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Preface

The technological evolution and market requirements have led to an increasing

demand of low-power portable devices, featuring the reduced size and high effi-

ciency. The supply voltage scaling sets new challenges in analog circuit design

as this leads to a degraded circuit performance in terms of available bandwidth

and smaller available signal swings. So, the design of high performance circuits

using current mirrors is highly affected from these parameters. In this direction,

novel analog integrated filters using low-voltage high swing current mirrors are

introduced. The resonant frequency of the proposed filters can be electronically

controlled by modifying appropriate dc currents. Thus, any effect from process,

voltage and temperature variations can be eliminated. The derived topologies can

be applied in low-power implantable devices for biomedical applications and

electronic devices for short-range wireless communication systems.

This book covers theoretical aspects of low-voltage current mirrors and the

realization of integrators’ topologies using this active cell. A systematic study in

the design of high-order filters using several methods is also presented, thus

providing an overview in the design of analog filters using current mirrors. Several

design examples with the test setup and extended experimental measurements are

included in order to demonstrate the performance of the presented topologies. Much

of the material presented in this manuscript, originates in work done by Costas

Laoudias through his Ph.D. research at University of Patras, Greece, supported by

the Research Committee of University of Patras under the Karatheodori Project

(C.158).

The authors would like to thank Prof. Mohammed Ismail for his valuable

comments and his encourage writing this book. Finally, many thanks to all the

members of the Electronics Laboratory of Physics Department, University of Patras

for their helpful efforts and stimulating technical discussions over these years.
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Chapter 1

Introduction

1.1 Low-Voltage Analog Circuits

Advances in VLSI technology combined with increase market demands to develop

efficient portable devices have increased the interest in designing circuits that are

capable to operate at low-voltage and/or low-power consumption. The design of

analog and mixed-signal integrated circuits that can operate in a low-voltage

environment with high performance is now imperative. This mainly stems from

the continuous shrinking of device sizes, which leads to lower breakdown voltages

and thus, in fact, circuits cannot operate with high voltages. Another reason is that

modern applications require handheld deviceswith as small as possible dimensions and

increased longevity, like the implantable pacemakers for the detectionof cardiac signals

and radio devices for short-range wireless communications. Also, co-integration of

analog anddigital circuits on the samechip, as required inmodernmixed-signal system-

on-chips (SoCs), implies that analog circuits must operate from supply voltages as low

as digital ones. The International TechnologyRoadmap for Semiconductors (ITRS) [1]

gives us a unique opportunity to look into the projected future of semiconductor

technology and identify the design challenges. According to ITRS, by about the year

2013 and at the 32 nm technology node, the power supply for digital circuits will be at

0.5 V. Since the power consumption in digital circuits is proportional to the square of

supply voltage, the continuous voltage scaling results in the reduction of overall power

consumption. Of course, it should be noted that the reduction of supply voltage

is mainly determined by the reliability of circuits, breakdown voltages and

thermal problems; thus, they have to be appropriately scaled down.

On the other hand, in analog circuit design, the supply voltage scaling results in

the reduction of the available signal swing, and therefore in less dynamic range for a

given power consumption. As a consequence, the elimination of circuit errors due

to thermal noise or offset voltages (currents) eventually leads to higher power

consumption [2–4]. Thus, the existing analog circuits should either be modified

or redesigned using new circuit design techniques in order to have the same or even

better performance under low-voltage conditions. These low power supply voltages

C. Laoudias and C. Psychalinos, Integrated Filters for Short Range Wireless
and Biomedical Applications, SpringerBriefs in Electrical and Computer Engineering,
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(1.5 V and lower) and the relatively high device threshold voltages (about 0.5 V at

0.35 mm process) are the major obstacle in the design of high performance analog

circuits. Moreover, the supply voltage constraint sets a limit on the number of

transistors that can be stacked, since one part is used for the bias circuit and the

remainder must be available for the signal swings.

A term to define an analog circuit as low-voltage is the sum of gate-source (VGS)

and drain-source (VDS) voltages of the MOS transistors that are connected between

the supply voltages. It is well known that, the minimum supply voltage required to

operate an MOS transistor in saturation region is typically determined by two

parameters, namely the threshold voltage Vth and the saturation voltage VDS,sat ¼
V

GS
�Vth. Therefore, low-voltage operation is achieved by utilizing several circuit

design techniques that are minimizing these two parameters. The threshold voltage

can be lowered by modifying the process and using low threshold voltage or native

zero threshold voltage transistors. However, technologies with low-threshold

transistors are often available at the expense of higher production cost. Since analog

circuits occupy only 5–30% of the total die area on large SoC circuits, then this

solution is inappropriate. Another way to reduce the threshold voltage is by using

design techniques that have been proposed in the literature, such as floating and

quasi-floating gate transistors, self-cascode transistors, bulk-driven transistors etc.

Nevertheless, in most cases, Vth has a fixed value and is not a design parameter that

can be adjusted in some way. On the other hand, the saturation voltage is under the

designer control. For instance, by minimizing the VDS,sat while using very small

bias currents, the MOS transistors end up operating either in triode or subthreshold

region. Thus, the usage of transistors in these operation conditions is the most

common technique in low-voltage/low-power application.

Recently, another approach that is used for the design of low-voltage circuits is

the current-mode technique [5]. This subclass of circuits is the adjoint of voltage-

mode circuits, where input–output signals as well as intermediate output signals are

currents. An attractive characteristic of current-mode circuits is that they present

low-impedance internal nodes. The key performance feature of current-mode

circuits is their inherent potential to operate at higher signal bandwidths than

those achieved by conventional voltage amplifiers. This stems from the fact that

their active building blocks do not present high gain while the time constants

formed by the parasitic capacitances and low-impedance of internal nodes are

very small. Finally, current-mode signal processing is a very attractive approach

for many applications due to the simplicity in implementing operations such as

addition/subtraction, multiplication by a constant, and inversion.

1.2 Low-Voltage Current Mirrors

One of the most simple and reliable building block for performing current-mode

signal processing are the current mirrors. They are a very common active element

both in analog and mixed mode VLSI circuits and are used either for performing
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signal processing (i.e. continuous-time filters) or biasing. As mentioned in the

previous section, the reduction of supply voltage and transistor dimensions as

well as the effect of channel length modulation set new challenges in the design

of analog circuits. As a result, the design of high efficiency low-voltage low-power

current mirrors is also affected. Several topologies of current mirrors have been

proposed in the literature, which are aimed at improving characteristics such as the

input/output impedance, bandwidth, dynamic range, accuracy, and the input/output

voltage requirements. However, it should be noted at this point that high perfor-

mance current mirrors must possess low input impedance, high output impedance

and high accuracy under low-voltage operation. Since modern applications

require very low input/output and supply voltages, most already published

structures sustain performance degradation or even cannot operate in a low-voltage

environment [6–8].

More specifically, the simple current mirror, shown in Fig. 1.1a, has very low

input (Vin,min ¼ Vth) and output (Vout,min ¼ VDS,sat) voltage requirements and needs

at least a supply voltage VDD,min ¼ Vth + VDS,sat. Even though this cell could be

utilized in low-voltage systems, the output impedance of this current mirror is

relatively low and is getting worse in scaled down technologies, making the use of

this circuit impractical in most cases. The traditional way for increasing the output

impedance of a current mirror is the use of cascode structures like the conventional

cascode current mirror shown in Fig. 1.1b. But, the minimum input and output

voltages of this cell are now Vin,min ¼ 2Vth and Vout,min ¼ 2VDS,sat, respectively,

where the minimum supply voltage is VDD,min ¼ 2Vth + VDS,sat. Therefore, the

conventional cascode current mirror, as well as other similar topologies like the

Wilson and improved Wilson current mirror, is not suitable for low-voltage opera-

tion. In addition, the reduction of supply voltage sets a constraint in the available

input and output signal swings. The most common solution for achieving a suffi-

ciently large output impedance in a current mirror without increasing VDD,min is the

implementation shown in Fig. 1.1c [9–11]. Due to the cascode transistor in the

output branch, this topology is characterized by very large output impedance, while

Iin

Mn1 Mn2

Iout

VDD

Mn1 Mn2

Iin Iout

VDD

Mn3 Mn4

Iin Iout

VDD

Mn1

Mn3

Mn2

Mn4

VDC

a b c

Fig. 1.1 (a) Simple current mirror (b) conventional cascode current mirror (c) low-voltage high-
swing cascode current mirror
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due to the utilization of the Flipped Voltage Follower (FVF) at the input branch,

requires the same minimum input voltage (i.e. Vin,min ¼ Vth) as the simple current

mirror. This structure is commonly denoted as low-voltage high-swing cascode

current mirror and its minimum supply voltage is VDD,min ¼ Vth + VDS,sat. Another

attractive feature is the high copying accuracy since the drain currents of cascode

transistors Mn3, Mn4 are approximately equal, resulting in equal drain-source

voltages of transistors Mn1, Mn2 i.e. VDS1 ¼ VDS2. On the other hand, a drawback

of this topology is the restriction imposed at the input signal from the dc bias

voltage VDC in order Mn3, Mn4 to remain in saturation region. Moreover, even

though the input signal swing is large, it is not the maximum due to the fact that

the swing of Mn1 is “strangled” by the VGS2 of the current sensing transistor Mn2,

i.e. Vin,pp ¼ Vth�VDS,sat ¼ 2Vth�VGS,Mn2.

According to the above discussion, this specific structure of current mirror

combines the low input voltage requirement and the high output signal swing,

two key features in the design of low-voltage low-power analog circuits. Thus,

this book focuses on the design of novel low-voltage analog integrated filters, where

the basic element is the low-voltage high-swing current mirror. The obtained results

from the proposed filter structures highlight another aspect of analog circuit design

using current mirrors, where the majority of the existing publications are referred to

conventional current mirrors [12–17]. Apart from the feature of low-voltage opera-

tion, attractive characteristics of the proposed topologies are their very simple

structure and easy implementation of operations such as addition, inversion and

amplification/attenuation of signals. Moreover, the resonant frequency of the pro-

posed filters can be electronically controlled by modifying appropriate dc currents.

Thus, any effect from process, voltage and temperature (PVT) variations can be

eliminated. Finally, an advantage from the integration point of view is the deriva-

tion of resistorless filters due to the utilization of current mirrors’ input resistance.

1.3 Organization of the Book

This book describes the design of low-voltage analog integrated filters using current

mirrors that are applicable in modern low-power wireless and biomedical

applications. The remainder of this book is organized as follows. Chap. 2 presents

the structures of lossy and lossless integrators using current mirrors. Also, several

topologies of second-order filters are introduced which are consisted by a small

number of active elements and provide all the five standard filter functions namely

lowpass, highpass, bandpass, bandstop and allpass from the same configuration.

Some of the derived topologies offer the feature of orthogonal adjustment between

the resonant frequency and the quality factor. Among the proposed second-order

filters, those with the optimum performance have been fabricated in the AMS

0.35 mm n-well CMOS process.

Chap. 3 introduces the design of low-voltage complex filters for wireless

receivers. The complex signal processing is used primarily in low Intermediate
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Frequency (IF) receivers for removing the undesired image signals, resulted from

the complex down conversion in the mixing of a Radio Frequency (RF) signal with

the signal of Local Oscillator (LO). The implementation of complex filters is

achieved by appropriately modifying the corresponding real filters. The derivation

of novel complex filter topologies according to the Leapfrog and topological

emulation techniques is thoroughly discussed where the employed active elements

are low-voltage current mirrors. Also, according to the aforementioned filter design

methods, two twelfth-order complex filters which satisfy the requirements of the

Bluetooth standard are fabricated in the AMS 0.35 mm n-well CMOS process and

are experimentally verified.

In Chap. 4, novel topologies suitable for realizing wavelet filter functions are

studied. Wavelet filters are extensively used in biomedical applications and partic-

ularly in low-voltage low-power implantable devices for ECG signal processing.

Due to the fact that they are constructed by current mirrors using MOS biased at

subthreshold region, the proposed topologies offer the benefit of ultra-low voltage

(0.5 V) operation, while the bias currents in this mode of operation are very low

leading to reduced total power consumption. Two topologies of wavelet filters are

presented. The first one is implemented by using the Follow the Leader Feedback

(FLF) method while the second one using the operational emulation of an

orthonormal filter. The efficiency of the proposed filters is verified through

simulations results by employing TSMC 130 nm CMOS process.

In Chap. 5, a novel scheme for an adjustable CMOS current mirror is introduced.

The proposed current mirror provides continuous gain adjustment, while it simul-

taneously features the attractive characteristic of low-voltage operation. It can be

utilized in numerous applications such as the signal scaling and the design of

electronically adjustable high-order filters. The behavior of the proposed topology

has been experimentally verified through a first-order lowpass filter fabricated in

the AMS 0.35 mm n-well CMOS process.

Finally, Chap. 6 presents the conclusions and some topics for further research in

the design of analog circuits using low-voltage current mirrors.
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Chapter 2

Universal Biquads Using Current Mirrors

Abstract This chapter presents a series of novel universal biquad topologies,

where low-voltage current mirrors are employed as active elements. Due to cur-

rent-mode nature of the performed signal processing, operations such as addition,

subtraction, scaling and integration are very easily realized. Thus, the derived

topologies consist of a small number of active elements contributing in lower

power consumption, while they present the feature of low-voltage operation. The

proposed universal biquads, which can be classified as either Single Input Multiple

Output (SIMO) or Multiple Input Single Output (MISO), provide the five standard

filter functions (lowpass, highpass, bandpass, bandstop and allpass) from the same

configuration. Other advantages of the derived topologies are the absence of passive

resistors, the resonant frequency of the filters can be electronically controlled by an

appropriate dc current and only grounded capacitors are needed for the integrators.

In addition, some of the proposed filters offer the feature of orthogonal adjustment

between the resonant frequency and the quality factor. The behavior evaluation of

the proposed universal biquads has been performed through a test chip prototype

fabricated in AMS 0.35 mm CMOS technology.

Keywords Analog filters • Biquads • CMOS analog integrated circuits • Current

mirror filters • Current mode circuits

2.1 Introduction

Current mirrors are the most simple and reliable building block for performing

current-mode signal processing. The key performance feature of current mirrors is

their inherent wide bandwidth capability since they do not present any high imped-

ance internal node. In addition, the input resistance of current mirrors is used for

realizing the required passive resistors leading also in the capability for the electronic

adjustment of their values. Thus, an electronic tuning is possible in the case of analog

filters because the realized time constants are controlled by a dc bias current [1–8].

C. Laoudias and C. Psychalinos, Integrated Filters for Short Range Wireless
and Biomedical Applications, SpringerBriefs in Electrical and Computer Engineering,

DOI 10.1007/978-1-4614-0260-2_2, # Springer Science+Business Media, LLC 2012
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Biquad filters are very useful blocks to realize high-order filters by cascading

multiple first and second-order sections. The second-order filter function, in its

general form, is the following:

FðsÞ ¼ a2s
2 þ a1sþ a0

s2 þ b1sþ b0
¼ K

s� z1ð Þ s� z2ð Þ
s� p1ð Þ s� p2ð Þ (2.1)

where zi and pi (i ¼ 1,2) are the zeros and poles of the transfer function, respec-

tively. F(s) can be written in an alternative biquadratic expression as

FðsÞ ¼ K
s2 þ ooz

Qz
sþ o2

oz

s2 þ oop

Qp
sþ o2

op

(2.2)

where oop, ooz are the undamped natural frequencies of the poles and zeros,

respectively, while Qp, Qz are the corresponding quality factors, or Q factors. It is

common to use oo and Q instead of oop and Qp, so hereinafter this notation will be

used. The pole or zero frequency is the magnitude of the pole or zero, respectively.

A key role in the behavior of second-order filters has the Q factor which determines

how near the jo-axis is the corresponding pole in the s-plane, and whether the poles
will be complex conjugate or real. The poles of (2.2) are

s1;2 ¼ oo � 1

2Q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2Q

� �2

� 1

s0
@

1
A: (2.3)

It is apparent from (2.3) that the realization of active second-order filters is

of interest only in the case that Q > 0.5, i.e. when the poles are complex conjugate.

Otherwise, when the poles are negative real, the realization can be achieved

by using passive RC networks only. Depending on the positions of zeros in the

s-plane, the second-order filter frequency responses of interest obtained from (2.2)

are lowpass (LP), highpass (HP), bandpass (BP), bandstop (BS) and allpass (AP).

Universal biquads are defined as second-order filters where the five standard

transfer functions are provided by the same topology. They are very useful building

blocks in analog signal processing and particularly in the fields of electronic

measurement, communication, auto-control and nerve networks. More specifically,

they could be used in the implementation of touchtone telephone decoders,

phase-locked loops, FM stereo demodulators and crossover networks [9, 10].

For example, a crossover network used in a three-way high fidelity loudspeaker

consists of a lowpass, a bandpass and a highpass filter as shown in Fig. 2.1. Thus,

each speaker receives frequencies in the range in which it is most efficient.

