strictly less) than the degree
of the corresponding row of M(z).

U(z)M(z) = [

Proof. Only the case of strictly proper T(z) will be considered, as the other case is
similar and thus omitted. Let Ty (z) and Ni(z) be the kth column of T(z) and N(z),
respectively. Then M(z)T(z) = N(z), and thus,

M(2)Ti(z) =Ni(2), k=1,2,...,m. (C.15)

For the “if” part, the ith element of Ty(z) has the expression
Tia(2) = det M (2)] /detM(2)],

where M"Y (z) is the matrix obtained by replacing the ith column of M(z) with
Ni(z) in light of Cramer’s rule (Problem C.7 in Exercises). By (C.14)

M(z) = H(z)My + remaining terms of lower degrees,

MUK (7) = H(Z)M(()i’k) + remaining terms of lower degrees,
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where My is nonsingular due to the assumption on row-reduced form for M(z)
and M(()l’k) is the same as M except ith column which is now zero vector by the
assumption that each row of N(z) has degree strictly less than the degree of the
corresponding row of M(z). It follows that for k = 1,2,...,m,

deg{detM(z)]} > deg {det {M("’k) (z)} } ;

where i = 1,2,...,p. Or T;(2) is strictly proper. Conversely, there holds

Nik(z) = i M; () Ty x(2)
=i

by (C.15). Thus, if T(z) is strictly proper, then each element Ty ;(z) is strictly proper,
and therefore, the degree of N;(z) is strictly smaller than the highest degree of
{M,}g(z)}gzl for k =1,2,...,m. It is now concluded that the ith row of N(z) has
degree strictly less than that of the ith row of M(z). Since 1 <i < p, the “only if”
part of the proof is completed. a

C.2.3 Smith—-McMillan Form

Given a proper transfer matrix T(z) = M(z) ~!N(z) which is in the form of left MFD.
Lemma C.2 provides a procedure for computing a unimodular matrix V(z) to obtain
an irreducible left MFD. Moreover, a unimodular matrix U(z) can be obtained to
compute a row-reduced form for irreducible left MFD. In this subsection, Smith—
McMillan form will be introduced to give further insight into multivariable systems
described by their transfer matrices. More importantly, poles and zeros can be
defined for multivariable systems.

Theorem C.6. Suppose that the p X m rational transfer matrix T(z) has normal
rank r. Then there exist unimodular matrices U(2) of size p x p and V(2) of size
m X m such that

UR)T(E)V(2) = : (C.16)

where oy 1(z) divides 04 (z), Bi(z) divides Bir1(z) for 1 <k <r, and {Bi(z),0:(z)}

are coprime for 1 <i<r.

Proof. Let a(z) be the monic least common multiple of the denominators of the
entries of T(z). Then N(z) = a(z)T(z) is a polynomial matrix. It is claimed that there
exist unimodular matrices Uj (z) of size p X p and V(z) of size m x m such that
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where A, (z) divides every element of Ny (z). If not, the division algorithm and row
and column interchanges can always bring a lower-degree element to the (1,1)
position and then applying elementary row and column operations to zero out all
other elements in the first row and first column. Repeating the same procedure
will eventually yield A, (z) in the (1, 1) position that divides the rest of the nonzero
elements. Now repeat the same steps for N (z) and continuing in this way ultimately
leads to the Smith form

Mi(z) 0

UNeVE=| 1)

where A;_1(z) clearly divides A;(z) for 1 < k < r. The expression in (C.16) then
follows from

U(2)T(z)V(z) = U(z)N(2)V(z)/a(z)

and from the Smith form in (C.17) by setting A;(z)/a(z) = Bi(z)/0(z) with
{Bi(z), :(z)} coprime for i = 1,2,...,r. The division property for {A;(z)} implies
those for {Bi(z)} and {04 (z)}. The proof is now complete. O

In Theorem C.6, the polynomial ¢;(z) can be made monic. In addition, o (z) =
a(z). If not, then B (z)/ ot (z) = A1 (z) /a(z) implying that A, (z) and a(z) have at least
one common root that is also a common root of A;(z) and a(z) because A, (z) divides
all other A (z) for 1 < k < r. This contradicts the assumption on a(z). Consequently,
04 (z) = a(z) holds.

