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ABSTRACT

This thesis presents a methodology for resistorless realizing current-mode first-order
allpass (AP) filter section and two-integrator loop filter structures based on current
differencing transconductance amplifiers (CDTAs) as active components and grounded
capacitor as the only passive component. For the first presented configuration, the current-
mode first-order AP filter section using only two CDTAs and one virtually grounded
capacitor is introduced. The proposed circuit realizes both inverting and non-inverting
types of AP filters, and also exhibits high-output impedances, which are easily cascading in
the current-mode operation. It requires no external resistor and is electronically adjustable
via an external bias current of the CDTA. No component-matching constraints are required.
As an application of the proposed CDTA-based AP section, a current-mode quadrature
oscillator is given. For the second presented configuration, the current-mode two integrator
loop CDTA filter structures are described. The basic filter building blocks consist of
current proportional block, current lossless and current lossy integrators. It is demonstrated
that the derived filters can realize a general class of second-order current transfer functions.

Since the resulting structures contain only CDTAs and grounded capacitors, they
are general and very appropriate for integration, cascading and electronic tuning. The
influences of the CDTA non-idealities are also investigated. To confirm the theoretical
analysis, all the proposed configurations and their applications are verified by computer

simulation results.
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CHAPTER 1

Introduction

1.1 Statement and Signification of The Problems

An electric filter is a frequency selective network that shapes the spectrum of
the input signal in such a manner that desired frequency content is achieved in the
output signal [1]. It is employed to separate, pass or suppress a group of signals from
the mixture of signals. Applications of filters are to eliminate contamination such as
noise in communication systems and to separate relevant frequency components from
irrelevant frequency components. Another important application is to band-limit
signal before sampling and to convert discrete time signals into continuous time
signals. Filters are also used to detect and demodulate signals in radio and television.
In addition, they can be employed for improving quality of audio equipment,
conversion of time domain multiplexed (TDM) signals into frequency domain
multiplexed signals (FDM), speech synthesis, equalization of transmission lines ans
cables, and numerous other applications involving signal processing. Continuous
time filters can be broadly classified as passive and active filters. Passive filters are
realized with passive components, i.e., resistor, capacitor and inductor. Other passive
components like distributed RC elements and quartz crystal are also used. Such

filters are used to work in MHz range. Active filters also use resistors and capacitors,



but the inductors are replaced by active devices capable of producing power gain. For
the active devices, they can range from single transistor to integrated circuit
controlled sources such as operational amplifier (OA) and more exotic devices, such
as operational transconductance amplifier (OTA), current feedback operational

amplifier (CFOA) and second generation current conveyor (CCII), etc. [2]-[8].

1.2 Area of Works

During the last decade, current-mode continuous time circuits are providing
their important in the filed of analog signal processing and integrated circuit design in
modern electronic community [9]. This is due to the well known fact that current-
mode circuit design techniques have now been advocated as a candidate for low
voltage, wide bandwidth, high speed signal processing and for several reasons. One
reason is that in real current-mode signal processing, the circuit nodes are kept at a
low impedance level which minimizes the influence of parasitic capacitances, leading
to good high frequency performance. Another reason is the dynamic current range
achievable even with low supply voltage. A low-voltage technique is one of the most
important issues because of the advance of the large-scale integration with
complicated circuit systems and the increasing demands for battery-operated portable
equipments. In these respects, the realization of current-mode circuits with low-

voltage and high-frequency operations seems to be attractive and importantly emerges



in several analog signal-processing fields. Hence, this thesis presents the research that
only concentrated on the design of current-mode continuous-time filter.

In 1999, a versatile active building block circuit, namely current differencing
buffered amplifier (CDBA), was introduced for the first time to provide new
possibilities in the circuit synthesis and to simplify the circuit implementation [10].
Since the CDBA can be considered as a collection of current and voltage-mode unity
gain cells, it has large dynamic range and quite wide bandwidth similar to its current-
mode counterparts such as, current feedback operational amplifiers (CFAs) and CClIs.
In addtion, the current differncing feature also provides design flexibility. A lot of
works about the CDBA applications have been published, particularly from the area
of frequency selective systems [11]-[17]. However, the major drawbacks of the
CDBA are also well known : its transfer parameters cannot be controlled
electronically and the CDBA applications from the area of frequency filters require
some external passive resistors.

The above factors became important motivations for the design of a recently
reported current-mode active building block, the so-called current differencing
transconductance amplifier (CDTA) [18]. The internal structure of the CDTA device
is quite similar to the CDBA, in which the voltage buffer is replaced by the single-
input multiple-output type OTA. Due to the fully current-mode operation and the
compactness of the circuit, the CDTA is capable of high-frequency operation and

suitable for current-mode analog filtering applications [19]-[31]. Especially, when



more than two output terminals are used, it is possible to obtain very compact circuit
topologies requiring less passive elements [22]-[23]. In this regard, the CDTA device
seems to be promising and therefore attractive solution that deals with the issue of
new active choice in designing low-component-count, high-frequency and resistor-
less current-mode analog signal processing circuits. Recently, a trend in analog
circuit design has emerged in which external passive resistors are not required. With
no external passive resistor, the chip area occupied is saved and integration density is
therefore increased. Moreover, the power consumption is also reduced thereby

improving efficiency. This issue is also considered as the desired target of this work.

1.3 Goals and Objectives

The main objective of this study is to design and realize novel current-mode
filter configurations based on the use of only CDTAs and grounded capacitors, which
is considered to be an effective approach in filter design. Electronic tuning property
is one of the major features of the design. The employment of only grounded
capacitors in circuit implementation makes the designs suitable for integrated circuit
development in both bipolar and CMOS technologies [32]-[33]. Besides, the purpose
of this research may be divided into two main topics. The first topic deals with a
realization of the resistorless current-mode first-order allpass (AP) filter, which can
realize both inverting and non-inverting types of AP filtering functions all at high-

output impedance terminals. The second objective is the structural generation of



current-mode two integrator loop filters, which can generate all the five standard

biquadratic filtering functions from the same circuit configuration.