Most loudspeakers use multiple drivers (tweeter for high frequencies, woofer

for low frequencies and mid-range for intermediate frequencies) and employ

crossover networks to route the appropriate frequency band to the corresponding

driver.

8 2 Universal Biquads Using Current Mirrors



Over the last few years, current amplifiers of low gain have been used under

various names, such as current followers, unity gain cells, current buffers etc., for

the realization of transfer function for filtering applications. A significant research

effort has been carried out in order to realize universal biquads with active elements

configured as current mirrors. In [11], a current-mode version of the Tow-Tomas

biquad filter has been realized by employing CCIIs, as active elements, where their

Y terminal is grounded. It is obvious from this configuration that the employed

CCIIs behave as current mirrors, while passive resistors are needed to obtain the

required integrators. The employment of CCIIs configured as current followers has

also been performed in [12, 13]. A drawback of these topologies is the requirement

of floating capacitors leading to a limited frequency operation caused by the

parasitic capacitances effect. Another drawback of these topologies is that they

cannot be considered as universal biquads due to the fact that all the five standard

transfer functions are not simultaneously offered. In addition, a manipulation of

their structures is needed in order to derive the AP transfer function. Actual

universal biquads could also be realized by simultaneously employing both types

of unity-gain cells i.e. current followers and voltage followers [14–19]. Finally,

several voltage-mode universal biquads have been proposed using CFOAs [20] and

OTAs [21, 22] as filter building blocks.

Conventional current mirrors have been already employed for designing MISO

biquad filter topologies [2, 23]. The main drawback of these topologies is that

manipulation of their core structure must be performed in order to become an actual

universal biquad. More specifically, an additional current inverter must be utilized

for the derivation of the AP transfer function, making these topologies not feasible

in practice.

The contribution made by this work is that novel MISO and SIMO universal

biquads using low-voltage current mirrors are designed. The proposed MISO

universal biquads, compared with the already published topologies in [2, 23], do

not require any modification of their structures, while they present improved

x(t)

Tweeter

Mid-range

Woofer

HP

BP

LP

Fig. 2.1 Three-way high

fidelity loudspeaker crossover

network
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performance characteristics in terms of total power dissipation, noise, dynamic

range and sensitivity in active and passive mismatching. Moreover, it is worth

mentioning that SIMO universal biquads using current mirrors have never been

reported in the literature. As in [2, 23], passive resistors are avoided due to the fact

that the input resistance of current mirrors is employed, whereas the resonant

frequency can be electronically adjusted, which is originated from the small-signal

nature of the input resistance. Other benefits are the capability of orthogonal

adjustment between the resonant frequency and the quality factor of the derived

filters and the potential for low-voltage operation. The behavior of the proposed

filters is evaluated through simulation results, where the most important perfor-

mance factors have been considered. The two topologies with the most optimum

performance have been fabricated in AMS 0.35 mm C35B4C3 CMOS process and

verified through extensive experimental measurements.

2.2 Proposed Universal Biquad Topologies

This section shows the implementation of universal biquad filters that are realized by

a two-integrator loop. Based on this technique, the resonant frequency of the derived

filters can be adjusted without disturbing the quality factor, while the opposite does

not hold. However, the use of current mirrors allows in some of the proposed

universal biquads the independent control of these two parameters i.e. the orthogonal

adjustment between o0 and Q.
Thus, the corresponding biquad transfer functions can be formed by the appro-

priate configuration of multiple output lossy and lossless integrators. As it has

already mentioned, a SIMO universal biquad provides all the five standard filter

function simultaneously at a different node of its topology, while a MISO topology

provides a different transfer function by altering the way that input signals are

connected.

2.2.1 Integrator Blocks Using Current Mirrors

A realization of multiple output lossy and lossless integrators using current mirrors

as active elements is depicted in Fig. 2.2a, b, respectively, while their

corresponding symbols are given in Fig. 2.3. The required integrators’ time

constants are formed by the grounded capacitor and the input resistance of current

mirror. Note that the latter is equal to 1/gm, where gm is the transconductance

parameter of an MOS operating in saturation region. The small-signal transcon-

ductance parameter is given by the formula gm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2K W

L I0

q
, where K ¼ mnCox is

the transconductance factor of the MOS transistor, mn is the low-field electron

mobility and Cox is the oxide capacitance per unit channel area. Thus, the realized
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time constant (t) in both configurations is equal to C/gm, where it is obvious that it
can be controlled by the bias current I0 of current mirrors.

2.2.2 SIMO Universal Biquads

Using the symbols of the integrators from Fig. 2.3, the Functional Block Diagrams

(FBD) of the proposed SIMO universal biquads are given in Fig. 2.4 [24–27].

Each topology is comprised by a multiple output current mirror, denoted as CM,

in order to perform the required current distribution and summation of the input

current, a lossy and a lossless integrator. Due to the employment of current mirrors

passive resistors are avoided, while only grounded capacitors are required. By

performing a routine algebraic analysis of FBDs in Fig. 2.4a, b, the following

transfer functions are derived

HLPðsÞ ¼
gm1gm2
C1C2

s2 þ gm1
C1

sþ gm1gm2
C1C2

(2.4a)

HHPðsÞ ¼ s2

s2 þ gm1
C1

sþ gm1gm2
C1C2

(2.4b)

HBPðsÞ ¼
gm1
C1

s

s2 þ gm1
C1

sþ gm1gm2
C1C2

(2.4c)

C

ii io

io
io
io

1:1 1:1

io

a b

C

ii
1:1

Fig. 2.2 Realization of multiple output (a) lossy and (b) lossless integrator using current mirrors

IN
OUT-

io

io

ii

OUT+gm

C
s+1

1

IN
OUT-

io

io
ii

OUT+gm

C s

1

a b

Fig. 2.3 Symbol of multiple output (a) lossy and (b) lossless integrator using current mirrors

2.2 Proposed Universal Biquad Topologies 11



HBSðsÞ ¼
s2 þ gm1gm2

C1C2

s2 þ gm1
C1

sþ gm1gm2
C1C2

(2.4d)

HAPðsÞ ¼
s2 � gm1

C1
sþ gm1gm2

C1C2

s2 þ gm1
C1

sþ gm1gm2
C1C2

(2.4e)

IN
OUT-

ii

ii

ii

ii

OUT-CM
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OUT-
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OUT-
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s
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1
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1
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OUT+
OUT+CM

IN OUT-
OUT-IN

OUT+
OUT+
OUT+
OUT+

OUT+ OUT+
OUT+

OUT- iLP

OUT+

IN OUT-(×1/a)
OUT+IN

OUT-
OUT-CM OUT-(×a)
OUT-

IN OUT-

OUT+ OUT+(×1/a)

iHP
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iIPOUT-

OUT+

IN OUT-
OUT-
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OUT-
OUT-CM OUT-
OUT-

IN

OUT+

iBP

iAP
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iLPOUT-

OUT-
OUT-(×a)

OUT+(×a)
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gm1

C1 s+1

1

gm2

C2 s

1

gm1

C1 s

1

gm1

C1 s

1

gm2

C2 s

1
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C2 s

1
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d

Fig. 2.4 Proposed SIMO universal biquads (a) [24] (b) [25] (c) [26] (d) [27]
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where variables gm1 and gm2 are the transconductance parameters of the

corresponding input transistor of each integrator. The expressions of o0 and Q
are expressed by (2.5) and (2.6), respectively.

oo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gm1gm2
C1C2

r
(2.5)

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
gm2C1

gm1C2

s
(2.6)

From (2.5) and (2.6), the following remarks can be made: (1) the parameter

o0 can be electronically adjusted through the dc bias current I0 of current mirrors

and (2) assuming that gm1 and gm2, the parameter o0 can be adjusted without

disturbing the parameter Q. Note that in the second case the Q factor of the filters

is realized by a capacitor ratio and, consequently, careful layout techniques (e.g.

common centroid) must be performed in order to achieve an appropriate level of

accuracy.

The realized LP, HP, BP, BS and AP transfer functions provided by the FBDs in

Fig. 2.4c, d are given by

HLPðsÞ ¼
gm1gm2
C1C2

s2 þ a � gm1C1
sþ gm1gm2

C1C2

(2.7a)

HHPðsÞ ¼ s2

s2 þ a � gm1C1
sþ gm1gm2

C1C2

(2.7b)

HBPðsÞ ¼
a � gm1C1

s

s2 þ a � gm1C1
sþ gm1gm2

C1C2

(2.7c)

HBSðsÞ ¼
s2 þ gm1gm2

C1C2

s2 þ a � gm1C1
sþ gm1gm2

C1C2

(2.7d)

HAPðsÞ ¼
s2 � a � gm1C1

sþ gm1gm2
C1C2

s2 þ a � gm1C1
sþ gm1gm2

C1C2

(2.7e)

where variables gm1 and gm2 have the same meaning as in (2.4a)–(2.4e). The current

scaling factor a is implemented by an appropriate configuration of the corres-

ponding outputs of current mirrors, i.e. the aspect ratio and dc bias current of

transistors must be accordingly scaled. Consequently, a careful layout (e.g. usage

of arrays of unit transistors) must be performed in order to realize high accuracy in
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transistor aspect ratios. The expression of the resonant frequency is still given by

(2.5), while the quality factor is expressed by (2.8) as

Q ¼ 1

a

ffiffiffiffiffiffiffiffiffiffiffiffi
gm2C1

gm1C2

s
(2.8)

From (2.5) and (2.8), the following remarks can be made: (1) the parameter

o0 can be electronically adjusted through the dc bias current I0 of current mirrors

(2) the parameter o0 can be adjusted without disturbing the Q factor of the filters,

due to the fact that the ratio of transconductances is independent of I0 and (3) the Q
factor could be adjusted through the factor a without disturbing o0. In other words,

the advantageous characteristic offered by the topologies in Fig. 2.4c, d is that

parameters o0 and Q are orthogonal without any restriction imposed.

2.2.3 MISO Universal Biquads

In a similar way, the derived topologies of MISO universal biquads are presented in

Fig. 2.5 [25, 28]. The expression of the output current io in Fig 2.5a is

ioðsÞ ¼
s2 þ gm1

C1
sþ gm1gm2

C1C2

� �
ii3 � gm1

C1
s � ii2 þ ii4ð Þ � gm1gm2

C1C2
ii1

s2 þ gm1
C1

sþ gm1gm2
C1C2

(2.9)

OUT+

OUT+
io

INOUT-
gm2

C2 s

1

gm1

C1 s+1

1

gm2

C2 s

1

gm1

C1 s+1

1

ii2

ii4

IN
ii1

ii2

OUT-
OUT-
OUT-

ii1 io1

IN OUT+IN

ii3

io2

ii3

a

b

Fig. 2.5 Proposed MISO universal biquads (a) [25] (b) [28]
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where variables gm1 and gm2 have the same meaning as in previous. The resonant

frequency and quality factor are given by (2.5) and (2.6), respectively. As a result,

the same conclusions hold about the orthogonal dependency between parameters

o0 and Q and electronic tunability of o0 as in topologies of Fig. 2.4a, b. From (2.9),

it is revealed that in order to achieve the five standard filter functions, the following

conditions must be satisfied:

• Lowpass filter: ii2 ¼ ii3 ¼ ii4 ¼ 0, ii1 ¼ ii
• Highpass filter: ii4 ¼ 0, ii1 ¼ ii2 ¼ ii3 ¼ ii
• Bandpass filter: ii1 ¼ ii3 ¼ ii4 ¼ 0, ii2 ¼ ii
• Bandstop filter: ii1 ¼ ii4 ¼ 0, ii2 ¼ ii3 ¼ ii
• Allpass filter: ii1 ¼ 0, ii2 ¼ ii3 ¼ ii4 ¼ ii

It should be mentioned that, if the input current io2would be equal to 2ii , then the
input current i4 could be omitted. In other words, the topology could be considered

as a three-input MISO universal biquad.

The expressions of the output currents io1 and io2 in Fig. 2.5b are

io1ðsÞ ¼ �
s2 þ gm1

C1
sþ gm1gm2

C1C2

� �
ii1 � gm1

C1
s � ii2 � gm1gm2

C1C2
ii3

s2 þ gm1
C1

sþ gm1gm2
C1C2

(2.10a)

io2ðsÞ ¼
gm1
C1

s � ii2 þ gm1gm2
C1C2

ii3

s2 þ gm1
C1

sþ gm1gm2
C1C2

(2.10b)

where the same remarks hold about parameters o0 and Q as in topologies of

Figs. 2.4a, b and 2.5a. In (2.10a)–(2.10b), the five filter functions can be obtained as

• Lowpass filter: iin1 ¼ iin2 ¼ 0, iin3 ¼ iin, io ¼ io ¼ io2
• Highpass filter: iin1 ¼ iin2 ¼ iin3 ¼ iin, io ¼ io1
• Bandpass filter: iin1 ¼ iin3 ¼ 0, iin2 ¼ iin, io ¼ io1 ¼ io2
• Bandstop filter: iin1 ¼ iin2 ¼ iin, iin3 ¼ 0, io ¼ io1
• Allpass filter: iin1 ¼ iin2 ¼ iin, iin3 ¼ 0, io ¼ io1 + io2

It must be noted that the AP filter function can be easily obtained by

establishing an appropriate simple short circuit between the outputs that provide

the currents io1 and io2. In addition, by considering the current io1 as the output

signal, the topology can be viewed as a MISO universal biquad. Finally, it is

obvious that in the case of MISO topologies in Fig. 2.5c, d, where a different

transfer function is provided each time by altering the way that input signals

are connected, a practical approach for the selection of the corresponding transfer

function is the utilization of a digitally controlled CMOS switch pattern. Thus,

depending on the state of the switch (ON/OFF), the appropriate input current will be

provided each time.
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2.3 Comparison Results

In order to simulate the operation of the proposed topologies, the low-voltage high-

swing cascode current mirror as that given in Fig. 2.6 [29] will be employed. The

input conductance gi of the current mirror is equal to the sum of the transcon-

ductance of transistor Mn11 and output conductance of transistor Mp1

gi ¼ gm;Mn11
þ gds;Mp1

(2.11)

The output conductance go of the current mirror is given by the following

expression

go ¼ gds;Mn12
� gds;Mn22

gm;Mn22

�� 	þ gds;Mp2
(2.12)

As mentioned in the previous chapter, the minimum supply voltage of this cell is

VDD,min ¼ Vth + VDS,sat. Thus, the current mirrors are biased at a single power

supply voltage VDD ¼ 1.5 V, while the dc voltage VDC is chosen to be 1.2 V.

Considering a dc bias current equal to I0 ¼ 4 mA, the corresponding values of

NMOS transistors aspect ratios are 8 mm/1 mm for Mn1i and 7 mm/0.6 mm for

Mn2i (i ¼ 1,2,. . .). The PMOS transistors Mpi (i ¼ 1,2,. . .) have an aspect ratio

8 mm/1 mm. Under the above conditions, the achieved input resistance of current

mirrors is 14.32 kO. In order to realize a filter with a resonant frequency 1 MHz and

a Q factor equal to 2, the capacitor values are chosen to be as: C1 ¼ 22.24 pF and

C2 ¼ 5.56 pF.

The operation of the proposed topologies has been assessed through simulation

results in Cadence Analog Design Environment using Spectre simulator. For this

purpose, the AMS 0.35 mm CMOS process has been employed, where the most

important factors including linearity, noise, mismatching etc. will be evaluated.

It must be noted that, the MISO topology in [2] which is realized by employing the

VDD

VDCVDC

Mn21

Io

Mn11 Mn12

Mn22

Mp0 Mp1 Mp2

ii

Mn24

Mn14 Mn15

Mn25

Mp4 Mp5

Mn13

Mn23

Mp3

io io

Fig. 2.6 Low-voltage multiple-output current mirror topology
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same configuration of low voltage current mirror and the topology derived

according to the FBD in Fig. 2.4d by employing the MOS version of the CCCII

introduced in [30] have been also considered. In order to achieve fair comparison

results, the same bias scheme about voltages and currents has been utilized for

both realizations, whereas the transistor sizing has been kept the same as in the

proposed universal biquads. Owing to the fact that the biquad realized using the

CCCII in [30] does not have the capability to operate in a single 1.5 V power supply

voltage, a symmetrical �1.5 V1 bias scheme has been utilized.