Zeros and poles of multivariable systems are difficult to describe. As a matter
of fact, zeros of the system are dependent on the “direction” of the input or output
vectors. However, Theorem C.6 gives a clean view for finite zeros and poles of
the multivariable systems without referring to the “direction” of the input/output
vectors. To be specific, zeros are roots of f;(z) = 0 and poles are roots of ¢;(z) = 0.
Suppose that » = min{p,m}. Then z is called a transmission zero of T(z), if (z—zp)
is a divisor of f;(z) for some i < r. It is a block zero of T(z), if (z—zo) is a divisor
of B(z) in light of the fact that A (z) divides A44(z) for I < k < r. The roots of
0;(z) = 0 are the poles of T(z) for 1 <i <r.Itis thus possible for poles and zeros
of T(z) to have the same value without causing pole/zero cancellations, which is
very different from scalar transfer functions. The number of poles of T(z) is called
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McMillan degree that is the sum of the degrees of ;(z) over index i. For this reason,
the diagonal matrix in (C.16) is called Smith—-McMillan form.

Example C.7. Consider a 2 x 2 transfer matrix

() = 1 {z z(z—|—2)].

2—-1|-22 z

It can be verified easily that its Smith-McMillan form is given by

[0 ]mols )= 77 |

z—1

Hence, z = 0 is a block zero, while z = —1 is a transmission zero. It is noted that a
multivariable system can have the same pole and zero without causing cancellation.
The corresponding system has three poles with one at —1 and two at +1. Thus, its
McMillan degree is 3.

It needs to be pointed out that Smith-McMillan form does not contain any
information about the infinity poles and zeros of the system. As a point of fact,
unimodular matrices introduce poles and zeros at infinity, and thus, the Smith—
McMillan form is often nonproper, even though the given transfer matrix is proper
or strictly proper.

C.3 Spectral Factorizations

Let @(z) be a para-hermitian matrix of size n x n. Then it has the form

D)= Y Pk, d=d; Vi (C.18)
k=—o0

If @ (/) is continuous and positive definite for all ® € R, then @(z) qualifies to be
a PSD matrix. This section will show the existence and computation of the spectral
factorization

®(z) =G(2)"G(z), G(z)~=[c@E "], (C.19)

where G(z) has all its poles and zeros strictly inside the unit circle. The results apply
to the case when @ (ej “’) is positive semidefinite.

Several inequalities are needed in studying the spectral factorization. The first
inequality is the arithmetic-geometry mean (AGM) inequality:

n n 1/n
Zxk Z < xk> , Xk Z 0. (CZO)
k=1 k=1

S =
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Its proof makes the use of the convexity of —log(x) over x > 0. Recall that a function
f(-) is convex over the interval [a, b] with b > a, if for any x,y € [a, b],

flax+(1—a)y) <afx)+(1-a)f(y), 0<a<l.

By induction, f(-) being convex implies

f (2 ockxk> <Y o f (), (C.21)
k=1 k=1

where x; € [a, b], o4 >0 and ¥, o = 1. Since f(x) = —log(x) is convex for x > 0,
the inequality (C.21) leads to the weighted AGM inequality

n n
Y o > [ [
k=1 =1

Hence, the AGM inequality (C.20) follows by taking o = 1/n for each k.
The second inequality is Minkowski inequality as stated next.