1.4 Novel Concepts of The Study

Novel concepts and techniques proposed in this thesis are summarized and given
below.

1) Firstly, a circuit design of the current-mode first-order AP filter using only
two CDTAs and one virtually grounded capacitor is presented [30]. The proposed
circuit requires no external passive resistors and component-matching conditions for
its realization. It also realizes both inverting and non-inverting types of first-order AP
filters simultaneously without changing circuit configuration. The phase response of
the proposed circuit is electronically tunable through the external DC bias current of
the CDTA.

2) The second aim of this thesis is to propose a simple design for the
implementation of current-mode quadrature oscillator, widely used in analog signal
processing systems, by using the proposed CDTA-based first-order AP sections. The
proposed oscillator configuration is realized through the cascade connection of the
proposed CDTA-based AP filter and the CDTA-based current lossless integrator. The
presented method shows that the resulting circuit contains only three CDTAs and two

grounded capacitors without needing any external resistors, which is simpler and



employs less active and passive components than compared with the previously
reported implementations.

3) The third deals with a versatile family of current-mode two integrator loop
filter structures using CDTAs and grounded capacitors. The basic filter building
blocks for the filter realization are composed of current proportional block, current
lossless integrator and current lossy integrator based on the use of CDTAs as the
major active components. The derived filter structures can realize a general class of
second-order current transfer functions, and also exhibit both low-input and high-

output impedances that is easily cascading in current-mode operation.

1.5 Organization of The Thesis

This thesis is organized into five chapters, and three appendices. Each chapter
contains references at its end. Each chapter carries brief introduction of the study
undertaken and followed by the detailed circuit descriptions, analysis, circuit
parameters and the computer simulation results of the circuits belonging to the scope
of that particular chapter. The contents of the thesis are as follows.

Chapter 1 describes the statement and significance of the research topic, and the
objectives of this work. The outline of this thesis will also be described in this
chapter.

Chapter 2 is mainly concerned with the main characteristic of the CDTA device,

which is the active circuit building block mainly used in this thesis. There is an



elaboration on how this device is useful in realizing various filter circuits, and why
this should be selected for the design of circuits. This chapter starts with the
description of the distinguishing features of the CDTA, and subsequently gives details
of some of circuit design techniques for realizing the CDTA. The CDTA-based
fundamental active circuit building blocks, i.e., current-controlled resistance, current
proportional block, and current integrators are also briefly introduced.

In chapter 3, a circuit technique for designing the current-tunable current-mode
first-order AP filter, constructed from only two CDTAs and one virtually grounded
capacitor with the absence of the passive resistors, is presented and analyzed. This
chapter also describes the attactive features of the proposed circuit compared with the
previously realization ones. The non-ideal analysis and the sensitivity study of the
proposed circuit are investigated in detail. As an application of the proposed CDTA-
based allpass section, the design of current-mode quadrature oscillator has been
included in this chapter. To demonstrate the performances of all the proposed circuits
and verify the theory, PSPICE simulations are accomplished.

Chapter 4 outlines the generation of the current-mode two-integrator loop filter
structure. It describes the novel filter topologies using only CDTAs and grounded
capacitors. The influences of the CDTA non-idealities on the filter performance are
discussed in detail. Finally, the functionality of the resulting filters has been verified

by simulation results.



In chapter 5, conclusions with respect to all the set objectives and goals are given.

It gives a comprehensive summary of how the goals were achieved, and also offers

recommendations for future investigation that may be undertaken in the same
direction.

Finally, appendices are given, which contains the detailed analysis of the

proposed circuits developed in this thesis.
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CHAPTER 2

Basic Concept of CDTA and Related Works

2.1 Int;oduction

Since the introduction of the current differencing buffered amplifier (CDBA) in
1999, it has been acknowledged to be a versatile active building block in designing
analog circuits [1]. The CDBA can be considered as a collection of current-mode and
voltage-mode unity gain amplifiers, it thus offers large dynamic range and wide
bandwidth similar to its current-mode counterparts such as a second-generation
current conveyor (CCII) and a current feedback amplifier (CFA) [2]. A variety of
CDBA applications has also been considered by various researchers {1]-[23]. On the
other hand, due to its voltage-mode operation nature, this element is thus appropriate
for the implementation of particularly voltage-mode filters. In order to enjoy the
inherent advantages of current-mode signal processing, an innovative design which
does not involve a voltage-mode unity gain amplifier is highly desirable. Moreover,
the major drawback of this device is that it cannot be controlled electronically.

To overcome these problems, a new active element with two current inputs and
two kinds of current output, namely the current differencing transconductance
amplifier (CDTA), has been recently introduced [24]. This device is a synthesis of

the well-known advantages of the CDBA and a multi-output transconductance
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amplifier to facilitate the implementation of electronically tunable continuous-time
current-mode filter circuits. During the past few years, many implementations of
CDTA device have been developed in the technical literature [25]-[33]. More recent
works introduce transistor-level CDTA structures in CMOS technology [25]-[31].
The first CMOS-based circuit for the realiz.ation of the CDTA [25]-[26] as well as
another topology proposed in [27]-[28] utilized 0.5 pm CMOS MIETEC process with
2.5 V supply voltages. The work introduced in [29] presents the so-called multiple-
output CDTA as an extension of the original circuit scheme from [25]-[26] by
additional current outputs. The circuit from [28] is faster than those in [25]-[26],
enabling easy g, control, but with much higher parasitic input resistances of p and n
terminals. The CMOS structure reported in [30] can operate in supply rails down to
+0.75 V, utilizing the 0.35 pm AMIS technology. The circuit performance is
excellent up to tens of MHz, in particular the p and » input resistances are only 25 Q
thanks to the flipped voltage followers. However, this structure has not been
optimized for high-frequency applications. In [31], the €MOS-based circuit
realization of high-performance CDTA was demonstrated with TSMC 0.35-zm n-well
CMOS process. This realization provides very low-input impedances (i.e., r, = r, =
1.92 Q), and very high frequency operation (= 1 GHz). However, one drawback of all
mentioned CMOS structures are that the realized transconductance (g,) is
proportional to a square-root function of the bias current, which is non-linearly