The linearity of the realized universal biquads, concerning the bandpass

filter response, is evaluated through the third-order intermodulation distortion

(IM3). Two closely spaced tones with variable amplitude and frequencies 1 MHz

and 1.005 MHz have been applied at their inputs in order to determine the input

power Pinwhere IM3 is equal to 1% (�40 dB). The third-order Input Intercept Point

(IIP3) is defined as

IIP3 ¼ Pin þ IM3

2
(2.13)

The input referred noise (INOISE) integrated over a 1 MHz range has been

calculated for each topology. Thus, the SFDR is given by the following expression

SFDR ¼ 2 3=ð Þ � IIP3� INOISEð Þ (2.14)

Moreover, Monte Carlo analysis has been carried out in order to verify the

sensitivities of the filters in active and passive mismatching. Thus, by performing

100 iterations and taking into account both mismatch and process variations,

the standard deviations of the following three characteristics have been resulted:

(1) maximum gain at center frequency (2) center frequency and (3) bandwidth. The

obtained results are summarized in Tables 2.1 and 2.2.

Considering the results in Tables 2.1 and 2.2, the following conclusions can be

made: (1) the universal biquads that are constructed by current mirrors have the

same IIP3, (2) the SIMO universal biquad in Fig. 2.4b has better performance in all

the terms under consideration compared with that achieved by the other topologies,

(3) the MISO universal biquad in Fig. 2.5a has the best performance in all the terms

under consideration and more specifically, it offers an almost 50% reduction of

the required power dissipation with that required in [2] and (4) the only drawback

in the topologies ofFigs. 2.4a, b and2.5a, b is that the orthogonal adjustment ofo0 and

Q is achieved under the condition of equal transconductance parameters gm1 and gm2.
Thus, it can be concluded that the SIMO universal biquad of Fig. 2.4b and the

MISO universal biquad of Fig. 2.5a are the two proposed filters with the most

optimum performance, while their topologies derived using the configurations of

Fig. 2.2 are given in Fig. 2.7. The effects of the current mirror non-idealities in the

transfer functions of these two topologies are studied in detail in the next section.

1 The minimum supply voltage of CCCII is equal to VDD,min ¼ 2Vth + 2VDS,sat.
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Table 2.1 Comparison results for the universal SIMO biquads

Performance factors Fig. 2.4a Fig. 2.4b Fig. 2.4c Fig. 2.4d [30]

Power dissipation (mW) 182.2 124 142 148 350

Total capacitance (pF) 27.8 27.8 27.8 27.8 66

Input referred noise (nA) 8.35 6.73 8.12 8.8 9.25

IIP3 (dBm) �96.4 �96.6 �96.6 �97.1 �89.2

SFDR (dB) 34.7 35.9 34.8 34 39

Sensitivity of o0 (kHz) 118.5 88.2 135.43 82.5 57.4

Sensitivity of gain 0.4 0.3 0.3 0.6 0.1

Sensitivity of BW (kHz) 133.2 126.6 136.7 155.1 41.8

Orthogonal o0, Q ✓ ✓ ☑ ☑ ☑

✓: When gm1 ¼ gm2; ☑: Unconditional

Table 2.2 Comparison results for MISO biquads

Performance factors Fig. 2.5a Fig. 2.5b [2]

Power dissipation (mW) 61 88.5 106.6

Total capacitance (pF) 27.8 27.8 27.8

Input referred noise (nA) 6.49 8.11 7.79

IIP3 (dBm) �96.8 �96.8 �96.7

SFDR (dB) 36 34.7 35

Sensitivity of o0 (kHz) 85.6 127.7 81.7

Sensitivity of gain 0.2 0.25 0.38

Sensitivity of BW (kHz) 125.4 122.9 146

Orthogonal o0, Q ✓ ✓ ☑

✓: When gm1 ¼ gm2; ☑: Unconditional
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Fig. 2.7 Proposed universal biquad topologies using current mirrors (a) SIMO (b) MISO
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2.3.1 Effects of Current Mirror Non-idealities

So far, the operation of universal biquads has been studied neglecting the transistor

mismatches and second-order effects, like the body effect. In addition, the finite

input–output conductance ratio of a current mirror degrades its performance in

terms of current transfer accuracy. Therefore, the transfer function of a unity gain

current mirror is given by

io
ii
¼ 1

1þ e
ffi 1� e (2.15)

where e � go/gi. Variables gi and go are the input and output conductance of the

current mirror,2 respectively. Taking into account the effect of the input–output

conductance ratio e and reanalyzing both biquads in Fig. 2.7, the derived

expressions that correspond to (2.4) and (2.9) are given by (2.16a)–(2.16e) and

(2.17a), respectively.

ĤLPðsÞ ffi
1� 4eð Þ gm1gm2

C1C2

s2 þ ôo

Q̂
sþ ô2

o

(2.16a)

ĤHPðsÞ ffi �
s2 þ 2e

gm1
C1

sþ e
gm1gm2
C1C2

s2 þ ôo

Q̂
sþ ô2

o

(2.16b)

ĤBPðsÞ ffi
1� 2eð Þ gm1

C1

� �
sþ 2e

gm1gm2
C1C2

s2 þ ôo

Q̂
sþ ô2

o

(2.16c)

ĤBSðsÞ ffi �
s2 þ 2e

gm1
C1

þ gm2
C2

� �
sþ 1� 3eð Þ gm1gm2

C1C2

s2 þ ôo

Q̂
sþ ô2

o

(2.16d)

ĤAPðsÞ ffi �
s2 � 1� 4eð Þ gm1

C1

� 2e
gm2
C2

� �
 �
sþ 1� 5eð Þ gm1gm2

C1C2

s2 þ ôo

Q̂
sþ ô2

o

(2.16e)

2 See (2.11), (2.12).
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îoðsÞ ffi a0ii3 � a00 � ii2 þ ii4ð Þ � a000ii1

s2 þ ôo

Q̂
sþ ô2

o

(2.17a)

where variables a0, a00, and a000 are expressed as

a0 ¼ s2 þ gm1
C1

þ 2e
gm2
C2

� �
sþ 1� eð Þ gm1gm2

C1C2

(2.17b)

a00 ¼ 1� eð Þ gm1
C1

þ 2e
gm2
C2


 �
s (2.17c)

a000 ¼ 1� 3eð Þ gm1gm2
C1C2

(2.17d)

The expressions for the resonant frequency ô0 and Q̂ factor for both filters are

now given by (2.18) and (2.19) as

ôo ¼ oo �
ffiffiffiffiffiffiffiffiffiffiffi
1� e

p
(2.18)

Q̂ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e
4eþ 1

Q2

s
(2.19)

where o0 and Q are the nominal values of the resonant frequency and the quality

factor expressed by (2.5) and (2.6), respectively.

From (2.16) to (2.17), it is obvious that the finite input–output conductance

ratio of a current mirror significantly affects all the realized transfer functions.

The resonant frequency deviates from its nominal value according to the expression

in (2.18). With regards to the Q factor, the following points could be derived: for

relative small values ofQ (i.e.Q2 � 1 4e= ) the expression in (2.19) could be written

in the form Q̂ ffi Q
ffiffiffiffiffiffiffiffiffiffiffi
1� e

p
. Due to the fact that both oo and Q variables are affected

from the same error factor, it can be concluded that the orthogonal adjustment

between them is preserved. This is not the case for relative high Q values (i.e.

Q2 � 1 4e= ) where from (2.19) is derived that Q̂ ffi
ffiffiffiffiffiffi
1�e
4e

q
. According to this, the

proposed topologies are not able to realize highQ filter functions due to the fact that

the realized value of Q̂ is only determined by the error factor, and not by the

nominal value of Q.
The capability of both SIMO and MISO filters for electronic adjustment of the

resonant frequency o0 without disturbing the quality factor Q is verified through

simulation results. For this purpose the frequency responses of the bandpass filters
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tuned at 0.89, 1, 1.43 and 1.73 MHz are given in Fig. 2.8. The deviations of Q
values with regards to the corresponding nominal values are summarized in

Table 2.3. According to this Table it is obvious that capability of filters for

orthogonal adjustment between oo and Q is degraded in the case of high Q filters.

This is caused by the effect of finite input–output conductance ratio of current

mirror, that imposes an error factor (e) equal to 3.65·10�3, under the employed

biasing scheme. This factor could be further reduced in the case that cascoded

PMOS biasing transistors would be employed for realizing the required dc current

sources. It should be also noted at this point, that the approximation Q̂ ffi Q
ffiffiffiffiffiffiffiffiffiffiffi
1� e

p
is valid for Q � 8.

a

b

Fig. 2.8 Demonstration of orthogonal electronic adjustment of o0 and Q for SIMO (a) Q ¼ 2 (b)
Q ¼ 5 and MISO (c) Q ¼ 2 (d) Q ¼ 5 universal biquad (1: fo ¼ 0.89 MHz, 2: 1 MHz, 3:
1.43 MHz and 4: 1.73 MHz)
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2.4 Experimental Results

Differential filters are more preferable than the conventional single-ended filters in

modern analog processing systems. This is originated from the fact that the differential

structures offer improved performance in terms of linearity and noise rejection [31].

Thus, the proposed universal SIMO and MISO biquads in Fig. 2.7 were fabricated in

differential form through the AMS C35B4C3 0.35 mm n-well CMOS process.

c

d

Fig. 2.8 (continued)

Table 2.3 Deviation of Q factor in SIMO an5d MISO filters

Nominal

value

SIMO MISO

DQ Q= DQ Q=

fo ¼ 0.89

MHz

fo ¼ 1

MHz

fo ¼ 1.43

MHz

fo ¼ 1.73

MHz

fo ¼ 0.89

MHz

fo ¼ 1

MHz

fo ¼ 1.43

MHz

fo ¼ 1.73

MHz

Q ¼ 2 (%) 3.85 5 5 7.5 2 5 5 8.5

Q ¼ 5 (%) 11 20 24 26 11 22 26 28
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2.4.1 Differential Integrators Using Current Mirrors

A fully balanced lossy integrator consisting of a pair of cross-coupled current

mirrors is shown in Fig. 2.9. The expression for the differential output current of

the lossy integrator is given by (2.20) as,

ioþ � io� ¼ 1

tsþ 1
iiþ � ii�ð Þ (2.20)

where the time constant t is still given by the formula t ¼ C/gm.
In order to realize a differential lossless integrator, an enhanced circuitry com-

pared to that in the structure of Fig. 2.9 is obtained, by employing an additional pair

of cross-coupled current mirror. The derived topology is depicted in Fig. 2.10.

Thus, the differential output current of the lossless integrator is expressed by (2.21),

ioþ � io� ¼ 1

ts
iiþ � ii�ð Þ (2.21)

where the time constant is given by the same formula as in the case of lossy

integrator.

C

ii+

C

ii- io-

1:1 2:1

1:1

1:1

1:1 2:1

io+

Fig. 2.9 Differential low-

voltage lossy integrator using

current mirrors

ii+

ii- io-

C

C

io+

1:1 2:1

1:1

1:1

1:1 2:1

Fig. 2.10 Differential

low-voltage lossless

integrator using current

mirrors
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2.4.2 Voltage-to-Current Conversion in SIMO Biquad

Due to current-mode nature of the signal processing performed by the current

mirrors, appropriate interfaces must be added at both input and output of the filters

for the V-I and I-V conversion, respectively. These must fulfill the following

requirements: (1) to be compatible with the integrators’ bias scheme and current

signal levels, (2) to contribute as small as possible in the distortion of the whole

system and (3) to provide proper input and output impedance levels.

In the case of SIMO biquad topology, the differential input voltage-to-current

conversion is realized via two off-chip resistors R. In order to achieve an accurate

conversion and current distribution, the current is fed into a current mirror with low

input impedance. Thus, the very simple structure of a conventional low-voltage

cascode current mirror, known as Flipped Voltage Follower Current Sensor

(FVFCS) is used as an input stage, where its topology and the followed symbol

are shown in Fig. 2.11a, b. The input resistance of this current mirror is equal to

Rin ¼ (gds,Mn21 + gds,Mp1)/(gm,Mn11·gm,Mn21).

Therefore, the operation of the first block of the SIMO universal biquad in

Fig. 2.7a is realized by utilizing the scheme in Fig. 2.12.

Mn21

Io

Mn11 Mn12

Mn22

Mp0 Mp1 Mp2

VDC

Mp3

Mn23

Mn13

ii

ioio

VDD

1:1

io

ioii

a

b

Fig. 2.11 (a) Conventional low-voltage cascode current mirror (b) the followed notation

1:1

1:1

ii1+

iij+

ii1-

iij-

R
υi+

υi-

R

1:1

1:1

2:1

2:1

Fig. 2.12 Voltage-to-current conversion and current distribution in SIMO biquad
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It is apparent that multiple current outputs are achieved by making an appropriate

number of replicas where their differential expression is given by the formula iij
+ � iij� ¼ (ui+ � ui�)/R, (j ¼ 1,. . .,n). Moreover, due to the fact that the dc voltage

at the current mirror input is sensitive to process and temperature variation,

dc-decoupling capacitors are added in series with the off-chip resistors R.

2.4.3 Voltage-to-Current Conversion in MISO Biquad

In the case of MISO biquad topology, a similar approach as in SIMO biquad holds,

concerning the differential input voltage-to-current conversion and feeding of the

current signal. However, the only difference is related with current distribution due

to the multiple input nature of MISO biquad. For this purpose, a digitally program-

mable differential current mirror is employed, in order to generate the four input

currents iij, (j ¼ 1,. . .,4). Its structure and the corresponding notation are shown in

Fig. 2.13a, b, respectively. Thus, each input current iij of the four-input MISO

topology is selected according to the status of ’j, (j ¼ 1,. . .,4) of the corresponding
CMOS switch; it should be noted that �’j is the complement of ’j. In addition, when

’j is in high-level, the input current iij is provided. The derived scheme of voltage-

to-current conversion and current distribution using the digitally programmable

current mirror is shown in Fig. 2.14. The aspect ratios of PMOS and NMOS

transistors Msp and Msn were 10 mm/0.35 mm.

1:1
j

ioii

Fig. 2.13 (a) Digitally
programmable current mirror,

(b) the followed notation

io
VDC

Msp1

Msp2

Msn1

Msn2

Io

ii

Mn21

Mn11 Mn12

Mn22

Mp0

Mp1 Mp2

j

j

VDD

j

j

Fig. 2.14 Voltage-to-current

conversion and current

distribution in MISO

universal biquad
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According to (2.10) and the conditions concerning the input currents given in

Sect. 2.3, three digital control bits bi (i ¼ 0,1,2) are required to select one of the five

filter transfer functions. Therefore, the switch status condition provided in Table 2.4

has to be followed in order to derive the appropriate filter function. One possible

implementation of the required switching scheme is shown in Fig. 2.15 (DLC1).

2.4.4 Current-to-Voltage Conversion in SIMO
and MISO Biquads

In order to maintain the fully balanced nature of the proposed biquad topologies, the

differential output current must be converted into a differential voltage. For this

purpose, an on-chip high-bandwidth two-stage transresistance amplifier as that

depicted in Fig. 2.16 has been employed. It is biased at a single power supply

voltage VDD ¼ 1.5 V, while the common-mode dc voltage (Vcm) was chosen to

be 1 V. Considering a dc bias current equal to Io ¼ 10 mA, the corresponding values
of the NMOS and PMOS transistor aspect ratios as well as the other components

values are given in Table 2.5.

At this point, it should be noted that due to limited die area the implementation

of only one transresistance amplifier is possible. Therefore, a similar approach to

Table 2.4 Switch status

condition for MISO biquad
Control bits b2b1b0 F1 F2 F3 F4 Filter function

000 1 0 0 0 LP

001 1 1 1 0 HP

010 0 1 1 0 BS

011 1 0 1 1 BP

100 0 1 1 1 AP

1: High-level; 0: Low-level

j1

j1

j 2

j 2

j 3

j 3

j 4

j 4

b2

b1

b0

Fig. 2.15 Circuit scheme

of filter function selection

in MISO universal biquad

(DLC1)
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that of MISO topology is followed in the case of SIMO universal biquad, where by

employing an appropriate switching function, one of the five output currents is

provided each time. The corresponding transfer function is derived according to the

switch status condition of Table 2.6, while the implementation of the switching

scheme is depicted in Fig. 2.17.

Mn1 Mn4 Mn5Mn2

Io

V DD

Mp1 Mp2 Mp4Mp3 Mp5 Mp6

Mn6 Mn7 Mn8 Mn9

υp υnυon υop Vcm

υop

υon
Mn3

Cp R p CpR p R1

R2

CMFB

+
+
-

-
υp

υn

υon

υop
Vcm

a

b

Fig. 2.16 (a) Two-stage fully balanced amplifier with common-mode feedback circuit, (b) the
followed symbol of the amplifier

Table 2.5 Aspect ratios

of the MOS transistors and

component values of the

fully balanced amplifier

Transistor W/L (mm/mm)

Mn1, Mn5 50/1

Mn2, Mn4 200/1

Mn3 100/1

Mn6, Mn7 200/0.35

Mn8, Mn9 50/0.35

Mp1, Mp4 400/0.5

Mp2, Mp3 100/0.5

Mp5, Mp6 50/0.5

Component Value

Cp 6 pF

Rp 3 kO
R1, R2 10 kO
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Finally, it is obvious that an additional digital control bit is needed in order to

select one of the ten transfer functions that are provided from the two universal

biquads. Thus, the final filter function selection is performed by using the digital

control bits b3b2b1b0 according to the switch status condition provided in Table 2.7.
The corresponding differential output current io, either from SIMO or MISO

biquad, is provided by selecting the appropriate digital control bits and is converted

into a voltage through the transresistance amplifier. The differential expression of

the output voltage is given by u0+ � ui� ¼ (io+ � io�)�R. This procedure is

illustrated in Fig. 2.18 where the output branches of SIMO and MISO universal

biquads and the corresponding switches are shown.