Lemma C.4. If two square matrices A and B are positive definite with the same
size n X n, then

[det(A + B)]"/" > [det(A)]'/" + [det(B)] /™. (C.22)
Proof. Let A = D*D. Multiplying both sides of (C.22) by

2
[det(4)] /" = (det(p) /")
yields an equivalent inequality:
[det(I+C)]'/" > [det(1)]"/" + [det(C)]"/" = 1 + [det(C)] /™,

where C = [D*]7'BD!. Let eigenvalues of C be {A;}{_,. Then A; > 0 and

" n 1/n
[T+ >1+ <H1k> : (C.23)
k=1

k=1

Hence, Minkowski inequality is equivalent to (C.23) which can be verified directly
by explicit multiplication of both sides and term-by-term comparisons using the
AGM inequality. a

By induction, Minkowski inequality can also be extended to

[det ( s Ak)

1/n N
2 [det(A;)]'/" (C.24)
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with Ay ’s all positive definite. For spectral factorizations of para-hermitian matrices,
inequalities for functions on the unit circle are needed. The next one is the Master
inequality.

Lemma C.5. Let ¥(0) = @ (e/?) be hermitian positive definite with size n x n
that is continuous on [— 1, ). Then

log <det {% /7 '; () de > % /7 ZIOg(det['P(a))]) do.  (C25)

Proof. Since integration can be replaced by summation, (C.24) implies

<det {% /jr ¥(o) dw} > . > %/jr (det[¥ ()" do.

Taking natural logarithm on both sides for the above inequality yields

%log <det {% /7 ’;lp(w) de > Jog {% / " (det[#(0)])" do

> %/jr%log(det['f’(w)]) do

in light of the inequality (C.44) in Exercises (Problem C.11) by taking f(w) =
(det [‘P(a))])l/ ". Hence, the Master inequality (C.25) is true. O

The last inequality is Jensen inequality. Denote A =z~ L. It concerns an analytic
function F (1) on the unit disk of the form

FA) =Y firk, S AL <o (C.26)
k=0 k=0

It follows from the Parserval theorem that |F(4)| is square integrable on the unit
circle. For application to spectral factorizations, continuity of (A ) on the unit circle
is assumed, even though Jensen inequality holds for any function F(A) in (C.26).
As a result, Cauchy integral

1 n
— AT'F(A)dA=F(0) Vr<1 C.27
Aefa e ez e
holds. Let u(A) =Re{F(A)} and v(1) =Im{F(A)}. Thatis, F(1) = u(A) + jv(1).
It is left as an exercise (Problem C.12) to show that
1 7 . 1 = .

_ jo — - je _

. ./ﬁu (rei®) a6 =u(0), - ./%v (re) do =v(0) (C.28)

for all r such that 0 < » < 1. The following is the Jensen inequality.



C.3 Spectral Factorizations 433

Lemma C.6. Suppose that F (L) as in (C.26) is continuous and nonzero on the unit
circle. Then

%/,ilog(\F(ejw)l) dw > log(|F(0)]). (C.29)

Proof. Let {z;};, be zeros of F(A) on the unit disk, i.e., |z| < 1. Then

A =ro I (52

k=1

has no zeros on the unit disk. The first-order function

1—ZA
A—z

Bk(/l): s ‘Bk (ej“’)‘zl VoweR,

is called Blaschke factor that has a zero at z; and a pole at Z;l. It follows
that log[F| (A4)] is analytic on the unit disk and its real part is

ur(A) =log(|F1(1)]), log(|F (ej“’)‘) =log(|F (ej“’)|).

Applying the first equality in (C.28) to u; (A1) = log(|F1(1)]) gives
L /" jo L [r jo
o= [ tos(|F (e°)]) do = o [ tog (| (°)]) do = log( 7 (0))
m 1
—t0g((F(0)) + ¥ 10g (1) = o(IF(O)),
k=1

by |z| < 1 for all k. Hence, Jensen inequality (C.29) is true. O

Although m, the number of zeros for F(A) on the unit disk, is implicitly assumed
finite in the proof, Jensen inequality is applicable to the case when m is unbounded.
Moreover, the proof of Jensen inequality shows that the equality holds for (C.29), if
and only if F (1) has no zeros on the unit disk.