controlled.
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In addition, the bipolar realization of the CDTA described in [32]-[33] was
proposed with transistor model of PR1I0ON (PNP) and NP100N (NPN) of bipolar
arrays ALA400 from AT&T. In comparison with the above-mentioned CMOS
realizations, the bipolar CDTA provides very low p and n input resistances (below 5 Q)
and higher values of transconductance gain (approximately 2 mA/V). However, the
current offset is too high (about 8 £A) and the maximum bandwidth is limited to tens
of MHz.

In this chapter, the description of the CDTA is discussed. It also describes the
historical developments of the CDTA element in both CMOS and bipolar
technologies, and some CDTA-based basic active building blocks leading up to the

development of current-mode filter systems.

2.2 Description of CDTA

2.2.1 Ideal Behavior

The CDTA device with its electrical symbol in figure 2.1 has a pair of low-
resistance current inputs p and » and an auxiliary current terminal z, whose outgoing
current is the difference of input currents. At the x-terminals, output currents are
equal in magnitude, and the product of the transconductance gain (g,) and the voltage

at the z-terminal gives their magnitudes.
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Figure 2.1 : Ideal CDTA.

(a) electrical symbol (b) equivalent circuit

The port relations characterizing this device can be described by the following
expressions [24]-[33] :
Vp=v,=0 ;= Iy~ iy and Iy = GmV: = Emai, 2.1
where v, = i,.Z, and Z, is an external impedance connected at the terminal z. Thus,
according to the equivalent circuit of figure 2.1(b), the CDTA can be considered as a

combination of a current substractor unit followed by a multiple-output operational

71921
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transconductance amplifier (MO-OTA). Theoretically, an OTA is assumed as an
ideal voltage-controlled current source that can be described by i, = g(v'- v"), where
i, is the output current, and v* and v" are the non-inverting and inverting input voltages
of the OTA, respectively. Note that g, is a function of an external bias current.
When this element is used in CDTA, one of its input terminals is connected to ground

(e.g., v =0V). With multiple-output availability, iy = g,v" = gnVv, = gmZi; is assumed.

2.2.2 Non-ideal Behavior

In practice, the deviation from the ideal CDTA performance can be divided
into two categories, i.e., parasitic gain effects and parasitic impedance effects.
Considering the parasitics and transfer errors, the simplified equivalent circuit
represented the behavior of the non-ideal CDTA can be illustrated in figure 2.2 [34]-
[35]. These result from the series input resistances R, and R, at terminals p and n, and
the shunt output impedances (R,/C; and R,//C;) at terminals z and X, respectively.
More specifically, o, o, yand S are the parasitic current gains between the p to z, n
to z, and +x to —x terminals, and transconductance inaccuracy factor between the z to
+x terminals of the CDTA, respectively. These parasitic values slightly differ from
their ideal unit values by the effect of the CDTA tracking errors, those absolute values
being much less than unity. Therefore, for the non-ideal case, the terminal relations

of the CDTA describing in equation (2.1) can be rewritten by :
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Vp = Vn = O 9 iz = apip - anin ’
Ix+ = ,Bgmvz = ﬁngziz and ix. = }’ﬁgmvz = 7/Bngziz . (22)
i, R ideal CDTA Be,v, i,
P 0———L—‘—’V\I/’\l— p' 5'Y ¢ I +— 0 -X
Rx% I Cx
b R, Penv. iy
no—> 1+ w—| o z x|l 1 ——
R l(apip-anin) Rx% I Cx
—\WA—e =
C,
—F—e
)

Figure 2.2 : Simplified equivalent circuit of the non-ideal CDTA.

2.3 CDTA Realizations

This section considers the design approaches for CMOS and bipolar CDTAs.

Various structures that can be used to implement this element will be discussed in detail.

2.3.1 CMOS CDTA Realizations

2.3.1.1 Early Keskin and Biolek CDTA

An early simple realization of the CDTA by Keskin and Biolek is shown in
figure 2.3 [25]-[26]. In this circuit, transistors M; to Mj; perform the current
differencing operation while transistors M3 to Mys convert the voltage at the z-
terminal to output currents at the two outputs of the dual-output OTA (DO-OTA)

section. DO-OTA’s transconductance (g,) is controllable electronically via its bias
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current Ig3. Also, a resistor R, connected at the z-terminal can be used to adjust the
gain of CDTA, while the voltage at the output of DO-OTA is equal to v,=1i,Z, .

The gate terminals of the output transistors M;; and M, in current differencing
section are connected to bias voltages to provide drain output and high impedance at z
terminal (ideal current controlled current source, CCCS). Since an external resistor
with relatively low resistance value (at the order of few kQ) is connected to the z-
terminal, the use of diode-connected transistors M;; and M;; becomes advantageous
from integrated circuit (IC) manufacturing point of view. This is due to the fact that the

need for two additional bias-voltages is eliminated by using diode-connected transistors.

JB,C

Figure 2.3 : Early CMOS-based CDTA realization by Keskin and Biolek.