Table 2.6 Switch status

condition for SIMO biquad
Control

bits b2b1b0 g1 g2 g3 g4 g5

Filter

function

000 1 0 0 0 0 LP

001 0 1 0 0 0 HP

010 0 0 1 0 0 BS

011 0 0 0 1 0 BP

100 0 0 0 0 1 AP

1: High-level; 0: Low-level

b2

b1

b0

g1

g1

g2

g2

g3

g3

g4

g4

g5

g5

Fig. 2.17 Circuit scheme

of filter function selection

in SIMO universal

biquad (DLC2)

Table 2.7 Switch status

condition for SIMO and

MISO biquads

Control bits b3b2b1b0 Filter function

0000 MISO LP

0001 HP

0010 BS

0011 BP

0100 AP

1000 SIMO LP

1001 HP

1010 BS

1011 BP

1100 AP
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g2 g2

Mn12

Mn22

Mp2

VDD

Mn12

Mn22

Mp2

From
SIMO HP filter

ioLP+

Mn12

Mn22

Mp2
VDD

Msp1
Msp2

VDD

Mn12

Mn22

Mp2

From
SIMO LP filter

g1

g1

To
Transresistance

Amplifier

io+

io-

From
SIMO AP filter

g5g5

g5g5

ioAP-

ioAP-

ioMISO+

Mn12

Mn22

Mp2

VDD

Mn12

Mn22

Mp2

VDD

From
MISO filter

ioMISO-

b3 b3

b3 b3

b3 b3

b3 b3

ioSIMO+

ioSIMO-

g1

g1 g1

g2 g2

g1

VDD

ioLP-

ioHP+

ioHP-

VDD

Fig. 2.18 Selection of the proper transfer function from SIMO and MISO universal biquads
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2.4.5 Test Setup and Measurements

The die microphotograph of the fabricated chip is shown in Fig. 2.19. The

employed general measurement setup is demonstrated in Fig. 2.20. The reference

currents I01, I02 are used to bias SIMO and MISO universal biquad, respectively.

Each current is constructed by means of a low-voltage cascode current mirror and

the external resistor Rb1 and Rb2, respectively.

The Agilent 16315A balun transformer was used to convert a single-ended

signal to the corresponding differential one, while the Agilent 1141A voltage

differential probe was used to sense the outputs of the universal SIMO and MISO

biquad filters. Extended measurements were taken using the HP4395 Spectrum

Analyzer. The fabricated chip was tested in a PCB that was implemented through

ORCAD PCB Editor 16.0 of Cadence. Photograph of the actual PCB is depicted in

Fig. 2.21.

Fig. 2.19 Die microphotograph of the fabricated chip
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The simulated and measured frequency responses of SIMO and MISO universal

biquads are demonstrated in Fig. 2.22a, b, respectively. The measured Q values

were 1.95 and 1.92 for the SIMO and MISO filter, respectively. These values are

close to the nominal value of Q which is equal to 2. The capability of adjusting the

resonant frequency o0 without disturbing the quality factor Q in both filters is

depicted in Fig. 2.23, where I0 was swept from 1.6 to 6 mA.
The measured center frequencies for Io ¼ 1.6, 2, 4 and 6 mA were 0.85, 1, 1.45

and 1.76 MHz, which are in good agreement with the theoretically predicted values

0.89, 1, 1.43 and 1.73 MHz.

Concerning the linearity of lowpass filters in SIMO and MISO biquads, two

closely spaced tones (10 and 10.1 kHz) have been simultaneously applied at their

inputs in order to have a �40 dB of third-order intermodulation distortion (IM3).

The required summing operation has been performed by utilizing appropriately

configured op-amps. The measured output spectrums of SIMO and MISO biquads

are demonstrated in Fig. 2.24a, b, respectively. Considering the third-order inter-

modulation products, the input power (Pin) was �11.11 dBm in the case of SIMO

biquad resulting to an IIP3 of 8.88 dBm. In the case of MISO biquad, the input

power was �10.26 dBm resulting to an IIP3 of 9.74 dBm, where IIP3 is calculated

by (2.13).

The measured output noise densities of lowpass filters in SIMO and MISO

biquads are shown in Fig. 2.25a, b, respectively. The input referred noise (INOISE)
integrated over a 1 MHz range was�55.19 dBm for SIMO biquad and�52.74 dBm

for MISO biquad. Using the (2.14), the values of SFDR for SIMO and MISO

Fig. 2.21 Photograph of the PCB used to test the fabricated chip
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biquads were 42.7 and 41.6 dB, respectively. The observed values of dynamic range

are in good agreement with the corresponding simulated values of 44 and 42.6 dB,

respectively.

Finally, none of the 12 fabricated chips malfunctioned and thus the frequency

responses of all packaged samples could be measured. The measurement results for

both universal biquads and more specifically for the case of BP filter response are

shown in Fig. 2.26a, b, respectively. The center frequency as well as the Q factor

presents a very small variation between chips. However, any effect from process,

voltage and temperature variation can be eliminated by modifying the bias current

I0, demonstrating thereby the attractive feature of electronic adjustment of filter

frequency characteristics.
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Fig. 2.22 Frequency responses of (a) SIMO and (b) MISO universal biquad
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2.5 Summary

In this chapter novel SIMO and MISO universal biquads using low-voltage current

mirrors have been presented. The proposed universal biquads provide the five

standard filter functions while offering the feature of orthogonal adjustment

between the resonant frequency and the quality factor. The behavior of the pro-

posed filters is evaluated through simulation results, where the most important

performance factors have been considered. The two topologies with the most

optimum performance have been fabricated in AMS 0.35 mm C35B4C3 CMOS

process and verified through extensive experimental measurements.

The proposed SIMO universal biquad topology has reduced power dissipation

compared with the corresponding already published structures. Comparison results

show that this is achieved without worsening their performance in terms of

linearity, noise, dynamic range, and sensitivity. Experimental results also show

that an IIP3 of 8.88 dBm is achieved, while the measured SFDR was 42.7 dB. With

regards to the proposed MISO biquad topology, its performance is similar with that

of the already introduced structure. Comparison results show that an almost 50%

Fig. 2.23 Electronic adjustment of the resonant frequency in bandpass filter for I0 ¼ 1.6, 2, 4 and

6 mA
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Fig. 2.24 Measured spectral plot for a two-tone test of the (a) SIMO and (b) MISO universal

biquad
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Fig. 2.25 Output noise density of lowpass filter in (a) SIMO and (b) MISO universal biquad
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reduction of the required power dissipation is achieved. The measured IIP3 was

9.74 dBm and the SFDR was 41.6 dB.

From the aforementioned results, it is expected that the proposed topologies

could be useful building blocks for realizing high-performance analog processing

systems.
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Fig. 2.26 Measured BP filter responses from the 12 packaged samples (a) SIMO and (b) MISO

universal biquad
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Chapter 3

Complex Filters for Short Range
Wireless Networks

Abstract The design of low-voltage complex filters using current mirrors for

wireless receivers is presented in this chapter. Complex signal processing is an

attractive technique for removing the image signals that appear in transceiver

architectures. The problem from the presence of image signal in low-IF

architectures is caused by the down-conversion operation realized by complex

mixing. The realization of complex filters is achieved by employing an appropriate

transformation to the corresponding conventional real filters. Two systematic

methods for designing high-order complex filters are presented i.e. the leapfrog

and the topological emulation techniques, where the employed active elements are

low-voltage current mirrors. Thus, like in previous chapter, the offered benefits are

the capability of low-voltage operation, the electronic tuning of their frequency

responses and the absence of resistors. A twelfth-order complex filter function has

been realized by employing the aforementioned techniques, where the performance

of the corresponding topologies, fabricated in AMS 0.35 mm CMOS process, has

been experimentally verified. Also, a detailed test setup for the measurement of the

fabricated chip, including the interface for V/I and I/V conversion, is also provided.

Keywords Bluetooth/ZigBee low-IF receivers • Complex signal processing

• Current mirror filters • Current mode circuits • Image rejection • Short range

wireless networks

3.1 Introduction

The fast growth of wireless applications in recent years has driven intense efforts to

design low-power, low-cost and highly integrated transceivers. The increasing

demand of portable devices, especially with the capability of operating in various

standards, has fuelled the use of short range wireless personal networking

(Bluetooth, 802.11b/a/g, ZigBee). The design of wireless transceivers is particu-

larly a challenging procedure in order to achieve the highest level of integration,
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lowest power consumption, while aiming to achieve the most optimum performance.

Of course, all these requirements are not met in a single architecture, and therefore,

several tradeoffs must be made to find the best architecture that meets the standard

specifications. Moreover, the choice of the most suitable receiver architecture

depends on various parameters of the wireless standard such as channel bandwidth,

sensitivity, selectivity, blocking specifications.

The most preferred approach in fully integrated wireless receivers operating in

Bluetooth standard is the low-IF (Intermediate Frequency) architecture. Low-IF

architectures can be used to avoid the DC offset and 1/f noise (flicker noise)

associated with direct-conversion. However, these structures suffer from the

image problem caused by the down-conversion operation. Unfortunately, the con-

ventional real filters have not the capability for removing these undesired signals

due to their symmetrical response around dc. In order to overcome this problem, a

new class of filters denoted as complex filters has been introduced in the literature.

Complex filters are constructed from two-path networks, where a pair of signals

with equal amplitudes and quadrature phases (I and Q channels) is applied at their

inputs. The concept of complex signal processing is formally described in [1–3].

A significant research effort has been already performed in the literature for

designing complex filters suitable for low-IF receivers. The topologies in [4, 5]

have been derived using the switched-capacitor and switched-current techniques,

respectively, while the topologies in [6, 7] are using the concept of companding

signal processing and bipolar transistors. The topologies in [8–15] are derived by

employing the concept of conventional linear continuous-time filtering and MOS

transistors. The active elements in [8–12] are the Operational Transconductance

Amplifiers (OTAs). Second generation Current Conveyors (CCIIs) have been

utilized in [13]. CCIIs configured as Current Followers (CFs) and Voltage

Followers (VFs) have been employed in [14, 15]. Among the already presented

topologies, only these in [8–12] offer the capability of resistorless realization, while

these in [13–15] could be resistorless by substituting passive resistors by MOS

transistors in triode region. In addition, the circuit complexity in [8–12] is smaller

than that of the circuits in [13–15] due to the fact that OTAs have simpler structure

than CCIIs, CFs and VFs. Also, the employed power supply voltages were 2.7 V in

[10], [14, 15], 2.5 V in [8, 9] and 1.8 V in [11].

Another alternative element for realizing resistorless filters with electronic

tuning capability is the current mirror. The internal structure of a current mirror is

simpler than that of OTA, making the current mirror an attractive element for

performing analog signal processing. Current mirrors have been widely used for

realizing real filter functions [16, 17].

Novel complex filter topologies using low-voltage current mirrors are

introduced in this chapter, where it is organized as follows: in the first part the

complex filter theory is presented. In the second part, a twelfth-order complex filter

is designed using the Leapfrog method in order to meet the Bluetooth/ZigBee

standard requirements. Finally, in the third part the Leapfrog and the topological

emulation of the corresponding passive filters are utilized in order to design two

twelfth-order complex filters that fulfill the specifications of Bluetooth standard.
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The two complex filters have been fabricated using AMS 0.35 mm C35B4C3

CMOS process and the obtained experimental results confirm their correct

operation.

3.1.1 Design Considerations of Bluetooth Receiver Architectures

There are two main types of receivers used in recent telecommunication systems

based on phase or frequency modulation: the heterodyne and the homodyne

receiver. The difference between them is in whether or not an IF is used for the

down-conversion of the Radio Frequency (RF) signal. In heterodyne receivers, the

RF signal is down-converted from its carrier to a low or high IF, resulting into two

different subcategories, the low-IF and high-IF, respectively. In homodyne

receivers, the signal is down-converted directly from RF to baseband and for that

reason they are also called as direct conversion or zero-IF receivers.

The choice of the IF affects the design of the whole system and results into

different design characteristics including sensitivity, selectivity, channel band-

width, blocking specifications and channel selection filters. Therefore, one of the

most challenging parts of the receiver is the channel filtering, which is discussed

thoroughly in this chapter. In the following, a comparison between these types of

receivers is performed in order to find the most suitable architecture for the

Bluetooth/ZigBee wireless standards.

A high-IF receiver, which uses an IF much larger than the signal channel

bandwidth, requires off-chip components with high quality factors (Q); hence, the

system integration level is reduced, and extra power on the I/O driving circuits is

demanded. In addition, the high-IF choice also increases the complexity of the IF

band circuits and causes more power dissipation in the IF stage. On the other hand,

low-IF receivers circumvent the previously mentioned problems, where a conver-

sion to an IF that is near the channel bandwidth is used. Thus, high order filters but

with lower quality factors are required for the channel selection. This scheme

provides a fully integrable and low-power solution. However, the main disadvan-

tage of heterodyne receivers is the presence of image signal, caused by the down-

conversion of the desired RF signal. For this reason, a specific form of filters called

complex filters is required for the image rejection. In contrary to the heterodyne

receivers, the direct conversion receivers do not suffer from the presence of image

signal due to the fact that the IF is equal to zero. So, the channel selection filtering is

performed easier, where only a lowpass filter with relatively sharp cutoff char-

acteristics is needed. Though, the direct conversion of RF signal entails a number of

issues that are not critical or even do not exist in a heterodyne receiver. The main

drawback of direct conversion receivers is the presence of flicker noise which

causes significant degradation in the Signal-to-Noise Ratio (SNR). Also, direct

conversion receivers suffer from DC offsets mainly caused by self-mixing. This

problem is originated from the fact that the isolation between the ports of Local

Oscillator (LO) and the inputs of mixer and LNA is not infinite. That is, a portion of
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the signal from the LO appears at the inputs of the LNA, where it is amplified and

then mixed with the LO signal, thus producing a DC component. The problem of

DC offsets can be alleviated using various techniques, leading though to higher

complexity and increased power consumption.

From the above discussion and considering that in a Bluetooth signal, the 99% of

the signal power is contained within the DC to 430 kHz, then due to flicker noise and

DC offsets the selection of direct conversion receiver would lead to a degraded SNR.

Consequently, the low-IF architecture is themost suitable architecture for Bluetooth,

especially when considering the relaxed image rejection requirement of the

Bluetooth standard. In the next section, the problem of the presence of image signal

in low-IF receivers and the image rejection from the complex filters are analyzed.

3.1.2 The Problem of Image signal in Low-IF Receivers

Low-IF receivers have been in use for a long time and their principle of operation

is well known. In order to understand the problem from the presence of image

signal, it must at first be explained the down-conversion of the desired signal into

IF. This operation is realized by the mixer where the desired signal xRF(t) is

multiplied with the signal from the LO xLO(t) and thus the signal at the output of

mixer oIF will be located at a lower frequency (oIF), as shown in Fig. 3.1.

The main problem is that except from the desired signal, the unwanted image

signal, located at a frequency oIM, which is 2oIF away from the wanted signal, is

down-converted to the same IF. Considering the following signals, then a mathe-

matical description of the image frequency problem can be expressed as:

xRFðtÞ ¼ 2 cosoRF ¼ e joRFt þ e�joRFt (3.1a)

xIMðtÞ ¼ 2 cosoIM ¼ e joIMt þ e�joIMt (3.1b)

xLOðtÞ ¼ 2 cosoLO ¼ e joLOt þ e�joLOt (3.1c)

Also, without loss of generality, by assuming that the signals have the following

relationships:

oRF � oLO ¼ oIF

oLO � oIM ¼ oIF

9>=
>; (3.2)

then the mixer output y(t) is given by1

1 The amplitude of each signal has been ignored, since the frequency components are the subject to

be discussed.

44 3 Complex Filters for Short Range Wireless Networks



yðtÞ ¼ xRFðtÞ þ xIMðtÞ½ � � xLOðtÞ )
yðtÞ ¼ e jðoRFþoLOÞt þ ejðoRF�oLOÞt

þ e�jðoRF�oLOÞt þ e�jðoRFþoLOÞt

þ ejðoIMþoLOÞt þ ejðoIM�oLOÞt

þ e�jðoIM�oLOÞt þ e�jðoIMþoLOÞt (3.3)

The spectral densities of the signals before and after the down-conversion with

the real signal from LO are depicted in Fig. 3.2, where. Equation 3.3 reveals that the

input RF spectrum is down-converted to an IF and up-converted to a higher RF.