Spectral factorization is rather easy if the given PSD is a scalar function and
has finitely many poles/zeros. However, it becomes much harder if neither is true
that is the case for the PSD matrix @(z) in (C.18). A feasible approach is through
approximation by considering approximant

1) (ej“’)* i 1—@ (lﬁ(fjko"*L "
v - N) ¥ 2

Ey(0)® (e@=0)) ¢
A | (o) (e ) 9,

where Fy () is the Nth order Fejér kernel defined in (2.18) in Chap. 2. In light of

the properties of Fejér kernel in Lemma 2.1 and Theorem 2.2,

0< dy(z) <D(z) and lim Dy(z) = D(z) V|z| = 1. (C.30)

N—roo
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Hence, spectral factorization of ®(z) can be studied via @y(z). Denote

D D - Dy I
. . . 71
o .. 1 1
T, = ‘1 R - ) T (C.31)
: D, : .
D, D D z(m=1y

Then T, is Toeplitz, and the approximant &y (z) can be expressed as
Dy (2) = Zy Ty Zn - (C.32)

The following describe a procedure for computing the spectral factorization:

» Step 1: Compute Cholesky factorization Ty = Ly Ly where

Ly o 0
W) W
Ly=Ly" = Lfvo N R A Y (C.33)
S0
Lo Ly L

is square and lower triangular with all diagonal entries positive.

* Step 2: Set G,(CN> = L,(C]\Q and

Gn(x) = Y 6N+ (C.34)

The next theorem is the main result of this section and shows that Gy (z) converges
to G(z), the spectral factor of @(z) as N — co.

Theorem C.8. Let @(z) asin (C.18) be a PSD matrix that is continuous and strictly
positive on the unit circle. Let Gy(z) be constructed with Step 1 and Step 2. Then

lim Gy(2)~Gn(z) = G(2)~G(z) = D(z)

N—roo

is the spectral factorization. That is, both G(z) and G(z)~" are stable.

Proof. 1t can be shown that the limit of Ly in (C.33) is Toeplitz. Specifically, by
noting that the nN x nN block of Ty on the lower right corner is the same as Ty
and the Cholesky factorization of 7y, | can be computed based on 7y, it is seen that

(N) 7 (N+1) .
Lii = Lty ib Vi<k.
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The same argument can be used to conclude that given integer g > 0,

L =l i<k (C.35)

as long as N is sufficiently large. In view of the above relation,

o g (Vg M IWN
o L, i g = Okrging = lim Ly = G-

Hence, for finite index values, Gy ; = Gy—; for k > i, and thus,

Gy 0 - 0
lim ) = [ C1 (C.36)
N—seo R

: .. 0

G -+ G Gy

is lower triangular Toeplitz for any fixed integer m > 0. It remains to show that G(z),
the limit of Gy(z), has all its zeros strictly inside the unit circle.
Let N > m > 0. Partition Ly in a conformable manner:

m)
Ly = Ly . (C.37)
Ln.a Lngp

Consider the case m = 0. Then L|") = L), Let P(@) = Q (¢ /) be the boundary
value of '

N-1
Q) =1+ O, (C.38)
k=1
It can be verified that (Problem C.13 in Exercises) the integral matrix

M@ =5 [ Pye(®)Po dw-0ne  (©3)

:ﬁ i

where Q% = {I Q’l‘} and Q" = [Qj --- Oy, ] Inlight of Cholesky factorization of
Ty and the partition in (C.37) with m =0,

m(Q) = [L§Y] L8 + (bva+Lns@,) (Lva+Lvs))

> [L99] 10 = Tvo.
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The lower bound is achieved by taking O, = —L;,lbLN,a because Ty is nonsingular
for each N > 0 (Problem C.13 in Exercises). Let Ppin(®) be the extremizing
polynomial matrix. It follows that