2.3.1.2 Uygur and Kuntman CDTA
Uygur and Kuntman have suggested a possible CMOS-based CDTA circuit
realization, which is used in a current-mode anti-aliasing video filter and suitable for

video signal-processing applications {27]-[28]. This technique is based on the use of
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a differential current controlled current source (DCCCS) [12] as an input stage,
followed by a floating current source (FCS) [36] which realizes the dual-output
transconductance. A complete implementation of this CDTA is presented in figure
2.4. The transistors M; to My function the input DCCCS stage, which is used for
transforming the differential input current to the intermediate voltage that is the
voltage at the z-terminal, while M7 to My, form the dual-output transconductor stage.
Due to the output transconductor stage is built by FCS, it is also reported for high-
frequency operation [36]. Note that, in this approach, aspects of the transistors Mg
and My should be chosen two times of the Ms, My and M;,, M3 transistors in order to
operate the input stage correctly. In this circuit, the g,-parameter is determined by

the transconductance of output transistors that can be approximated as [28] :

— gm18"2'gm20 (23)

Em

Figure 2.4 : Complete configuration of CMOS CDTA by Uygur and Kuntman.
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Summary of the performance of this CDTA element with CMOS process

parameters of 0.5 zm MIETEC technology is given in table 2.1.

Table 2.1 : Performance data of the CMOS CDTA given in figure 2.4.

| Technology 0.5 zm MIETEC
The supply voltages +Vpp =-Vgg =2.5V
Transconductance gain (g;,,) 400 uA/V
I/i, (-3 dB) bandwidth 497 MHz
i,/i, (-3 dB) bandwidth 301 MHz
rp (p-terminal input reistance) 1.24 kQ at 100 MHz
rn (n-terminal input reistance) 834 Q3 at 100 MHz
Power consumption 4 mW

2.3.1.3 Low-voltage CMOS CDTA

After the introduction of the CMOS CDTA realization, Uygur and Kuntman
have also described the low-voltage CMOS CDTA structure that can operate in
supply rails down to £0.75V [30]. In this configuration shown in figure 2.5, the
transistors M; to Mjo form an input stage that is realized by using flipped voltage
followers (FVFs) M3-My and M3-My [37]. To construct the current mirrors, the
outputs of FVFs are used as inputs p and n of the CDTA. The feedback action of FVF
circuits results in very low-input resistances at the p and n terminals (r, and r,,), which

can be calculated approximately using the following equations [30].
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where gn; and r,; represent the transconductance and the output resistance of the

transistors M;, respectively.
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Figure 2.5.: Low-voltage CMOS CDTA realization by Uygur and Kuntman.

For the output stage, it consists of inverters. Negative output (-x) is taken at the
output of the first inverter, signal is mirrored at the input of the second inverter that is
connected in a unity gain topology. The last one inverts the negative signal and also
produces positive output current (+x) [38]. Therefore, the transconductance
parameter of this CDTA is directly dependent on the transconductance of these
inverters, which is equal to the sum of the inverter transistor transconductances as
follows.

&m = 8mi1t+ &mi2 (2.6)
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In table 2.2, the performance of this CDTA is summarized in a tabular format.

Table 2.2 : Performance data of the low-voltage CMOS CDTA shown in figure 2.5.

Technology 0.35 tm AMIS
The supply voltages +Vpp =-Vss =0.75V
Transconductance gain (g,,) 210 pA/V

i/i, (-3 dB) bandwidth 87 MHz

i./in (-3 dB) bandwidth 20 MHz

rp (p-terminal input reistance) 25Qat1 MHz

r» (n-terminal input reistance) 25Qat1 MHz
Power consumption 3.7 mW

Bias voltages Ve1=-0.2V, Vg, =0.3V
Bias current 54 A

Input offset current 0.4 LA

2.3.1.4 High-performance CMOS CDTA

Recently, in 2008, Biolek and Keskin developed an improved CDTA,
combining the features of low parasitic input impedances and high-speed operation
[31]. Figure 2.6 illustrates the CMOS transistor-level structure of the high-
performance CDTA. The current differencer is implemented by transistors M; to My.
The voltage buffers provide low-input impedances and also keep the input terminals
at virtual ground (v, = v, = 0). The current mirrors convey the difference of input
signals to the z-terminal. The transistors M;; to Mjg form a DO-OTA, which is

composed of two inverting amplifiers. It should be noted that the two inverting
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amplifiers are the same configuration as that in figure 2.4. Performance data of the
improved CMOS CDTA with 0.35 gm n-well CMOS real process from TSMC are

given in table 2.3. Detail of model parameters is listed in Appendix A.1.

Figure 2.6 : High-performance CMOS CDTA realization by Biolek and Keskin.

Table 2.3 : Performance data of the high-performance CDTA shown in figure 2.6.

T o o rn

Technology 0.35 gm TSMC
The supply voltages +Vpp =-Vgs = 1.8V
Bias current (Ip) 40 uA
Transconductance gain (gn) 873 uA/V

ifiy , iy 1.36 GHz, 1.14 GHz
Ix+lip , Tx4lip 1.01 GHz, 0.93 GHz
ity , ix /iy 1.23 GHz, 0.96 GHz
Tp>tn 1920,192Q
r; (z-terminal reistance) 388 kQ

Fx+ > I'x- 16.30 MQ, 16.21 MQ
Power consumption 6.31 mW
Input current range 1210 pA
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2.3.2 Bipolar CDTA Realization

Interestingly, because of intrinsically higher transconductance values, bipolar
transistors can offer power dissipation advantages over CMOS technology realization.
Only bipolar CDTA described in the literature will be considered in this sub-section.
Tangsrirat and co-workers c'onsidered the design of the bipolar technology CDTA,
whose the complete schematic is depicted in figure 2.7 [32]-[35]. Note that in this
circuit, the transistors Q; to Qy; function as an input stage (i.e. the current differencing
circuit) followed by a DO-OTA implemented by using transistors Q;2-Qs¢. Thus, in
this case, the transconductance parameter g, of the CDTA is directly proportional to

the external bias current /o, which can be written by [33]:

]O
= 2.7
Em Wy (2.7)

where Vr = 26 mV at 27°C is the usual thermal voltage given by kT/q, k =
Boltzmann’s constant = 1.38x107 J/K, T = the absolute temperature (in kelvins), and

g =1.6x10"" Couloumb.