With dashed box is represented the real bandpass filter response. In a receiver, the

up-converted components are not a problem if the mixing operation is followed by

LO
xLO(t)
wLO

LNA MIXxRF(t)

xIM(t)

IF BPFy(t)

RF
FILTER

wRF

wIM

wIF

Fig. 3.1 Block diagram of the front-end stage in a low-IF receiver

wLO-wLO wLO+wIF0 wwLO-wIF
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signal
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wIF-wIF 0 w

Shift by e jwLO Shift by e −jwLO
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before

down-conversion

PSD
after

down-conversion

Fig. 3.2 Spectral densities of the signals before and after the down-conversion with a real LO

signal
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lowpass filtering. More important is the fact that the RF frequency components

located at oLO + oIF and oLO�oIF are both converted to the same IF. To avoid

corrupting the desired signal, the image signal must be suppressed before down

conversion by means of a bandpass RF filter. The quality factor of such filter is

proportional to fRF/fIF. High quality factor external SAW or ceramic filters are used

for this purpose, increasing thus the complexity and the power consumption of the

whole receiver.

Therefore, the overlap of the two spectra is caused by the mixing operation with

a real signal which has two frequency components of � oLO.

An obvious solution to avoid this problem is to multiply the RF signal with a LO

signal which has only one frequency component, say e�joLO . Such image rejection

system is achieved by using complex signal processing. To implement this complex

multiplication using real components, two signal branches must be constructed,

namely I and Q. In the I (in-phase or real) branch, the RF signal is multiplied by

cosoLO, while in the Q (quadrature phase or imaginary), the RF signal is multiplied

by –sinoLO. Figure 3.3 shows the block diagram of a low-IF Bluetooth receiver

using a complex filter.

Let the LO signal be a complex sinusoid expressed by

vLOðtÞ ¼ e�joLOt ¼ cosoLOt� j sinoLO (3.4)

Considering that the signals (3.1a) and (3.1b) are inserted in the mixer and

multiplied by the complex signal (3.4), then the mixer output y(t) is now given by

yðtÞ ¼ xRFðtÞ þ xIMðtÞ½ � � vLOðtÞ )
yðtÞ ¼ ejðoRF�oLOÞt þ e�jðoRFþoLOÞt þ ejðoIM�oLOÞt þ e�jðoIMþoLOÞt (3.5)

where y(t) is the complex signal y(t) ¼ yr(t) + jyi(t). By ignoring the terms with the

sum of frequencies, for the same reason as in previous case, and considering that

IF BPF

This work

LNA xRF(t)

xIM(t)

RF
FILTER

wRF

wIM

LO

MIX

MIX

90°

coswLO

-sinwLO 0

Complex
Filter

I

Q

yr(t)

yi(t)

A
D

A
D

Fig. 3.3 Block diagram of the front-end stage in a low-IF Bluetooth receiver using a complex

filter
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xsig and xim are the amplitudes of the signals xRF(t) and xIM(t), respectively, then
(3.5) can be rewritten as

yðtÞ ¼ xsige
jðoRF�oLOÞt þ xime

jðoIM�oLOÞt ¼ð3:2Þ

¼ xsige
joIFt þ xime

�joIFt ¼
¼ xsig cosoIF þ j sinoIFð Þ þ xim cosoIF � j sinoIFð Þ (3.6)

From (3.6), it is revealed that the desired and the complex signals are explicitly

separated, where the former is located at oIF, while the latter is at � oIF. The

spectral densities of the signals before and after the down-conversion with a

complex LO signal is given in Fig. 3.4, where the complex bandpass filter response

is denoted with a dashed box. Thus, the image signal can be rejected by means of a

complex filter, while the same topology is used for channel selectivity. A benefit of

complex filters is that the quality factor of such filters is proportional to oIF/BW,

where BW is the channel bandwidth and it has small values in low-IF receivers.

However, complex filters are very sensitive to I/Q mismatches, i.e. the phase and

gain imbalances at the mixer output, due to LO and mixer mismatches, resulting to

a limited image rejection ratio (IRR). In the case of a phase shift of 90� and/or

amplitude mismatch between the signals in I and Q branches, some power will leak

from the image band into the signal band and vice-versa. Therefore, as it is shown in

Fig. 3.5, the IRR quantifies the relation between the negative half-plane image band

and positive half-plane leaked image power in low-IF receivers

PSD
before

down-conversion

Image
signal

Wanted
signal

0

0

wLO-wIF
wLO+wIF

wLO-(wLO+wIF) -(wLO-wIF)

Shift by e-jwLO
PSD
after

down-conversion

w

w-wIF wIF

IRR

Fig. 3.4 Spectral densities of the signals before and after the down-conversion with a complex LO

signal
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After a lot of algebraic operations, it can be proved [14] that IRR is given by

IRR ¼ 1� 2 1þ eð Þ cos yþ 1þ eð Þ2
1þ 2 1þ eð Þ cos yþ 1þ eð Þ2 (3.7)

where e denotes the relative gain mismatch and y the phase imbalance between

I and Q branches. For small values of e and y, (3.7) reduces to

IRR ¼ e2 þ #2

4
(3.8)

where y is in radians. For example, if e ¼ 5% and y ¼ 5�, then IRR � 26 dB. In the

case of IRR ¼ 60 dB, then y must remain below 0.1�, a value difficult to attain in

typical IC technologies. In practice, these type of filters exhibit an IRR of 20–30 dB,

as it will be shown in the next sections where are designed complex filters using

current mirrors.

3.1.3 Complex Filter Theory

The conventional real filters have not the capability to remove the image signal due

to their symmetrical response around dc. On the other hand, complex filters have an

w

w−wIF wIF0

PSD
before

down-conversion

Shift by e-jwLO
PSD
after

down-conversion

Image
signal

Wanted
signal

0

IRR

-(wLO+wIF) -(wLO-wIF) wLO-wIF
wLO+wIF

wLO

Fig. 3.5 Spectral densities of the signals before and after the down-conversion with a complex LO

signal, including the effect of I/Q mismatches.
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unsymmetrical frequency response around the jo axis, though they are symmetrical

around oIF. That is, complex filters can pass the desired signal at o ¼ oIF, while

attenuating the image at o ¼ �oIF. So, the principle of the complex filters is that,

in the complex domain the complex bandpass filter is a frequency shifted version of

a real lowpass filter. This frequency shifting is realized by employing the following

transform

s ! s� joIF (3.9)

where oIF denotes the shift of the transfer function. Applying this translation in the

transfer function of a real lowpass filter HLP(s), then the transfer function of the

complex bandpass filter HBP(s) is given by (3.10).

HBPðsÞ ¼ HLP s� joIFð Þ (3.10)

Moreover, this translation remaps all poles in the s-plane by moving them from

their position located around the zero axis to the center frequency oIF. This

is exemplified in Fig. 3.6, where the case of a fifth-order filter has been considered.

In practice, the transformation of a real lowpass filter into a complex bandpass

filter is realized by shifting in frequency any frequency dependent element of it.

In other words, (3.9) must be applied to any lossy and lossless integrator of the

active filter.

0
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Filter

w0-w0

H(jω)

w wIF0
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2w0
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w

s→s-jwIF
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b
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Re(s)

p2
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Fig. 3.6 Frequency shifting of a real lowpass filter. Effect on (a) transfer function and (b) pole
locus
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Consider the simple case of converting a real lossy integrator, where its transfer

function is

HLPðsÞ ¼ o0

sþ o0

(3.11)

to a complex lossy integrator centered at oIF, where its transfer function is given by

HBPðsÞ ¼ o0

s� joIF þ o0

(3.12)

Then, the lowpass transfer function of (3.11) is shifted in frequency by placing it

in a complex feedback loop as shown in Fig. 3.7. Considering that xi ¼ xiI + jxiQ
and xo ¼ xoI + jxoQ are the input and output complex signals, respectively, then

(3.12) can be rewritten as

xo ¼ o0

s� joIF þ o0

xi (3.13)

From (3.13) it is revealed that

xoI ¼ o0

sþ o0

xiI � oIF

o0

xoQ

� �
(3.14a)

xoQ ¼ o0

sþ o0

xiQ þ oIF

o0

xoI

� �
(3.14b)

Equation 3.14 is implemented as shown in Fig. 3.8.

From the FBD in Fig. 3.8, it is evident that operations like addition, scaling and

inversion are very easily realized by utilizing current mirrors. Thus, the concept

introduced in the following sections is based on the employment of low-voltage

s+ω0
xi

ωIFj

ω0

ω0

s+ω0 − jωIF

ω0 

xo

xoxi

Fig. 3.7 Diagram for the frequency shifting of a real lossy integrator
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current mirrors in order to realize complex filters for Bluetooth receivers. For this

purpose, the leapfrog and topological emulation of the corresponding passive

prototypes have been performed.

3.2 Complex Filter Design Using Leapfrog Method

In this section, the design of complex filters using the Leapfrog method is

described. Leapfrog method is a very common method for the synthesis of high-

order filters and is based in the operational emulation of LC ladder prototypes.

According to this approach, the voltage-current relationships of LC ladder proto-

type are expressed in a way that all variables are currents. The required current

operations are implemented using lossy and lossless integrators constructed by

current mirrors. The result from this step is the derivation of the FBD of the filter

using real integrators. One benefit of the realized topologies is that the addition of

the currents is implemented very easily by connecting the corresponding outputs.

The next step is to substitute the real integrators of the conventional filter’s FBD by

the corresponding complex integrators. According to the previous section, this is

readily obtained by applying (3.9) to each real lossy and lossless integrator. The

derivation of complex integrators using current mirrors will be presented in the next

section. The above procedure is illustrated in Fig. 3.9, where o0i (i ¼ 1,2,. . .n)
is the characteristic frequency of each integrator, oIF is the frequency shifting and

ii,c ¼ iiI + jiiQ, io,c ¼ ioI + jioQ are the input-output complex signals in I and Q

branches, respectively.

s + w0
xiI

wIF

xiQ

xoI

xoQ

w0

w0

s + w0

w0

w IF
w0

−

Fig. 3.8 FBD of a complex

lossy integrator
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3.2.1 Complex Iintegrators Using Current Mirrors

The topologies of lossy and lossless integrators using current mirrors have been

presented in the previous chapter. The realized transfer functions have the forms

given by (3.15) and (3.16), respectively

H1ðsÞ ¼ io
ii
¼ o0

sþ o0

(3.15)

H2ðsÞ ¼ io
ii
¼ o0

s
(3.16)

where o0 ¼ 1/t. The time constant in both transfer functions is given by the

expression t ¼ C/gm, where gm is the small-signal transconductance parameter of

the transistor at the input of the current mirror.
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Fig. 3.9 Synthesis of high-order filters using Leapfrog method (a) Passive prototype of an nth-

order lowpass filter (b) FBD of an nth-order real lowpass filter (c) FBD of nth-order complex

bandpass filter
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The above transfer functions are transposed to the corresponding ones in the

complex domain by applying the frequency transformation of (3.9). Thus, the

transfer functions of complex lossy and lossless integrators are given by (3.17)

and (3.18), respectively.

H1ðsÞ ¼ io
ii
¼ o0

sþ o0 � joIF
(3.17)

H2ðsÞ ¼ io
ii
¼ o0

s� joIF
(3.18)

The realizations of complex integrators using current mirrors are depicted in

Fig. 3.10, where the scaling factor k is the current gain of the corresponding output

and is expressed by

k ¼ oIF

o0

¼ oIF
C

gm
(3.19)
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Fig. 3.10 Realization of

complex (a) lossy and

(b) lossless integrator
using current mirrors
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3.2.2 Complex Filter for Bluetooth/ZigBee Standards

As a design example, a complex filter that will meet the requirements of Bluetooth/

ZigBee standards will be presented [15]. The complex filter is used for the channel

selection and image rejection and will operate at a different standard each time by

applying an appropriate switching scheme. The most critical requirements of the

two standards, concerning the performance of the complex filter, are IRR, blocker

attenuation, linearity and the in-band group delay variation.

Bluetooth technology was developed to create a short-range wireless voice and

data link between a broad range of devices such as PCs, notebook computers,

PDAs, mobile phones and digital cameras. Consistent with its aim of operating in

even the smallest battery-powered devices, the Bluetooth specification calls for a

small form factor, low power consumption and low cost. The range and speed of the

technology were kept intentionally low so as to ensure maximum battery life and

minimum incremental cost for devices incorporating the technology. A Bluetooth

transceiver is a frequency-hopping spread-spectrum device that uses the unlicensed

(worldwide) 2.4 GHz ISM (Industrial, Scientific, Medical) frequency band. There

are 79 channels available, where the nominal bandwidth for each channel is 1 MHz,

while the effective data rate is at 723.2 Kbit/s.

ZigBee is another one low-cost, low-power, short range wireless standard.

It operates either on ISM band using 16 channels with 5 MHz bandwidth per

channel or at the lower frequency band of 902–828 MHz, using ten channels with

2 MHz bandwidth per channel.

Since these two standards are operating in the same frequency band, then the RF

front-end of the low-IF receiver can be shared between the two operating modes.

About the operation of the complex filter in Bluetooth standard, the filter bandwidth

must be 1 MHz, i.e. equal to the channel bandwidth, while in ZigBee mode the filter

bandwidth must be equal to 2 MHz. The center frequency oIF of the complex filter

is chosen equal to 1 MHz for the Bluetooth mode, while in the ZigBee mode is

chosen equal to 2 MHz. Other requirements of the two wireless standards with

regards to the complex filter design are: (1) Blocking attenuation of adjacent

channels, where in Bluetooth standard, the complex filter must exhibit 11, 41 and

51 dB attenuation at 1, 2 and 3 MHz away from the center frequency, while the

same attenuation holds about ZigBee mode, for frequencies 2, 4 and 6 MHz away

from the center frequency, (2) IRR, where 20–30 dB is adequate in both standards

and (3) In-band group delay variation, where it must be �1 ms in both standards.

System level simulations show that a complex filter based on a sixth-order

lowpass Butterworth filter with a cutoff frequency (o0) 500 kHz is sufficient to

achieve the aforementioned specifications. Thus, in Bluetooth standard the complex

filter will have 1 MHz center frequency and a bandwidth of 500 kHz on each side

of the center frequency, while in ZigBee standard the center frequency and the

bandwidth are exactly twice than those in Bluetooth mode. Consequently, the

ZigBee requirements can be fulfilled either by doubling the dc bias current of

the current mirrors or by utilizing an appropriate switching scheme and extra
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capacitors in order to half the value of integration capacitances. However, the

former solution implies a significant increase of power consumption, whereas the

latter has an increased total capacitor area. In the current design example, the

second solution was chosen in order to keep the power consumption low.

Using the FBD in Fig. 3.9 and the integrator topologies in Fig. 3.10, the derived

complex filter is that given in Fig. 3.11. In order to fulfill the nowadays trend for

realizing analog signal processing systems capable of operating in low-voltage

environment, the current mirror shown in Fig. 2.6 has been employed in the design

of the filter.

The behavior of the complex filter in Fig. 3.11 is evaluated through simulation

results, by employing the Virtuoso Analog Design Environment of the Cadence

software. Level 49 MOS transistor models of the AMS 0.35 mm CMOS process

have been used in simulations. Considering a dc bias current I0 ¼ 16.4 mA and

supply voltages VDD ¼ 1.5 V and VDC ¼ 1.2 V, the values of the NMOS transistors

aspect ratios were 5 mm/1 mm for Mn1i (i ¼ 1,2,. . .) and 7 mm/0.6 mm for Mn2i

(i ¼ 1,2,. . .). The PMOS transistors have an aspect ratio 15 mm/2 mm. Under the

above bias conditions, the input resistance of the current mirrors was Rin ¼ 1/gm,
Mn11 ¼ 7.45 kO. Thus, the values of capacitors and current gains are calculated

according to the formulas provided by

Ci ¼ Cpi; i ¼ 1; 3; 5ð Þ (3.20a)

Cj ¼ Lpj

Rin
2
; j ¼ 2; 4; 6ð Þ (3.20b)

where Cpi and Lpj are the component values of the passive prototype. The capacitor

values of the passive prototype as well as the complex filter for both standards are

summarized in Table 3.1.