* 1 T " .
[£69] 268 =tvo =5 [ Prinl@)"® (¢/°) Pria(0) do. (C.40)

Applying the Master inequality and Jensen inequality in succession yields

log[det(Tx )] = log (det [% [ 1 Pryin (0)* @ (/) Ppin (@) da)D

| -

> /ﬂ log (det [Ppyin(0)* @ (/) Pin(0)]) do

27(.—7'(

P /:T log (det[@ (¢/®)]) +log (}det [Pmin(a))|2D do

| -

>

| -

> | log (det [® (/)] dao

by log(det[Qmin(0)]) = log(det[l]) = 0. Taking limit N — oo, Iyg — G;Go,
Gy (z) = G(z), and hence the important inequality

log[det(GyGo)] > % i log (det [® (ejw)]) dw (C41)

holds. Moreover, inequalities (C.30) in limit and (C.46) in Exercises imply
log (det[®(2)]) > log (|det[G)][*) V]2l = 1. (C.42)
By invoking Jensen inequality plus (C.41) gives
1 /7 ; /" o |2
%/ﬁlog(det (@ (e/?)]) do > ﬁlnlog (det“G(eJ“’)] D do
= log[det(GyGo)]
1 /7 ;
> — [ log(det[® (¢/?)]) do.
2n -

Consequently, the above four terms are all equal, and thus,

L7 o @6 (69)]) o~ oglaer(Go).

Jensen equality concludes that G(z) is indeed free of zeros for |z| > 1. Recall that
z=A"" 0
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The condition on continuity and strict positivity of the PSD matrix @(z) on the
unit circle is not necessary that can be weakened to positive semidefinite V|z| = 1
and to inclusion of the singular component (Dirac delta functions on the unit circle)
for @(z), provided that

| o
— /7 tog (det[@ ()] do > . (C.43)

Interested readers may consult with the research literature to expand further under-
standing on spectral factorizations. Furthermore, spectral factorization result holds
for the case when @(z) has nonfull normal rank by adding €21 before computing the
spectral factorization and then taking limit € — 0. Although a stronger assumption
is used for the PSD matrix in this section, it is adequate for engineering applications,
and more importantly, it prevents the advanced mathematics from overwhelming the
engineering significance of the spectral factorization results.

Exercises

C.1. Show that a square polynomial matrix is unimodular, if and only if its inverse
is a polynomial matrix.

C.2. Compute column hermite form for

Z 0 1z —(z+1)
Pi(o)={0 22 |, P(9)=| & 2+z -2
1 z+1 =124z —2z+1

and the unimodular matrices that represent the elementary row operations.
C.3. Compute row hermite form for

1+z 22 1 2241 1
P = P =
1) {z2+2zz3+1z]’ 2(2) {1 z  z+1

and the corresponding unimodular matrix.

C.4. LetQ;(z) and Q2(z) be polynomial matrices having the same number of rows.
Show that Q(z) and Qx(z) are left coprime, if and only if there exist polynomial
matrices Y (z) and Y,(z) such that

Qi(2)Yi(z) +Q2(2)Y2(z) =1.

C.5. Suppose that polynomial matrix R(z) is a GCLD of polynomial matrices
{Pk(z)}é:p each having the same number of rows. Show that any other common
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left divisor R(z) of {Px(z)}r_, is related to R(z) via R(z) = R(z)Q(z) for some
polynomial matrix Q(z). Show that if R(z) is also a GCLD, then Q(z) is unimodular.

C.6. Suppose that all columns of Q(z) are left coprime. Show that row vectors of
Q(z) are all linearly independent for any z € €. What happens if all columns of Q(z)
are not left coprime?