Q, IK Q,
i .
o——q

)

[
" Q,j—‘- ’ Q, 4
Q,F!«»—L/‘;:, Q Q,

Figure 2.7 : Bipolar realization of the CDTA by Tangsrirat et. al..
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Since the internal negative feedback transistors Q; and Qg are respectively
incorporated to achieve low input resistance at the input terminal p and n, the input

resistances r, and r, of this circuit will be approximately equal to [5], [33] :

Te9
r, =€ (2.8)
P ps :
-
and r,=-¢4 (2.9)
S

where r,; = Vi/I; and B; denote the small-signal emitter resistance and the common-
emitter current gain of Q;, respectively. Equations (2.8) and (2.9) show that, with
negative feedback factors (B and f%), the values of r, and r, are relatively low as
desired. Table 2.4 summarizes the simulated performance of the bipolar CDTA
realization using the transistor model of PR10ON (PNP) and NP10ON (NPN) of

bipolar arrays ALA400 from AT&T, which are tabulated in Appendix A.2.

Table 2.4.: Performance data of the bipolar CDTA shown in figure 2.7.

The supply voltages +Vee =-Vgg =3V
Bias currents (I; = I) 100 A
Transconductance gain (g,,) 2 mA/V

i,/i, (-3 dB) bandwidth 30 MHz

i,/i, (-3 dB) bandwidth 32 MHz
YpsTn 45Q,45Q
Tz, Tx 360 kQ, 713 kQ
Power consumption 3.23 mW
Input offset current 4 uA
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2.4 CDTA-based Fundamental Active Building Blocks
The following section introduces the basic CDTA-based building blocks used
for realizing the proposed current-mode filter structures. Several active building

blocks based on CDTAs and grounded capacitors are discussed in detail.

2.4.1 Current-Controlled Resistance
An electronically tunable resistance can easily be obtained using the CDTA as
shown in figure 2.8 [34]. Since iy = gnV; = gmvin and iy, = -i, = -(-iy) = -(-iy), the
input admittance (Y;,) seen at input port will be
i; i

Vin Vi

Clearly, the circuit in figure 2.8 acts as a grounded current-variable resistor.

—
P +X
n z X Yin = &m
_lﬂ, l iz = =
+ o

Figure 2.8 : CDTA-based controlled resistance.
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2.4.2 Current Proportional Block
Figure 2.9 illustrates the current proportional block based on the realization

with a single CDTA [39]-[40]. Its current transfer relationship can be found to be :

I, = [%"”-)(In ~I) @11)
Consequently, the current proportional block corresponds to the condition : ¥ = g;
(conductance). Furthermore, if the conductance g; is realized by the controlled
resistance of figure 2.8, then the resulting circuit, as shown in figure 2.10, functions as

an electronically controllable current amplifier without needing any external passive

resistors. In this case, the current gain (K) of this circuit can be expressed as :

K=—to _2&m 2.12)

In-Iin gm

From equation (2.12), it is worth mentioning here that the amplifier gain K can be

tuned linearly and electronically through adjusting the transconductance ratio

(gml/gm2)-

I 1

il ]
o> | p = —%

11'2 @ Io
o——— X =

n z
YQ

Figure 2.9 : Simple current proportional block using CDTA.
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Figure 2.10 : CDTA-based current-controlled current amplifier.

2.4.3 Current Lossless Integrator
Similarly, if Y represents an admittance of a capacitor Cj, or Y = sCj, the
current-mode lossless integrator is then obtained. The corresponding relation of the

ideal integrator becomes :

_| &m |y, -1,
’0"[sc1 )(1,1 In) @13)

2.4.4 Current Lossy Integrator
Another interesting structure is obtained when Y = g, + sC,. As shown in
figure 2.11, the current lossy integrator can be realized with the following current

realtion :

Eml
1, =|—2 Iy —-1; 2.14
0 (g2+sczj( il 12) ( )

In a practical viewpoint, the conductance g, may be realized by replacing with the
controlled resistance of figure 2.8. Therefore, the usage of any external passive
resistors is not necessary for this structure, which is especially important for achieving

higher integration.
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Figure 2.11 : CDTA-based current lossy integrator.

2.5 Conclusions

In this chapter, the essential characteristics of the CDTA including the detailed
circuit descriptions, circuit parameters and simulation results are discussed in detail.
It also briefly dgscribes the historical developments and some basic entities leading up
to the implementation of CDTA elements. The great merit of the CDTA-based circuit
realization is that the transconductance gain (g,) is available as a design parameter.
Thus, the need for external passive resistors is of course eliminated. This type of
circuit contains only CDTAs and grounded capacitors which can be very conveniently
implemented in monolithic form. In addition, this chapter also explains the basic
CDTA-based active building blocks, which will be used in the design of current-mode

filter structures in all subsequent chapters.
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CHAPTER 3

Resistorless Realization of Current-Mode First-Order

Allpass Filter Using CDTAs

3.1 Introduction

It is well known that the first-order allpass filter is widely used in several
analog signal-processing applications. In general, it is used for phase shifting from 0°
to 180° or from 180° to 0°, while keeping the amplitude of the signal constant over
the frequency range of interest. It can also be used to realize universal biquadratic
filters, to synthesize quadrature and multiphase oscillators, and to implement high
quality-factor frequency selective filters. Current-mode circuits are receiving much
attention because of their potential advantages such as wider bandwidth, wider
dynamic range, simpler circuitry, and lower power consumption. As a result, a
number of current-mode first-order allpass filter realizations using different active
building blocks were reported in the technical literature [1]-[12]. However, some of
these networks suffer from the use of floating resistors or capacitors [1]-[6]. The
networks reported in [6]-[8] use a number of passive elements with matching
conditions, but provide high impedance outputs suited for current-mode cascading.
Furthermore, most of the existed realizations do not include electronically tunability

property [1]-[3], [6]-[11]. Although first-order allpass sections with electronic tuning