According to (3.19)–(3.20), the denoted current gains ki and kj in Fig. 3.11 are

expressed by

ki ¼ oIFRinCpi; i ¼ 1; 3; 5ð Þ (3.21a)

kj ¼ oIF
Lpj
Rin

; j ¼ 2; 4; 6ð Þ (3.21b)

The simulated Bluetooth and ZigBee frequency responses for the signal and

image sides are given in Fig. 3.12. Obviously, the signal response is achieved by

using two quadrature signals at I and Q inputs of the complex filter. Considering

the image response, then according to (3.6), an inverse version of the signal in Q

channel is required. In that case, the signals that are inserted in I and Q channels of

the complex filter have equal amplitude but phase 90� and 180�, respectively.
The achieved center frequency is 1 and 2MHz, while the bandwidth is 0.98 MHz

and 1.95 MHz for Bluetooth and ZigBee respectively. Also, the maximum value

of in-band group delay variation was simulated equal to 0.79 ms for Bluetooth
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Table 3.1 Capacitor values for the passive prototype filter and complex filter in Fig. 3.11

Element of

LC filter

Normalized

values

Element of

complex filter Bluetooth (pF) ZigBee (pF)

Cp1 82.38 mF C1 22.12 11.06

Lp2 225.1 mH C2 60.42 30.21

Cp3 307.5 mF C3 82.54 41.27

Lp4 307.5 mH C4 82.54 41.27

Cp5 225.1 mF C5 60.42 30.21

Lp6 82.38 mH C6 22.12 11.06

a

b

Fig. 3.12 Frequency responses for signal and image sides in (a) Bluetooth and (b) ZigBee

standard
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and 0.45 ms for ZigBee. Also, the achieved minimum IRR is 49 dBc for Bluetooth

and 44.8 dBc for ZigBee, respectively.

The linear performance of the filter was evaluated through a Periodic State Space

(PSS) analysis. The adjacent channels are equally spaced by Df ¼ 1 MHz for

Bluetooth and Df ¼ 2 MHz for ZigBee. Thus, the two tones applied in the filter

are located at the frequencies f1 ¼ fIF + Df 	 nMHz and f2 ¼ fIF + 2Df 	 nMHz,

where fIF is the center frequency of the Bluetooth/ZigBee filter and n ¼ f2 � f1.
With regards to the in-band linearity, two closely spaced tones (1, 1.1 MHz for

Bluetooth and 2, 2.2 MHz for ZigBee) have been applied at the input of the filter.

The simulated IIP3 values for Bluetooth and ZigBee filters were �73.86 and

�73.25 dBm, respectively. In the case of Bluetooth filter, the corresponding

values of IIP3 for out-of-band near (2 and 3 MHz) and distant (4 and 7 MHz)

blockers were�57.5 and�31.35 dBm, respectively. In the case of ZigBee filter, the

corresponding values of IIP3 for out-of-band near (4 and 6 MHz) and distant (8 and

14 MHz) blockers were �59.15 and �35.75 dBm, respectively.

The noise was integrated over a 1 MHz range for Bluetooth and 2 MHz for

ZigBee and the simulated rms values of the input referred noise (INOISE) were

17.7 and 24.1 nA, respectively. Considering that the SFDR ¼ (2/3)∙(IIP3 �
INOISE), then a plot of the SFDR versus parameter n is depicted in Fig. 3.13. All

the above results are summarized in Table 3.2.

Simulations results concerning the selectivity, IRR and in-band group delay

variation verify that the requirements of Bluetooth and ZigBee standards are

fulfilled. The evaluation of in-band and out-of-band linearity shows that the filter

has attractive characteristics. Taking also into account that current mirrors have the

capability of operating in a low voltage environment, they can be considered as

very promising active elements for realizing filters in modern low-IF receivers.
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Fig. 3.13 The simulated SFDR versus parameter n
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3.3 Complex Filter Design Using Topological Emulation
of LC Passive Filters

In previous section, the design of high-order Leapfrog complex filters using

low-voltage current mirrors was presented. In the current section, the topological

emulation of LC ladder filters will be described, which is an alternative method

for the synthesis of high-order complex filters. Finally, based on the aforementioned

methods, two twelfth-order differential complex filters that fulfill the specifications

of Bluetooth standard are fabricated using AMS 0.35 mm C35B4 CMOS process.

The performance of the fabricated chip is verified through extensive experimental

measurements.

In the case of topological emulation of LC ladder prototypes, there is a one-to-

one correspondence between the elements of the active and passive realizations.

The inductors are substituted by appropriate active configurations which simulate

their operation, while capacitors remain unaffected. Obviously, the substitution

of passive resistors is a more simple case. This substitution is done in a way that

the current that flows through a passive element is equal to the current that flows

through its active equivalent. Thus, the active filter preserves the topology and

the physical operation of the passive prototype filter. Consequently, some attractive

features of the derived active filters are the low sensitivity passband property

and that the optimization of dynamic range can be performed more easily. The

complex filter synthesis using the topological emulation of LC ladder prototypes is

Table 3.2 Performance characteristics of the complex filters

Performance factor

Complex filter

Bluetooth ZigBee

Supply voltage (VDD) 1.5 V 1.5 V

Power dissipation 3.2 mW 3.2 mW

Center frequency (fIF) 1 MHz 2 MHz

Bandwidth 0.54 MHz–1.52 MHz 1.09 MHz–3.05 MHz

In-band group delay variation 0.79 ms 0.45 ms
Input referred noise 17.7 nA 24.1 nA

Image rejection ratio 49 dB 44.8 dB

First blocker attenuation (fIF + Df) 34.8 dBc 35.5 dBc

Second blocker attenuation (fIF +2Df) 71.28 dBc 71.97 dBc

Third blocker attenuation (fIF +3Df) 92.7 dBc 93.26 dBc

In-band IIP3 �73.86 dBm �73.25 dBm

Out-of-band IIP3 �57.5 dBm @ 2&3 MHz �59.15 dBm @ 4&6 MHz

�32.45 dBm @ 3&5 MHz �35.75 dBm @ 6&10 MHz

�31.35 dBm @ 4&7 MHz �35.18 dBm @ 8&14 MHz

In-band SFDR 45.42 dB 44.1 dB

Out-of-band SFDR 56.3 dB @ 2&3 MHz 53.4 dB @ 4&6 MHz

73 dB @ 3&5 MHz 69 dB @ 6&10 MHz

73.7 dB @ 4&7 MHz 69.4 dB @ 8&14 MHz
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a three-step procedure: (1) derivation of active subcircuits which simulate the

operation of passive inductors (2) transposition of each real active equivalent to

the corresponding complex one and (3) synthesis of complex filter topology using

the complex subcircuits derived from previous step.

From the above, the first step is the derivation of active configurations using

current mirrors that simulate the operation of grounded and floating inductors [16].

The block diagram of the grounded inductance and its corresponding topology

using current mirrors is depicted in Fig. 3.14. The current which is entered to the

input of CM#1 is given by i1 ¼ gm1u, where gm1 is the small-signal transcon-

ductance parameter of the input transistor of current mirror CM#1. Due to feedback

scheme in CM#2, no current is inserted in the current mirror, thus the current that

flows through the capacitor C is equal to i1. The voltage at the capacitor node is

expressed by

uC ¼ gm1
Cs

u (3.22)

From (3.22), it is obvious that CM#1 performs the integration of the voltage u
at node A, while the current mirror CM#2 converts the voltage uC to a current

i2 ¼ gm2uC, where gm2 is the transconductance parameter of the input transistor of

CM#2. Using (3.22), it is derived that

i2 ¼ gm1gm2
Cs

u (3.23)

IN
OUT-

CM#1
OUT-

C

IN
OUT-

CM#2

i2
i2

i2 OUT+

i
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i1 i1

i1u
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i1i

C

A

1:1 1:1

1:1 1:1
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C

i
u

u

a
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Fig. 3.14 Realization of grounded inductance simulator (a) FBD (b) topology using current

mirrors (c) symbol
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The feedback path in CM#1 establishes that the current i2 is equal to the current

which is entered to the node A, i.e. i2 ¼ i. Thus, the value of the equivalent

impedance at node A is expressed by

ZA 
 u
i
¼ C

gm1gm2
s (3.24)

From (3.24), it is obvious that the configuration shown in Fig. 3.14 simulates a

grounded inductance with a value

Leq ¼ C

gm1gm2
(3.25)

In a similar way, the block diagram of a floating inductance simulator using

current mirrors is given in Fig. 3.15. The output current of the differential input

unity-gain current mirror (CM#1) is io ¼ ii1 � ii2. Due to the fact that no current is
inserted in CM#2, then the difference of voltages u1 and u2 is integrated at the

capacitor node and is given by

uC ¼ gm1
Cs

u1 � u2ð Þ (3.26)
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Fig. 3.15 Realization of floating inductance simulator (a) FBD (b) topology using current mirrors

(c) symbol

3.3 Complex Filter Design Using Topological Emulation of LC Passive Filters 61



As in the previous case, CM#2 converts the capacitor’s voltage to a current,

while the feedback scheme in CM#1 implies that the currents at nodes A and B are

determined by CM#2. By following a routine algebraic analysis, it can be easily

verified that the topology shown in Fig. 3.15 simulates a floating inductance, where

its value is given by (3.25). It is obvious from the configurations in Figs. 3.14 and

3.15, that only grounded capacitors are needed.

As it has already been mentioned, the transposition of real passive prototype

filter into the corresponding complex passive prototype filter is performed by

transposing each frequency dependent element into its corresponding complex

counterpart. This is achieved by substituting the variable s in the impedance of

capacitors and inductors by its shifted version s � joIF. More specifically, the

impedance of a real capacitor, which is given by Z(s) ¼ 1/Cs, is transformed into

the complex capacitance

ZðsÞ ¼ 1

C s� joIFð Þ (3.27)

As a result, each complex capacitor will be constructed from the parallel

connection of a real capacitor with value Cr and a complex admittance with value

G ¼ �joIFCr. In a similar way, the impedance of a real inductor, i.e. Z(s) ¼ Ls, is
transformed into the complex inductance

ZðsÞ ¼ L s� joIFð Þ (3.28)

Equation 3.28 reveals that the complex inductor will be formed by a series

connection of a real inductor Lr and a complex resistor with a value R ¼ �joIFLr.
The proposed topology of a grounded admittance, realized using current mirrors

as active elements, is depicted in Fig. 3.16a, where k is a scaling factor. The

expressions of quadrature currents iI and iQ are expressed by (3.29a)–(3.29b).

iI ¼ kgm � uQ (3.29a)

iQ ¼ �kgm � u (3.29b)
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Fig. 3.16 Realization of (a) grounded and (b) floating negative admittance
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Taking into account that the complex voltage (uc) and current (ic) are defined as

uc ¼ uI + juQ and ic ¼ iI + jiQ, it is readily obtained that the admittance of the

topology is given by the expression G 
 ic/uc ¼ �jkgm. Following the same

approach, the realization of a floating complex admittance of the same value is

given in Fig. 3.16b.

Having available these complex elements, the realization of complex capacitors

is performed by connecting in parallel a real capacitor with the corresponding

complex admittance, as shown in Fig. 3.17.

Obviously, the realization of complex inductors is performed by connecting in

series a real inductor with a complex negative resistor. The concept of an alternative

realization that could offer a reduction of the total required active elements is

depicted in Fig. 3.18. Based on the topologies presented in Figs. 3.14 and 3.15,

then by connecting an admittance G in parallel with the capacitor, the impedance of

the derived topologies is given by (3.30)

Z ¼ Leq � sþ G

g2m
(3.30)

where Leq ¼ C/gm
2. That is, having available the negative grounded admittance

with a value –jkgm, shown in Fig. 3.16, the corresponding complex floating and

grounded inductor emulators are given in Fig. 3.19. Setting G ¼ –jkgm in (3.30), it

is easily derived that the expression of impedance for both topologies is Z ¼ Leqs–j
(k/gm). Thus, the values of capacitors and scaling factors are calculated by (3.20b)

and (3.21b), respectively.

The real passive elements as well as their complex active equivalents are

summarized in Table 3.3. The last step is the design of the high-order complex

filter using the topological method. As depicted in Fig. 3.20, at first the passive

elements of the real passive prototype filter are replaced by the corresponding
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Fig. 3.17 Realization of (a) grounded and (b) floating complex capacitor
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complex passive elements. The next step is the synthesis of complex filter topology

using the appropriate complex subcircuits of Table 3.3. Finally, concerning the

passive resistors, each resistor at the inputs of the filter is replaced by a diode

connected transistor, while each termination resistor is realized by a current mirror

in order the output currents to be separately available.

Lg
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Lf
i i

C G

u
u1 u2

a b

Fig. 3.18 Realization of a real synthetic (a) grounded and (b) floating inductor
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Fig. 3.19 Realization of a complex (a) grounded and (b) floating inductor
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Table 3.3 Topologies of complex elements using current mirrors

Passive element Topology of complex equivalent

1υ
2υ

2υ1υ

1Iυ
2Iυ

1Qυ
2Qυ
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3.4 Experimental Results of twelfth-Order Complex Filters

The performance of the proposed building blocks will be evaluated through two

complex filter design examples, where their center frequency is 2 MHz and will

meet the requirements of Bluetooth standard [17]. Additionally, the complex filters

have been designed in a differential form in order to be compliant with modern RF

systems. The following Section discusses the employed general measurement setup,

the appropriate interfaces at the inputs and outputs of the filters for the V-I and I-V

conversion, as well as the PCB for the experimental verification of the fabricated chip.

According to Sect. 3.2.2, a complex filter that is based on a sixth-order

Butterworth lowpass filter with 500 kHz cutoff frequency, will comply adequately

to the specifications of Bluetooth standard. The complex filter derived by using the

Leapfrog method has been already shown in Fig. 3.11. The second complex filter

topology will be derived by the topological method presented in Fig. 3.20, where

the order of filter is n ¼ 6. The values of capacitors and scaling factors in both

realizations are calculated by (3.20a)–(3.20b) and (3.21a)–(3.21b), respectively.

The low-voltage current mirror which is also used in previous chapters have

been employed with a dc bias current I0 ¼ 12 mB and supply voltages VDD ¼ 1.5 V

and VDC ¼ 1.2 V. Considering the MOS transistors parameters provided by the

AMS C35B4 process, the values of NMOS transistor aspect ratios are 3 mm/1 mm
for Mni (i ¼ 1,2,. . .) and 7 mm/0.6 mm for Mn2i (i ¼ 1,2,. . .). The PMOS transistors

have an aspect ratio 15 mm/2 mm. Under the above bias conditions, the input

resistance of the current mirrors is Rin ¼ 1/gm,Mn11 ¼ 11.4 kO.
The values of capacitors for the passive prototype and the complex filters are

given in Table 3.4. It must be noted at this point, that due to limited die area and

taking advantage of the fact that the same capacitor values are used in both filters,

then by using an appropriate switching scheme, the two configurations can share the

same capacitors. Finally, the reference current for the biasing of the complex filters

is generated by the topology given in Fig. 3.21, where the corresponding values of

the NMOS and PMOS transistor aspect ratios as well as the other component values

are given in Table 3.5.
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b
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Fig. 3.20 Synthesis of complex filters using topological method (a) passive prototype of an nth-

order real lowpass filter (b) passive prototype of an nth-order complex filter and (c) topology of

nth-order complex bandpass filter using current mirrors
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Table 3.4 Capacitor values for the passive prototype filter and complex filters

Element of

LC filter

Normalized

values

Element of

complex filter

Leapfrog/

topological (pF)

Cp1 82.38 mF C1 14.45

Lp2 225.1 mH C2 39.49

Cp3 307.5 mF C3 53.94

Lp4 307.5 mH C4 53.94

Cp5 225.1 mF C5 39.49

Lp6 82.38 mH C6 14.45
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Fig. 3.21 (a) Topology for the generation of bias current and (b) the circuit of the utilized two-

stage amplifier
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3.4.1 Test Setup and Measurements

A microphotograph of the fabricated chip is depicted in Fig. 3.22, where it should

be mentioned that the two complex filters have been laid out very carefully, since

the mismatches in current mirrors and capacitors directly translate to the degrada-

tion of overall performance, such as the reduction of IRR and frequency response of

the filters. The fabricated chip was tested in a PCB that was implemented through

ORCAD PCB Editor 16.0 of Cadence, where its photograph is depicted in Fig. 3.23.

Extended measurements were taken using the HP4395A Network/Spectrum

analyzer. The employed general measurement setup is demonstrated in Fig. 3.24.

The required quadratic differential input currents are produced by employing

the hybrid 90� device QE-19-4442 component provided by the Pulsar Microwave

Corporation, in combination with THS4130 (Texas Instruments) for the single

to differential conversion and AD844 (Analog Devices) components configured

as V-I converters. THS4130 devices are also used at the output of the filters for the

differential I-V conversion. Concerning the quadrature signal generation, poly-

phase RC network can be used for this procedure [18]. However, this type of filters

can only generate balanced quadrature signals for a narrow band and thus, cannot be

used to measure the attenuation and image rejection. Furthermore, process

variations and component mismatching affect the RC time constants, which will

lead to unbalanced quadrature signals. For these reasons, the quadrature signal

generation was implemented through the hybrid 90� device.
The simulated and measured frequency responses of both filters are

demonstrated in Fig. 3.25, where a small deviation between them at high

frequencies can be noticed due to the parasitics inserted by external devices. The

frequency responses for the signal and image sides are given in Fig. 3.26, where the

IRR is 28.2 dBc for the Leapfrog filter, and 27.9 dBc for the topological filter. The

corresponding Bluetooth specification is 20–30 dBc.