C.7. (Cramer’s rule) Consider linear equation y = Ax with A square and nonsingu-
lar. Show that xy, the kth element of x, can be obtained as x; = det(A;)/det(A) for
1 <k < n where Ay, is the same as A except that its kth column is replaced by y.

C.8. (i) Let {M(z),N(z)} be left MFD for transfer matrix T(z) of size p X m. Show
that there exist unique polynomial matrices {Q(z),R(z)} such that

N(z) = M(2)Q(z) +R(z),

where M(z)"'R(z) is strictly proper. (ii) Develop a similar result for right MFD
of the transfer matrix T(z). (Note: This is the division theorem for polynomial
matrices, extended from the Euclidean division algorithm.)

C.9. Referring to the previous problem, compute Q(z) and R(z) with {M(z),N(z)}
given by

42 7 } (Z):{ 2 A43zz-1
2 241 '

M(Z):{ 3 2+1 2 272

C.10. Show that f(x) = —log(x) is convex for x > 0.

C.11. Suppose that f(0) is continuous and positive on [—7, 7]. Show that

1 /7 L /r
o - [ 01 0] = o [ ogir(6)] ao. (C44)

(Hint: Use summation in place of integration and then apply AGM inequality to
conclude the proof.)

C.12. Prove (C.27) and mean (C.28).
C.13. Let the PSD matrix @(z) be given as in (C.18). Define

m—1
H(z)= Y Hz "
k=0
as a polynomial matrix with n rows. Show that

1 T . % . .
0< - [T () 0 () H () do=H T,

—T
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where T, is the Toeplize matrix as in (C.31) and H* = [H(’)‘ - Hy o } .Hence, T, is

positive definite for any integer m > 0, if @(z) is positive definite V|z| = 1.
C.14. Poisson’s kernel is defined by

Plw)= Y pHe*® 0<p<l. (C45)
f=—oo

(i) Show that P(®w) >0 for all ® € R and

1" 1—p? -
%[ﬂ 1 —2pcos(w)+ p? do=1.

(ii) For @(z) in (C.18), continuous on the unit circle, show that

oo . 1 T . 1 _p2
k| Jko _ jo
kzwp Dee 2 /7,,(1)(6 ) 1—2pcos(w—6)+p2 ao.

C.15. Suppose that both matrices A and B are hermitian nonnegative definite with
one of them positive definite. Show that A — B > 0 and det(A) = det(B) imply A = B.

C.16. (i) ForA > B > 0 with A > 0, show that
det(A + B) > det(A) + det(B). (C.46)
(i1) For hermitian matrix C of size n X n that is nonnegative definite, show that

[det(I+C)]"/" > [det(1)]"/" + [det(C)]"/" = 1 + [det(C)] /"
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A

ACS: autocovariance sequence, 33, 34, 38, 39,
43,61, 218

ARE, 190

arithmetic-geometry mean inequality, 430

ARMA model, 46, 100

asymptotic stability, 85

autocovariance sequence, 32

AWGN: additive, white, and Gaussian noise,
55,57

B

balanced realization, 133

Bayes’ rule, 176

Bayes’s rule, 402

Bezout identity, 423, 425

BIBO stability, 41, 53, 65, 85

bit error rate, 313

Blaschke factor, 433

Blaschke product, 138

block canonical controller form, 50
BPSK: binary phase shift keying, 313, 324
BT: bilinear transform, 14

C

canonical controller form, 50, 64, 65, 76
Cauchy’s integral, 432

causal systems, 41

Cayley Hamilton theorem, 71
Cayley-Hamilton theorem, 384
Cayly Hamilton theorem, 72
central limit theorem, 58
channel fading, 20
characteristic function, 408
Chebyshev inequality, 418