40

properties were reported in [4]-[5], [13]-[15], the current-mode configurations of [4]-
[5] do not exhibit high output impedance while the works in [13]-[15] operated in
voltage-mode. In [12], an electronically tunable current-mode first-order allpass filter
realization was presented, which requires only current differencing transconductance
amplifier (CDTA) and three passive components. Moreover, most of them usually
realize either non-inverting or inverting types of allpass function [1]-[5], [7]-[14]. For
the realization of the complementary type, the circuit configuration need to be
changed. In view of above explanation, none of the earlier circuits is able to achieve
all the desirable features simultaneously.

This chapter presents the resistorless and cascadable current-mode first-order
allpass filter employing only two CDTAs and a single-virtually grounded capacitor,
which contains a minimum number of components. Due to electronically tunability
property of the CDTA, the phase response of the proposed circuit can be adjusted by
an external bias current. No component-matching conditions for realizing the allpass
functions are required. The circuit can realize both inverting and non-inverting types
of current-mode first-order allpass filters without changing circuit topology. The
proposed circuit also exhibits high-output impedance, which is easily cascading in the
current-mode operation. In view of the literature surveys, a comparison of the
previously reported realizations from [1]-[12] and the proposed circuit introduced in
this work is summarized in table 3.1. It reveals that the proposed circuit is capable of

achieving all the above-mentioned important parameters simultaneously. In order to
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illustrate the design utility of the proposed CDTA-based allpass section, an

application in realizing a current-mode quadrature sinusoidal oscillator is also given.

3.2 Circuit Description

Figure 3.1 shows the proposed resistorless current-mode first-order allpass
filter with electronic tuning properties employing only two CDTAs and one virtually
grounded capacitor. Due to internally grounded input terminals of the CDTA, one
end of the capacitor C connected in the structure is effectively grounded and the
problem associated with this capacitor is not expected. Therefore, the proposed
configuration is a canonical structure and is compatible with monolithic

implementation.

e ]

—f——{n S,
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@ X }—0
IAP-

]
1

Figure 3.1 : CDTA-based current-mode first-order allpass filter.
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A routine analysis of the circuit using the characterisc of the CDTA describing

in equation (2.1) yields the following current transfer function [Appendix B.1] :

-5 —
Tapy  Typ- Eml

= = (3.1)
Iin Iin 1+S(—£——)
Eml

From equation (3.1), it can be seen that the circuit can realize both non-inverting and
inverting type first-order allpass functions. As it is demonstrated in figure 3.1, the
proposed CDTA-based allpass section does not require any external passive resistor,
and any matching conditions for realizing first-order allpass function. Here, the pole
frequency of the circuit is expressed as :

Eml Ioy
w,=2m - Ol 3.2
° Cc gC (3-2)

and the phase responses are respectively given by :

Gap+ =2 tan_l(a)—CJ (3.3)
Emi
and é4p =180° —2tan™! ("’—CJ (3.4)
Eml

Equations (3.3) and (3.4) show that the proposed allpass filter can provide phase
shifting both between 0° to -180° and 180° to 0°. Moreover, the shifted 'phase value

can be controlled electronically by adjusting the value of g,.
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In this section, the proposed allpass circuit is studied taking into account the

non-idealities of the CDTA. Taking into account the parasitics and transfer errors of

the non-ideal CDTA described in section 2.2.2, the non-ideal current transfer

functions for the circuit of figure 3.1 can be expressed as [Appendix B.2] :

a2

IAP+ _

Cn2

+ an2Rp2

1-sC
ap2anlﬂ1gm] &p2

- n2)

Cz2

I‘ I

1
1+sC|————+R,, +R 2)
[anlﬂlgml P "

(3.5)
and
a0y T a 2Ry ]

_[@p2r2 - sC n2 N P2 _g,

I4p _ (o) ap2anlﬂlgml &p2
1.
in 1+( ! )+S[ sz J 1+SC(—1—-——+Rp2 +Rn2]
2 Pr8maRz2 Cn2Pr8m2 ) | & P18m
(3.6)

where Ry, Rni, Rz, Opiy Ois 1, f; and C;; denote the parameters Ry, Ry, Rz, &, G, % S

and C; of the i-th CDTA (i = 1, 2), respectively. Since usually R, >> 1 and

(1 a1 18m1) >> Rp2, Rz , equations (3.5) and (3.6) are approximately

477)

IAP+ =~

C

7]

1- s( )(
anBi&m N\ %p2

] (3.7)
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(apr) ] ]_S( C %)
Lyp_ _ Ao % i8m \ %p2 : (3.8)

T 1+s(—c—z—2——J l+s(——i—]
2 28m2 2 A8gm

It is apparent from equations (3.7) and (3.8) that the filter gain (H) is now dependent
on the parasitic current gains ap,, o2 and 7 of the CDTA2. To eliminate this effect, a
careful circuit realization of CDTA, which provides @, = a, = y= 1, should be strictly
considered. Similarly, the pole frequency @, of the proposed circuit is slightly
deviated from the ideal case by the factor a,,13). However, we can also alleviate the
effect of this factor by trimming the g..;-value. It is further noted that one extra pole
(@ = omfprgma/Csy2) due to the parasitic elements appears in the filter characteristic.
For a practical CDTA, C, << C, the frequency of @, is sufficiently higher than @, of
the proposed allpass circuit (@, >> ®,), thus the influence of @, on the frequency

response can be ignored.