Table 3.5 Aspect ratios of

the MOS transistors and

component values of the

amplifier in Fig. 3.21

Transistor W/L (mm/mm)

Mn1–Mn3 20/1

Mn4 40/1

Mn5, Mn6 25/1

Mp1–Mp6 40/1

Mp7–Mp8 50/0.5

Mng 10/1

MpL 25/1

MnL 15/1

Component Value

Cp 4 pF

Rp 2.2 kO
R 34 kO
RBIAS 7.62 kO
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Fig. 3.22 Die microphotograph of the fabricated chip

Fig. 3.23 Photograph of the PCB used to test the fabricated chip
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Moreover, the first-blocker attenuation of the Leapfrog and topological complex

filter are 56.9 and 36.2 dBc, respectively. Thus, the two filters over satisfy the

Bluetooth requirement of 11 dBc.

The measured group delay responses are given in Fig. 3.27, where the maximum

variation is 0.56 ms for the Leapfrog filter and 0.41 ms for the topological filter.

According to Bluetooth specifications, the in-band group delay variation should be

less than 1 ms to eliminate intersymbol interference.

The linear performance of the complex filters has been evaluated by performing

a two-tone test. For this purpose, two voltages with frequencies 1.95 and 2.05 MHz

and variable amplitude have been applied at the input of each filter and they are

added using the Agilent 11636 C Agilent Power Combiner/Divider. The derived

spectrum plots at 1% (�40 dB) level of third-order Intermodulation Distortion

(IM3) are given in Fig. 3.28 and correspond to an input power (Pin) �4.89 dBm for

the Leapfrog filter and �5.39 dBm for the topological filter. Thus, the third-order

Input referred Intercept Points (IIP3) will be 15.11 and 14.6 dBm, respectively. The

noise has been integrated within a 1 MHz range and the derived rms values of the

input referred noise (INOISE) were �45.43 dBm for the Leapfrog filter and �42.6

dBm for the topological filter. Recalling (2.13) for the calculation of SFDR, i.e.

SFDR ¼ (2/3)∙(IIP3 � INOISE), the calculated value for the in-band SFDR was

40.4 dB for the Leapfrog filter. Also, by applying two tones with frequencies 3 and

4 MHz, the calculated value of the out-of-band SFDR was 53.8 dB. The

corresponding values of SFDR for the topological filter are 39.2 and 52.9 dB,

respectively. All the experimental results are summarized in Table 3.6. According

to this Table, it can be concluded that both filters fulfill the requirements of

Bluetooth standard. Additionally, the Leapfrog complex filters offers reduced

power dissipation compared with the topological complex filter.

Fig. 3.25 Simulated and measured frequency responses of (a) leapfrog and (b) topological

complex filter
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Fig. 3.26 Measured frequency responses for signal and image sides of (a) leapfrog and

(b) topological complex filter

3.4 Experimental Results of twelfth-Order Complex Filters 73



Fig. 3.27 Measured group delay variation of (a) leapfrog and (b) topological complex filter
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Fig. 3.28 Measured linear performance of (a) leapfrog and (b) topological complex filter
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3.5 Summary

This chapter presented novel complex resistorless filter topologies with grounded

capacitors, realized using current mirrors as active elements. At first, a twelfth-

order complex Leapfrog filter has been designed in order to meet the Bluetooth and

ZigBee standard requirements. As a second design example, two twelfth-order

differential complex filters using the Leapfrog and topological emulation of LC

ladder filter methods have been fabricated in AMS 0.35 mm CMOS process. The

obtained experimental results verified the correct operation of both filters. Some

essential results are that the Leapfrog filter has IRR ¼ 28.2 dBc, in-band group

delay variation equal to 0.56 ms and SFDR ¼ 40.4 dB, while the corresponding

values for topological filter are 27.9 dBc, 0.41 ms and 39.2 dB.
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Chapter 4

Filters for Biomedical Applications

Abstract This chapter focuses on the design of novel topologies that are suitable

for realizing wavelet filter functions. These filters are extensively used in several

biomedical applications and especially in low-voltage/low-power implantable

devices for the detection and analysis of cardiac signals. As in previous chapters,

low-voltage current mirrors will be employed as active elements, providing, thus,

the advantages of resistorless topologies and the electronic adjustment capability of

their frequency characteristics. In addition, by using MOS transistors biased in

subthreshold region, there is the benefit of ultra low-voltage (0.5 V) operation. The

efficiency of the proposed filters is verified through simulation results by employing

TSMC 130 nm CMOS process, where the most important performance factors are

considered.

Keywords Analog wavelet filters • Biomedical applications • Current mirror

filters • Current mode circuits • Implantable pacemakers

4.1 Introduction

Cardiac signal detection and analysis is one of the primary functions of an implant-

able pacemaker. Their main operation is the analysis of electrocardiogram (ECG)

signal, which is the recording of potential differences between areas positively and

negatively charged. The potential differences arise in the outer membrane surface

of myocardial fibers during depolarization and repolarization of the myocardium.

Thus, the ECG represents the electrical events associated with cardiac stimulation

and provides information on the cardiac chamber enlargement, heart rate, rhythm,

and intracardiac conduction. All these are composing the ECG signal, which

consists of P, Q, R, S, T and U waves, as depicted in Fig. 4.1.

Thus, an ECG signal in a normal cardiac pulse is constructed by a P wave, a QRS

complex and a T wave. A small U wave may also be visible in 50–75% of ECGs but

the most times is neglected. The P wave is caused by the repolarization of atria,

C. Laoudias and C. Psychalinos, Integrated Filters for Short Range Wireless
and Biomedical Applications, SpringerBriefs in Electrical and Computer Engineering,

DOI 10.1007/978-1-4614-0260-2_4, # Springer Science+Business Media, LLC 2012
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while the QRS complex corresponds to the current that causes contraction of the left

and right ventricles. The T wave represents the repolarization of the ventricles.

These waves as well as the QT and PR intervals are meaningful parameters in the

detection of heart’s abnormalities. Differences between normal ECGs and those

derived from a patient can be found by examining their length, frequency and

amplitude. Therefore, the objective to accurately analyze an ECG signal is very

important within the framework of diagnosis.

However, the feature extraction from ECG signals is a very complicated proce-

dure, since they usually share the same spectral band with noise components and

interference. For this purpose, appropriate mathematical tools must be employed in

order to investigate the location of the most interested characteristic points and thus,

to discriminate normal from abnormal cardiac patterns. In the literature, several

approaches for cardiac signal analysis have been reported, where the most of them

are algorithms implemented by artificial neural networks, filterbanks, non-linear

transformations and the wavelet transform. The wavelet based signal processing

methods, though relatively new, demonstrate the potential for accurate feature

extraction from noisy cardiac signals. The wavelet transform is a computational

complex method and requires a lot of processing power. There are two subclasses of

WT: the Discrete Wavelet Transform (DWT) and the Continuous Wavelet Trans-

form (CWT). Due to the ultra low-power requirements of implantable biomedical

devices, the realization of wavelet transform digitally is not suitable because of the
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T
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ST
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segment

PR
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ment

Fig. 4.1 A standard ECG signal with characteristic P, Q, R, S, T, U points
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employment of A/D converters. This is not the case for the implementation of

continuous wavelet transform in the analog part of a system, as this can be done in

low-power and the computational delay will be minimized. However, by using

analog circuits it is not possible to compute the wavelet transform with great

accuracy. Hence, the use of approximation methods for the realization of continu-

ous wavelet transform using analog circuits is unavoidable [1].

A number of analog wavelet filters for detecting the QRS complexes of ECGs

have been already introduced in the literature [2–7]. The topologies in [2–6] have

been realized by employing the concept of log-domain filtering. For this purpose,

non-linear transconductor cells constructed from bipolar transistors have been

employed as active elements. The topology in [7] is realized by employing Opera-

tional Transconductance Amplifiers (OTAs), constructed from MOS transistors in

triode region, as active blocks. All the aforementioned realizations have been

performed by employing a bias voltage greater than or equal to 1 V.

As has been already mentioned in previous chapters, current mirrors are very

simple and reliable building blocks for performing current-mode analog signal

processing. This stems from their very simple structure compared with that of

other elements such as Operational Amplifiers. They have been successfully

employed for realizing analog filter transfer functions where an electronic adjust-

ment of the cutoff frequency is offered. This is originated from the small-signal

nature of the current mirrors’ input resistance which is equal to 1/gm, where gm is

the small signal transconductance parameter of an MOS transistor in strong inver-

sion. This parameter can be electronically controlled through the corresponding dc

bias current of the current mirror [8, 9].

In this chapter, novel wavelet filter topologies that are suitable for detecting the

QRS complex of ECGs are introduced. Due to the fact that they are constructed

from current mirrors operating in subthreshold region, they offer the benefit of ultra

low-voltage (0.5 V) operation. Thus, at first the Functional Block Diagrams (FBDs)

of the wavelet filter topologies are presented followed by the basic building blocks

for realizing these FBDs. Finally, the efficiency of the proposed filters is verified

through simulation results by employing TSMC 130 nm CMOS process, where the

most important performance factors are considered.

4.2 Analog Wavelet Filter Topologies

Let us consider the arbitrary order analog wavelet filter function given by (4.1),

where Ai, (i ¼ 0,. . .,n) , Bj, (j ¼ 0,. . .,n�1) are real coefficients and Bj > 0.

HðsÞ ¼ Ans
n þ An�1s

n�1 þ :::þ A1sþ A0

sn þ Bn�1sn�1 þ :::þ B1sþ B0

(4.1)

The FBDs of possible candidates for realizing the transfer function in (1) are

given in Fig. 4.2. The FBD in Fig. 4.2a corresponds to a Follow the Leader

4.2 Analog Wavelet Filter Topologies 81



Feedback (FLF) topology [10], while the FBD in Fig. 4.2b to the operational

emulation of an orthonormal filter [11]. The selection of these two filter design

methods was made by considering the most important requirements in the design of

high-order filters, namely the sensitivity to active and passive component mis-

match, dynamic range, noise and sparsity.

The transfer function that is derived according to the FBD in Fig. 4.2a is given by

HðsÞ ¼ Kns
n þ Kn�1

t1
sn�1 þ Kn�2

t1t2
sn�2::: þ K1

t1t2:::tn�1
sþ K0

t1t2:::tn

sn þ 1
t1
sn�1 þ 1

t1t2
sn�2:::þ 1

t1t2:::tn�1
sþ 1

t1t2:::tn

(4.2)

That is, by equating both numerator and denominator coefficients of (4.1) and

(4.2), the values of the required time-constants ti and scaling factors Ki are readily

obtained.

The values of scaling factors in the FBD of Fig. 4.2b are derived through a more

complicated process. More specifically, for a given transfer function an appropriate

orthonormal ladder prototype filter must be considered in order to realize the poles

of the filter function. The values of factors ai are determined from the values of

passive elements of the ladder filter. The values of the scaling factors Ki are

calculated by equating the numerator coefficients of the desired transfer function

with the corresponding coefficients derived through a linear combination of the

states of the orthonormal filter [11]. From the above FBDs, it is obvious that

required operations of integration, scaling and summation are easily realized by

employing current mirrors as active elements.
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b

Fig. 4.2 FBD of a current-mode filter derived from (a) FLF method and (b) emulation of an

orthonormal ladder filter
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4.3 Current Mirrors in Subthreshold Region

A typical topology of a multiple output current mirror, as that presented in previous

chapters, with arbitrary gain at each output, is depicted in Fig. 4.3. The required

scaling factors are realized by properly sizing the corresponding PMOS and NMOS

transistors of the branch associated with this factor. The input resistance of current

mirror is equal to 1/gm, where gm is the transconductance parameter of a MOS

transistor, and will be used for realizing resistorless filters. Due to the fact that the

cutoff frequency of the wavelet filters used for detecting the QRS complex of ECGs

is in the order of Hz, this parameter must be realized in the order of nA(pA)/V.

Thus, a possible solution is the employment of MOS transistors operated in

subthreshold region. For this purpose the gate-source of each transistor must fulfill

the condition: VGS-Vth � �100 mV, where Vth is the threshold voltage. In this mode

of operation the transistor saturates for VDS � 4VT, where VT is the well-known

thermal voltage (ffi26 mV at room temperature). Inspecting the topology of Fig. 4.3,

it is obvious that a minimum power supply voltage equals to 12VT (ffi310 mV) is

required in order the transistors to be saturated within the subthreshold region.

Thus, a reasonable choice of the supply voltage could be 0.5 V.

The expression of gm under this condition of operation is given by (4.3) as

gm ¼ I0
nVT

(4.3)

VDD

Mn21

I0

Mn11 Mn12

Mn22

Mp0 Mp1 Mp2

VDC
iin

Mn24

iout2

Mn14 Mn15

Mn25

Mp4 Mp5

VDC

Mn13

Mn23

Mp3

iout1

K1

K1

1 1 1 1 K2

K21 1 1

a

iin

iout2

K2

K1 iout1
x

xb

Fig. 4.3 Multiple output current mirror (a) topology (b) symbol
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where VT is the thermal voltage (ffi26 mV at 27�C) and n is the subthreshold slope

factor.

The realization of a lossless integrator is performed by configuring a current

mirror as it is shown in Fig. 4.4. Each output current is described by (4.4)

iout
iin

¼ Ki

ts
; i ¼ 1; 2ð Þ (4.4)

where the variable gm is defined by (4.3). Thus, according to (4.3), the time constant

of the integrator, that is given by the formula t ¼ C/gm, can be electronically

adjusted through the dc current Io. This is a very attractive feature for deriving

different scales of impulse response of the wavelet filter without affecting the

topology of the filter.

4.4 Wavelet Filter Design Examples

Let us consider the following fifth-order Gaussian wavelet (scale a1) filter function [6]

HðsÞ ¼ 8:59s4 þ 1:47 � 105s3 � 9:69 � 107s2 þ 3:04 � 1011s
s5 þ 1:28 � 103s4 þ 1:65 � 106s3 þ 9:53 � 108s2 þ 3:86 � 1011sþ 6:06 � 1013 (4.5)

The corresponding active filter topologies, derived according to the FBDs in

Fig. 4.2, are demonstrated in Fig. 4.5 [12].

The behavior of the wavelet filters will be evaluated through simulation results,

by employing the Virtuoso Analog Design Environment of the Cadence software.

For this purpose Level 49 MOS transistor models provided by TSMC 130 nm

CMOS process have been used in simulations. Considering a dc bias current

Io ¼ 1.2 nA and supply voltages VDD ¼ 0.5 V and VDC ¼ 240 mV, the values of

the NMOS transistors aspect ratios were 2 mm/20 mm for Mn1i and Mn2i

(i ¼ 1,2,. . .). The PMOS transistors have an aspect ratio 2 mm/4 mm. Under the

above bias conditions, the transconductance of the input transistor of current

mirrors is equal to 29.21 nA/V. Thus, the input resistance of current mirrors is

equal to Rin ¼ 1/gm,Mn11 ¼ 34.23 MO. The calculated values of capacitors for each
filter are given in Fig. 4.5. The required scaling factors are realized by properly

adjusting the aspect ratio of the corresponding MOS transistors. In the case that a

very small value of scaling factor is required (i.e. factors K2-K4 in Fig. 4.5a and K5

C

iin

iout1

iout2

K1x

K2x
Fig. 4.4 Lossless integrator

using current mirrors
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in Fig. 4.5b), this is realized by cascading current mirrors with relative gains much

greater than that of the desired total gain.

The dc power dissipation of the filter in Fig. 4.5a was 39.6 nW, while for the

filter in Fig. 4.5b was 31.8 nW. Also, the total required capacitance was 417.44 pF

for the filter in Fig. 4.5a and 284.4 pF for the filter in Fig. 4.5b. The simulated

frequency responses of each one of the considered filters, at different dyadic scales,

are given in Fig. 4.6. According to these plots it is concluded that they can be

electronically tuned. The observed deviations from those theoretically predicted are

caused by the imperfections of current mirrors.

The approximated Gaussian wavelet base must be derived from the impulses

responses of the bandpass filters in Fig. 4.5. This is verified in Fig. 4.7, where their

electronic tuning capability has been also demonstrated. This is a desired feature

from the realization point of view, due to the fact that there is the capability to

electronically scale and shift in time and consequently in frequency, the realized

Gaussian impulse response.

The linear performance of the filters has been evaluated by employing

the Periodic State Space (PSS) analysis tool of the Analog design Environment.

The derived plots are given in Fig. 4.8. The levels of the input signal that results to

a 1-dB compression point at the outputs of the filters in Fig. 4.5a, b were �177.4

and �166 dBm, respectively.