Cholesky factorization, 434

CIR: channel impulse response, 353

circulant matrix, 304

co-inner, 221

commute, 398

companion matrix, 117

Condition number, 399

conditional probability density function (PDF),
176

controller form, 77

convolution, 41, 42

coprime, 47, 72,423

correlation, 407

correlation coefficient, 408

covariance, 407

covariance matrix, 408

Cramer’s rule, 427

CRLB: Cramér-Rao lower bound, 343

CRLB:Cramér-Rao lower bound, 413

cumulative distribution function, 403

cut-off frequency, 9

cyclic, 384

D

decision feedback equalization, 322

detectability, 88,90, 210, 213, 249, 276, 321

DFE: decision feedback equalization or
equalizer, 325

diagonalizable, 384

difference Riccati equation, 187, 189, 191, 197,
203, 206, 207

Dirac delta, 8, 20

Dirac Delta function, 34

Dirac delta function, 437

direct sum, 380

discrete-time Fourier transform, 32
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disturbance rejection, 200, 205, 206
double Bezout identity, 96, 98, 250, 253,279
dynamic programming, 204

E

EIV: error-in-variable, 354
energy spectral density, 32,43
ensemble averages, 412

ergodic process, 36, 40

ergodic processes, 352,412
Euclidean division algorithm, 421
Euclidean norm, 37,42, 128

F

Fejér kernel, 35, 39, 61,433

FIM: Fisher information matrix, 414

finite-dimension, 46

FIR model, 46

flat-fading, 20

forgetting factor, 348, 349, 372

frequency selective fading, 22

frequency warping, 16

frequency-selective fading, 23

Frobenius norm, 44, 243, 340, 355, 379

full information control, 175, 214, 215, 217,
232,241,242

G

gain schedule, 7

generalized inverse, 383

Gilbert realization, 79, 80

greatest common divisor, 48, 64

greatest common left divisor, 424, 437
greatest common right divisor, 420

greatest common right divisor (GCRD), 422

H

Hankel matrix, 129

Hankel singular values, 134
Hankel-norm, 127, 129
Hardy space, 126

hermite form, 420, 437
Household reflection, 384
Householder vector, 384

I

ICI: interchannel interference, 306
IIR model, 46, 47

impulse response, 40, 41

induced norm, 387

Index

Industrial Revolution, 235

inner, 221, 275, 278

inner, outer, 310

inner-outer factorizations, 221
innovation sequence, 187,220, 229
internal stability, 85

interpolator, 295

invariant subspace, 393

inverse balanced truncation, 250
irreducible, 423, 424

irreducible left MFD, 424
irreducible right MFD, 424

ISI: intersymbol interference, 305, 306

J

Jensen’s inequality, 432, 433
joint independent, 403
Jordan block, 384

Jordan canonical form, 384

K

Kalman canonical decomposition, 80

Kalman decomposition, 73, 74, 76, 87, 92, 108

Kalman DFE, 329

Kalman filtering, 175, 192, 194, 206, 208, 273,
322

Kalman SIC, 323

Kronecker delta, 128, 329, 334

Kronecker product, 329

Kroneker product, 378

Kroneker sum, 378

L

L’Hospital’s rule, 13

Lagrange mechanics, 3

Laplace formula, 396

law of total probability, 402

LE equalization, 319

Lebesgue space, 126

left coprime, 424,437, 438

left inverse, 381

linear fractional transformation, 238

linear quadratic Gaussian, 235

linear space, 377

linear time-invariant, 40

linearly independent, 377, 438

log-likelihood ratio, 323

loop shaping, 257,261,273

loop transfer recovery, 257

LQR: linear quadratic regulator, 201, 203-208,
212,263
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LTT: linear time-invariant, 199, 217
LTR: loop transfer recovery, 268, 274
LTV: linear time-varying, 40,216
Lyapunov stability, 68, 85