3.4 Sensitivity Analysis
In general, the relative sensitivity of a circuit parameter G to the component of

variation x can be defined as:

G _Y%changeinG _ (AG/G)x100%

= = 3.9
¥ %changeinx  (Ax/x)x100% 3.9)
which can also be written as follows :
56 -9G/G_x 3G (3.10)

¥ 9x/x G &x
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Using the above definition, the incremental sensitivities of A and @, to active
and passive components for the introduced allpass filter described by equations (3.7)

and (3.8) are analyzed and also found as [Appendix B.3]:

Saa = Sany =Sy =1 (3.11)
Sfpl’anl’ﬂl’ﬂZ»gml =S¢ =0 (-12)
Sgr(z)l»ﬂl’gml ==S¢® = (3.13)
and 520 0 (3.14)

@ pl,@p2, @282
It is evident that the H and w, sensitivities are within unity in magnitude. Also, note
from the sensitivity results that / is only sensitive to variations of tracking errors of
the CDTA2. On the other hand, these errors have no influence on @,. To further
illustrate this point, for instance, let us assume that o = o = % = 0.99 (a -1%
change from their theoretical values, i.e., the unity value). From the defining relation

for H sensitivity in (3.11), we can find

AH__z Aapz SH + Aanz SH + A}’z SH

=(~0.01)1)+ (- 0.01}~1)+ (- 0.01)1) = -0.01
We may conclude, therefore, that the total effect of a -1% change in the values of oy,
o2 and p will produce a -1% change in the gain H. Clearly, in this case, H is

reduced by 1%, a -1% error.
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3.5 Simulation results

PSPICE program was carried out to check the workability of the proposed
circuit of figure 3.1. For the simulation purpose, the CDTA given in figure 2.7 was
constructed with the transistor model parameters of PR100N (PNP) and NP100ON
(NPN) [20] and DC supply voltages of +2 V. The designed capacitor value and the
bias currents of the CDTAs were chosen as : C =1 nF, Ip; = 100 uA and Ip; = 10 uA,
which leads to achieve f, = w,/27= 318 kHz, ¢g4p. = 90° and @yps = 270°.

Figure 3.2 shows the time domain responses of the proposed filters in which
100 pA peak sinusoidal input current at 318 kHz is applied. This causes the time
shifts of 805 nS and 2.38 48 at the filter outputs corresponding to the phase shifts of
about 92.3° and 271.1°, respectively, which are in good agreement with the

theoretical analysis.

120

Current (zA)

-120
2

Figure 3.2 : Time domain responses of the presented allpass filter in figure 3.1.
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Figure 3.3 : Frequency responses of the presented allpass filter in figure 3.1.

(a) magnitude-frequency responses  (b) phase-frequency responses

In figure 3.3, the simulated frequency domain responses of the proposed filters
are also shown for the designed component values as previously given. The simulated

phase-frequency plots of both types of the allpass filters for three different bias
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current -values are depicted in figure 3.4. It can be observed that the electronically

controllability of the phase response can be achieved through adjusting Io;.

180°
. oo [, =50 uA
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90°
—
f5)
©
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Non-inverting type
-90°
-180°
1k 10k 100k IM 10M

Frequency (Hz)

Figure 3.4 : Simulated phase responses when I, is varied.

With the above designed component values, the variation of the total power
consumption with the pole frequency f, for the proposed allpass filter of figure 3.1 is
shown in figure 3.5. It is obvious from the curve that the total power consumption is
found to be low and remains within 9 mW through the wide frequency range of 10

kHz-1 MHz. Thus, the results confirm the practical low-power operation of the

circuit.
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Figure 3.5 : Variation of total power consumption as a function of f,.

3.6 Application to Current-Mode Quadrature Oscillator Realization
As an application example, a current-mode quadrature sinusoidal oscillator is
realized by cascading the proposed allpass filter of figure 3.1 and the current lossless
integrator (CDTA3 and () of figure 2.9, and closing the circuit’s loop to provide a
unity loop gain at the pole frequency [21]. The resulting circuit is shown in figure 3.6.
Complementary circuit analysis using equation (2.1) yields the characteristic equation

of the circuit as the following relation :

s2 4| Bml _8m3 |, Em8m3 _ (3.15)
C] CZ C1C2

From equation (3.15), the oscillation condition and the oscillation frequency (w,)
obtained from the circuit can respectively be found as :
8mC2 = gm3Cy (3.16)

and
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EmEm3
a, = 3.17
? \f CiC, G17)
Furthermore, if setting C; = C, = C and gm = gm3 = gm , then the oscillator

circuit of figure 3.6 can be controlled to oscillate at the oscillation frequency of

[0)
f, =ﬁ=———2gﬂ”’c (3.18)

Note from above equation that the frequency of oscillation can be controlled

electronically by linearly adjusting the g,, -value.
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Figure 3.6 : Current-mode quadrature oscillator realized by

cascading the proposed allpass filter and lossless integrator.

Also from figure 3.6, the relationship between two quadrature outputs I,,,; and

Loun can be expressed as :

Toutd _ 8m3 (3.19)
Toun  sCo
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which shows that the phase difference (¢#) between I; and I, is equal to ¢ = 90°. This
means that the current I, and /., are quadrature outputs.

Figure 3.7 shows simulated time domain responses of the quadrature output
currents Joy and Io,, which demonstrates the 90° phase-shift waveforms. For this
purpose, the designed component values are chosen as : Ip; = Ipp = Ip3 = Ip = 100 yA
and C; = C; = C = 1 nF, which results in the oscillation frequency of f, = 318 kHz.
Additionally, figure 3.8 also shows the simulated frequency spectrums of the
quadrature outputs I, and I,,p. From the simulation results, the circuit gives the
oscillation frequency as f, = 283 kHz, and the total harmonic distortion (THD) is

found as 1.69%. Also, the total power consumption is found to be less than 9.89 mW.