The noise has been integrated within the passband of each filter and the

obtained rms value of the input referred noise was 0.64 pA for the filter in

Fig. 4.5a and 1.39 pA for the filter in Fig. 4.5b. Thus, the predicted values of the

Dynamic Range at 1-dB compression point will be 53.45 and 58.1 dB, respectively.

Finally, Monte Carlo analysis was also carried out to verify the sensitivities of

the filters in Fig. 4.5a, b. The impulse responses depicted in Fig. 4.9 confirm the

Fig. 4.6 Frequency responses of the wavelet filters in Fig. 4.4 and ideal at scales a1(Io ¼ 1.2 nA),

a2(Io ¼ 0.6 nA), a3(Io ¼ 0.3 nA), a4(Io ¼ 0.15 nA)
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a

b

Fig. 4.8 Linear performance of the filter derived from (a) FLF method and (b) orthonormal

prototype filter

Fig. 4.7 Impulse responses of the wavelet filters in Fig. 4.5 and ideal filter at scales a1(Io ¼ 1.2

nA), a2(Io ¼ 0.6 nA), a3(Io ¼ 0.3 nA), a4(Io ¼ 0.15 nA)



a

b

Fig. 4.9 Monte Carlo analysis of the filter derived from (a) FLF method and (b) orthonormal

prototype filter
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reasonable sensitivity characteristics of both filters in process and mismatch

variations. It is apparent that the impulse responses are slightly affected, though

the original shape is preserved.

The simulation results are summarized in Table 4.1, where it can be concluded

that the topology derived from the orthonormal prototype filters has better perfor-

mance in terms of power, capacitor area, linearity and dynamic range, than that

achieved by the FLF topology.

4.5 Summary

Ultra low-voltage wavelet filters are presented in this chapter, where the active

blocks are current mirrors operating in subthreshold region. These topologies can

be employed in several biomedical applications, like the QRS complex detection

from cardiac signals in implantable pacemakers. The analysis and processing of this

type of signals is performed by the continuous wavelet transform, which is realized

by the proposed analog wavelet filters. The well-known FLF method and the

emulation of an orthonormal ladder filter have been utilized for the synthesis of

two fifth-order wavelet filter topologies. From the comparison results, it has been

concluded that the orthonormal wavelet filter has better performance than the FLF

wavelet filter in all terms under consideration.
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Chapter 5

Electronically Adjustable Current Mirrors

Abstract This chapter focuses on the design of an adjustable low-voltage current

mirror. The presented topology provides continuous gain adjustment, while it

simultaneously features the attractive characteristic of low-voltage operation. The

behavior of the current mirror has been experimentally verified through a first-order

lowpass filter fabricated in AMS 0.35 mm CMOS technology.

Keywords Analog integrated circuit design • Current mirrors • Programmable

current mirror filters • Low-voltage circuits

5.1 Introduction

In CMOS analog circuit design, continuously programmable scaling of current

signals is often required. For instance, it is used in auto-zeroed amplifiers, electron-

ically programmable analog filters, circuits for biomedical applications as well as

image processing tasks. Current mirrors with adjustable gain are widely used in

these applications. Thus, this chapter focuses on the case of electronically program-

mable filters, where as it will be demonstrated in the following sections, the

electronic adjustment of current mirrors’ gain results in the programmability of

the overall filter gain as well as its cutoff frequency. In that way, any effect from

process, voltage and temperature (PVT) variations can be eliminated.

For this purpose, a number of adjustable current mirror topologies have been

already introduced in the literature [1–6]. However, all these realizations have at

least one of the following drawbacks:

• Absence of low-voltage operation capability [3]

• Limited range of gain adjustment [5]

• Employment of PMOS transistors for handling ac signals [ [1, 3, 4, 6]

• Limited bandwidth and/or several restrictions imposed by the utilization of MOS

transistors operating in weak inversion or triode region [4, 6]

• Requirement of a specific nonlinear form of input currents [2]
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In contrast with previous implementations, the proposed scheme of current

mirror simultaneously offers low-voltage operation capability employment of

only NMOS transistors biased in strong inversion, absence of any imposed

restrictions concerning the input current and bidirectional adjustment of gain.

5.2 Current Mirror with Adjustable Gain

The scheme of the introduced programmable gain current mirror is shown in

Fig. 5.1 [7]. This topology will be denoted in the next as Low-Voltage Adjustable

Current Mirror (LVACM). The LVACM utilizes a conventional fixed gain low-

voltage cascode current mirror, known as Flipped Voltage Follower Current Sensor

(FVFCS) [8]. Note that, the current gain of FVFCS could not be electronically

adjusted due to the fact that it is determined by the aspect ratios of transistors

Mn5–Mn6. Performing a simple inspection of the LVACM, it is easily derived that

the minimum supply voltage requirement is equal to Vth + 2VDS,sat, where Vth and

VDS,sat are the threshold voltage and drain-source saturation voltage of MOS

transistor. Thus, the configuration in Fig. 5.1 is capable for operation in a low-

voltage environment.

The circuit operates as a gain programmable current mirror with continuously

adjustable current gain Ai. This is achieved as follows:

The input current iin is transformed into a voltage uin ¼ iin/gm1 through the diode
connected transistor Mn1, where gm1 is the transconductance parameter of transistor

Mn1. Note also that the input resistance of the LVACM is equal to 1/gm1. This
voltage is converted back to a current through the transconductance cell formed by

transistor Mn2. Thus, the current that is fed into the FVFCS is equal to (gm2/gm1)iin,

VDD

Mn8

iin

Mn3

iout

Mn5 Mn6

Mn4

VDC

Mn2

Ia

Mn7

VDC

Ia

Io

Io Io

Mn1

Conventional fixed gain
current mirror

Fig. 5.1 Topology of low-voltage current mirror with programmable gain
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where gm2 is the transconductance parameter of transistor Mn2. Neglecting the body

effect and other second-order effects, the output current iout can be expressed as

iout ¼ gm2
gm1

iin (5.1)

Transistor Mn1 is biased at a dc current Ia, while Mn2 is biased at a dc current Io.
Taking into account that the small-signal transconductance parameter (gm) is given

by the formula gm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2K W

L I0

q
, where K ¼ mnCox is the transconductance factor of

MOS transistor, the current gain (Ai) of the LVACM is given by

Ai � iout
iin

¼
ffiffiffiffi
I0
Ia

r
(5.2)

From (5.2), it is revealed that the current gain of the current mirror can now be

adjusted through the dc currents Ia and Io. Moreover, the current gain of the FVFCS

remains unaffected during the process of electronic adjustment. This is due to the

fact that the gain of FVFCS could only be changed during the layout design by

modifying the aspect ratios of transistors Mn5–Mn6.

To demonstrate the benefits offered by the LVACM, a simple CMOS current-

mode lossy integrator has been designed. This has been achieved by connecting a

capacitor between the common gate connection of transistors Mn1–Mn2 and ground.

The realized first-order filter function is expressed by

iout
iin

¼ Ai
1

1þ ts
(5.3)

In (5.3), Ai is the current gain factor given in (5.2), while the time constant is given

by the formula t ¼ C/gm1. Thus, the low-frequency gain of the filter is determined by

the current gain of the LVACM which is given by the formula
ffiffiffi
I0
Ia

q
, while the cutoff

frequency is proportional to the factor
ffiffiffiffi
Ia

p
. As a result, the low-frequency gain could

be independently adjusted through the dc current Io without disturbing the cutoff

frequency which could be adjusted through the dc current. The overall topology of

the first-order lowpass filter using the LVACM, where ideal current sources are

replaced by transistors, and its symbol are shown in Fig. 5.2.

5.3 Experimental Results

The current-mode lossy integrator using the LVACM was fabricated through AMS

0.35 mm CMOS n-well process with NMOS and PMOS threshold voltages of about

0.5 and �0.7 V, respectively. Considering dc bias currents Io ¼ Ia ¼ 6 mA, supply
voltages VDD ¼ 1.5 V and VDC ¼ 1 V, the aspect ratios were 4/0.8 mm for
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transistors Mn1–5 and 7/1 mm for transistors Mn6–8. The required dc current sources

have been realized by PMOS transistors with aspect ratio 15/1 mm. Due to the fact

that the input resistance of the LVACM was 8.75 kO, the value of the capacitor was
chosen to be equal to C1 ¼ 10.7 pF, in order to achieve a cutoff frequency 1.7 MHz.

The input V/I and output I/V conversions play an important role in all current-

mode signal processing systems, since the performance of the topology under test

depends highly on the interfaces’ performance. For this purpose, the feed of the

current-mode integrator has been achieved by employing a typical V/I converter

constructed from appropriately configured MOS current mirrors. The output I/V

conversion is utilized by an appropriately configured on-chip transresistance ampli-

fier. Finally, the reference currents I0, Ia that are used to adjust the gain of LVACM
are constructed by means of a low-voltage cascode current mirror and the external

resistor Rb1 and Rb2, respectively.

The employed general measurement setup including the off-chip components is

demonstrated in Fig. 5.3. The die microphotograph of the fabricated chip is shown

in Fig. 5.4, while the photograph of the PCB that was used for the experimental

verification is depicted in Fig. 5.5. The time-domain behaviour of the first-order

lowpass filter is demonstrated in Fig. 5.6, where the output currents are obtained by

applying a 10 kHz sine-wave input signal with an amplitude 2 mA. The dc current Io
was swept from 4 to 8 mA with a step of 1 mA, while Ia was kept constant at 6 mA.

The capability of adjusting the low-frequency gain without disturbing the cut-off

frequency is demonstrated in Fig. 5.7, where Iowas swept from 4 to 8 mA and Iawas

V DD

Mn8

iin

Mn3

iout

Mn5 Mn6

Mn4

V DC

Mn2
Mn7

V DC

Mn1

Ia I0

C

a

C

iin iout

b

Fig. 5.2 First-order lowpass filter using LVACM (a) topology (b) symbol
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held constant at 6 mA. The measured values of the gain were 0.7, 1, and 1.2, while

the theoretically predicted values were 0.8, 1, and 1.15, respectively. The measured

cutoff frequency in all the above cases was 1.708 MHz which is also close to that

theoretically predicted. The capability for varying the cutoff frequency without

disturbing the gain through a simultaneous adjustment of the dc currents Io and Ia,
has been experimentally verified as it is shown in Fig. 5.8.

Spectrum
Analyzer

R

HP4395

+

-
R

V DD

R a

Ia

V DD

R 0

I0

C

iout
uout

V DC

V DD

iin

V-I first-order filter
with LVACM

I-V

uin

Fig. 5.3 Measurement setup for the first-order lowpass filter

Fig. 5.4 Die microphotograph of the fabricated chip
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Fig. 5.5 Photograph of the PCB used to test the fabricated chip

Fig. 5.6 Experimentally measured output current waveforms for Ia ¼ 6 mA and I0 swept from 4 to

8 mA in 1 mA steps
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Fig. 5.7 Demonstration of electronic adjustment of low-frequency gain for Ia ¼ 6 mA and I0 ¼ 4,

6 and 8 mA

Fig. 5.8 Electronic adjustment of cutoff frequency without affecting low-frequency gain for

Ia ¼ I0 ¼ 4, 6 and 8 mA
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With regards to the non-linear distortion produced by LVACM, it depends on the

values of the quiescent drain currents. This is originated from the fact that the gain

depends on small-signal transconductances determined by the operation point of

MOS transistors. This has been verified through experimental results, where the

measured values of total harmonic distortion for a sine-wave input signal with 2 mA
amplitude and 10 kHz frequency were 0.45%, 0.97%, and 1.4% at gain equal to 1,

0.7, and 1.2, respectively.

Finally, the silicon area of the current-mode lossy integrator based on the

LVACM is approximately 86 mm � 74 mm, and the dc power consumption is

61 mW.

5.4 Summary

In this chapter, a novel topology of current mirror with adjustable gain and

capability of low-voltage operation is presented. At first, a review on previous

implementations that have been reported in the literature is performed, highlighting

the drawbacks and restrictions of the corresponding circuits. Then, the operation of

the proposed current mirror is studied, while it is used to design a first-order

lowpass filter. Through this design example, the attractive characteristic of inde-

pendent adjustment of the overall gain and the cutoff frequency is pointed out.

Finally, the performance of the LVACM has been evaluated through experimental

results, where both the time-domain and frequency response have been considered.

Measurement results demonstrate the potential of LVACM to be a reliable building

block for realizing modern high-performance analog processing systems.
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Chapter 6

Conclusions

This book describes the design of low-voltage analog integrated filters using current

mirrors, one of the most common building blocks in analog and mixed-signal VLSI

circuits. Its purpose is to contribute in the existing research area of the design of

analog filters using low-voltage current mirrors. In this direction, all the derived

filters are constructed by the low-voltage high-swing current mirror, offering the

advantages of low-voltage operation, absence of passive resistors and electronic

adjustment capability of their frequency characteristics. Several design examples

have been described in detail, namely universal biquad filter topologies, complex

filters for Bluetooth/ZigBee low-IF receivers, wavelet filters for cardiac signal

detection and a current mirror topology with electronically adjustable gain. Experi-

mental results from the fabricated chips have been also presented, exhibiting their

utility in modern low-voltage low-power portable devices.

In Chap. 2, novel SIMO and MISO universal biquad topologies have been

presented. The experimental results from the fabricated chip verified the correct

operation of both filters as well as the optimum layout design of current mirrors and

capacitors. The chip prototype was fabricated through the AMS C35B4C3 0.35 mm
n-well CMOS process. With regards to the dynamic range of the two filters, the

measured SFDR was 42.7 dB for SIMO and 41.6 dB for MISO topology, being in

good agreement to the simulated results of 44 and 42.6 dB, respectively.

In Chap. 3, the design of low-voltage complex filters using current mirrors for

low-IF Bluetooth/ZigBee receivers has been studied. As a design example, two

twelfth-order complex filters based on the leapfrog and topological emulation of LC

ladders methods have been fabricated through the AMS 0.35 mm process. The

experimental results confirmed their correct operation, since both filters meet the

specifications of Bluetooth standard. More specifically, the leapfrog complex filter

has SFDR ¼ 40.4 dB, IRR ¼ 28.2 dBc and in-band group delay variation 0.56 ms,
while the corresponding values for the topological complex filter are 39.2 dB, 27.9

dBc and 0.41 ms.
In Chap. 4, the design of novel topologies suitable for realizing wavelet filter

functions has been discussed. More specifically, the proposed wavelet filters are

implementing a fifth-order rational function, which approximate the first derivative
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of Gaussian function. For this purpose, two different design approaches have been

employed, namely the well known FLF method and the emulation of an orthonor-

mal ladder filter. The integrators of both filters are constructed by low-voltage

current mirrors operating in subthreshold region, offering thus the benefit of ultra

low-voltage (0.5 V) and low-power operation. The efficiency of the proposed filters

has been verified through simulation results by employing TSMC 130 nm CMOS

process. Comparison results have shown that the topology derived from the ortho-

normal ladder filter has better performance in terms of power, capacitor area,

linearity and dynamic range than that achieved by the FLF wavelet topology.

Finally in Chap. 5, a novel scheme of an adjustable low-voltage CMOS current

mirror is introduced. The behavior of the derived topology has been experimentally

verified through a first-order lowpass filter fabricated in AMS 0.35 mm CMOS

process. The experimental results demonstrated the efficiency and usefulness of the

current mirror in the synthesis of high-order programmable filters.

6.1 Motivation for Future Work

Considering the low-voltage current mirror with adjustable gain LVACM presented

in Chap. 6, a very interesting prospect is the development of new circuits, like the

auto-zeroed amplifiers for automatic compensation of offsets. Additionally, due to

its attractive feature it could be used for the design of current-mode AGC circuits.

Another important application of the current mirror is the electronically program-

mable filters. More specifically, having already studied the design of a first-order

filter, the next step is the synthesis of higher order analog filters utilizing the

LVACM. Therefore, the derived filters will operate under low supply voltage,

while presenting the orthogonal adjustment of cutoff frequency and low-frequency

gain, by modifying the bias currents of the current mirror. This feature is extremely

important in integrated circuits, due to the fact that any effect from process, voltage,

temperature (PVT) variations and transistor mismatching can be eliminated.

An interesting area of research with particular importance is the use of current

mirrors in biomedical applications, like in Chap. 5 where novel structures of

wavelet filters for the detection and analysis of cardiac signals have been presented.

The results from these simulations pointed out the usefulness of these filters in

implantable pacemakers, where high efficiency and low-voltage operation is

required. Also, an important feature of the proposed structures is their low power

consumption. Therefore, wavelet filters using current mirrors can be employed in a

wide range of implantable devices, such as hearing aids, cochlear implants and

neural stimulators/detectors for the detection of EEG (Electroencephalogram)

signals. Finally, all the derived circuits can be combined and integrated into

nowadays complex systems for low-power short-range wireless communications

and biomedical applications.
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