M

MA model, 46

MAP: maximum a posteriori, 176

Markov inequality, 418

Markov processes, 411

Master inequality, 432

matrix fractional description, 424

matrix inversion formula, 396

maximum singular value, 42

McMillan degree, 130, 430

mean-squared-value, 406

measurement update, 186, 198

minimal realization, 70, 78, 81

minimum phase, 48, 57

minimum variance control, 201, 207, 214, 217

Minkowski’s inequality, 431

MMSE: minimum mean-squared error, 176,
178180, 182, 184-186

mode, 87

Moore-Penrose pseudo-inverse, 383, 397

multipath fading, 20

N

Nakagami fading, 21

nilpotent matrices, 378

normal matrix, 388

normal rank, 420

normalized .74 control, 248, 252, 289

normalized coprime factorization, 222, 259,
260

normalized LQG control, 248, 252

(0}

observability, 68, 70, 71, 74,75, 101, 108

observability form, 118

observability gramian, 87, 130, 138, 171,243,
250,251,289

observability matrix, 71-73, 77, 86, 102, 106,
117,118

observer form, 72

orthogonal, 407

orthogonal projection, 381

orthonormal basis, 380

outcome, 401

outer, 275

output estimation, 241, 309

output injection, 259
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P

para-hermitian, 430

Parserval’s theorem, 432

Parseval’s theorem, 37, 128

parseval’s theorem, 32

PBH test, 74,77, 87,394

PDF: probability density function, 176

PE: persistent excitation, 365

PE: persistent exciting, 348

periodogram, 59

polyphase, 296

power complementary, 223

power-norm, 44, 226

PR: perfect reconstruction, 297, 298, 300, 306

prefix, 304

principle minor, 396

principle of optimality, 204

probability density function, 36, 403

probability mass function, 403

projection, 381

proper, 426

PSD: power spectral density, 31, 33, 35, 36,
38-40, 44,45, 57, 60, 62, 63, 218

pseudo-inverse, 226, 383, 397

R

random process, 33

Rayleigh distribution, 406

Rayleigh fading, 21

Rayleigh fading channel, 329

reachability, 68,75, 93, 101, 108

reachability gramian, 87, 89, 130, 138, 171,
245,250, 251,289

reachability matrix, 75, 76, 102, 103

region of convergence (ROC), 42

return difference, 264

Ricean fading, 21

Rician distribution, 406

right coprime, 424

right inverse, 381

root-mean-squared error, 60

row-reduced, 426, 427

S

sample space, 401

sampling theorem, 9

Schur complement, 203, 228, 396

Schwarz inequality, 33, 61

separation principle, 241, 246

SIC: sequential interference cancelation, 323
similarity transform, 51, 73, 74, 76
simultaneous diagonalization, 388, 391, 399
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simultaneously diagonalizable, 398

Singular value decomposition (SVD), 386

SIT: step-invariant transform, 10, 12

small gain theorem, 250, 253

Smith form, 429

Smith-McMillan form, 428, 430

spectral factorizations, 218

spectral radius, 18, 85

stability, 41, 42

stabilizability, 88,207, 210, 212-214,
249,276

State-space models, 49

stationary Kalman filter, 192

strict-sense stationary, 411

strictly proper, 426

strong law of convergence, 410

subband coding, 297

SVD: singular value decomposition, 73

T

time update, 186, 198, 199
time-selective fading, 23

TMA: target motion analysis, 415
Toeplitz, 434

Toeplitz matrix, 71, 118
transversal filter, 46

transversal filters, 25
two-degree-of-freedom, 123

Index

U

unbiased estimate, 413
uncorrelated, 407

uniform asymptotic stability, 111

\%

Vandermonde matrix, 118
variance, 407

vector space, 377

W

weak law of convergence, 410

Weierstrass Theorem, 46

well-posed, 123

white process, 412

wide-sense stationary, 411

wide-sense-stationary, 33

Wiener filter, 192, 199, 200, 220, 230

WSSUS: wide-sense station and uncorrelated
scattering, 333

WSSUS: wide-sense stationary and
uncorrelated scattering, 22

Z

zero mean, 33
zero-order holder, 9, 16
ZF precoder, 321
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