Output current (A)

Figure 3.7 : Simulated waveforms of the quadrature outputs I, and L,

of figure 3.6.
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The simulated oscillation frequency when Iy is varied is represented in figure

3.9. The deviations between the theoretical calculated from equation (3.18) and

simulated values are less than 2%, 4%, 6% and 12% for Ip within the ranges 10-50

HA, 50-100 £A, 100-150 1A and 150-200 pA, respectively.
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3.7 Conclusions

In this chapter, a canonical current-mode first-order allpass filter is presented. It
can realize both inverting and non-inverting type allpass filtering functions by using
only two CDTAs and one virtually grounded capacitor. The proposed circuit has
following advantages : (i) the phase shift can be electronically tuned by an external
bias current; (ii) no matching condition is imposed for realizing the allpass functions;
(iii) since all the outputs are provided through high output impedance terminals, it can
be directly connected to‘the next stage without any impedance matching requirement.

The important features of the propose circuit are compared with those of previous

works in table 3.1.
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CHAPTER 4

Structural Generation of Current-Mode Two Integrator

Loop CDTA Filter Structures

4.1 Introduction

Two integrator loop structures are very popular and useful blocks to realize
biquad filters [1]-[4]. Nawrocki and Klein proposed a two-integrator loop universal
biquad with single-input and single-output using eight operational transconductance
amplifiers (OTAs) and two grounded capacitors [1]. In 1988, Sanchez-Sinencio et. al.
have systematically summarized and extended the work on the two-integrator loop
OTA-C filters based on the block diagram method [2]. In [3], the author developed
the Nawrocki and Klein biquad to derive many new filter structures. However, all the
above mentioned methods are based on the voltage-mode approach. Moreover, some
obtained filter structures in [2] need the capacitor injection of excitation signals in the
circuit design, which are not suitable for cascade implementation, and the resulting
floating capacitors are not suitable for integrated circuit (IC) implementation [5]-[6].
In 1996, a comprehensive set of current-mode continuous-time two integrator loop
filter structures incorporating dual-output OTA (DO-OTA) and capacitors was
developed in [4]. However, the structures also require capacitor injection of

excitation signals, which do not exhibit the feature of low-impedance inputs.
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Of the various methods of current-mode biquad filter design, those based upon
second-generation current conveyors (CCIIs) have been reported in the literature [7]-
[14]. However, most of them still require capacitor injection of input signal currents
[71-[9], [11], [13], [14], whereas the other also require an input current injection into
the external grounded resistance or internal parasitic resistance connected at the input
terminal [7]-[8], [10], [12], [13]. Thus, the low-input impedance characteristic is not
recommended for these structures. Ideally, it is preferred that the current-mode filters
should provide low-input and high-output impedances for easy cascadability to
implement higher-order filter and generation of additional filter responses by simply
connecting two or more responses.

Therefore, this chapter largely focuses on presenting a structural generation to
synthesize the two integrator loop filters with CDTAs. The proposed configurations
employ the current proportional blocks and current integrators based on using CDTAs
as the basic building units. By suitably selecting the input and output currents, the
derived filters can realize all the standard biquadratic filters, i.e., lowpass (LP),
highpass (HP), bandpass (BP), bandstop (BS) and allpass (AP), from the same
configuration. The resulting filter characteristics can be electronically adjusted with
separate tunable transconductances. All the filter structures contain only grounded
capacitors, which are helpful for easing the IC implementation. In addition, all the
proposed filters exhibit both low-input and high-output impedance levels, thus

permitting easy cascadability.
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4.2 Generation of Two Integrator Loop CDTA Filter Structures
Basically, the two integrator loop structures consist of a lossless integrator and
a lossy integrator. Figure 4.1 shows four different block diagram representations of
the basic two-integrator loop operation that will be used to illustrate the proposed
approach. Observe that figures 4.1(a) and 4.1(c) contain two negative-feedback loops
including two lossless integrators (1/s7; and 1/s7) and two proportional gain blocks
(Ao, A1 and A4y, A42), while figures 4.1(b) and 4.1(d) contain a single negative-feedback
loop consisting of one lossy integrator, one lossless integrator and one proportional
gain block. In considering two-integrator loop configurations of figures 4.1(a) and

4.1(b), the characteristic equation is identical and can be given by [Appendix C.1]:
Dy(s) = szrlrz +8704; + 4y 4.1

where 77 and 7 are the integrator time constants. Hence, the natural angular
frequency (@), bandwidth (BW) and quality factor (Q) for both configurations,

respectively, become :

W, = Ao (4.2)
R
Bw =" (4.3)
%
and o=L |41 (4.4)



61

]ol o __1__ 102
il +A - _1-
- ; ks Bl 5T
103
AO - AO -
(a) (b)
_l_ Iol _l_ 102 I + L ]ol‘ 1 102
5T, ST, b ST, | sT,t4,
103 I
A = 03 P
2 4, =
A, |
(©) (d)
Figure 4.1 : Two integrator loop structures.
(a) Configuration A (b) Configuration B
(c) Configuration C (d) Configuration D

In a similar way, we can obtain the same characteristic equation for both two-

integrator loop configurations of figures 4.1(c) and 4.1(d), written by [Appendix C.2]:
Dy(s)= stz +sTydy + Ay (4.5)

The parameters @,, BW and Q are, respectively, obtained as :

w0, = |0 (4.6)
172
BW =2 (4.7)
2
and Q=—r |72 .8)
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Let us now consider the CDTA-based circuit implementations of architectures
of figure 4.1. By employing the CDTA-based basic current building blocks described
in section 2.4, we can realize figure 4.1 in the current-mode domain. The
corresponding circuits derived from four block diagram structures of figures 4.1(a)-
4.1(d) are shown in figures 4.2(a)-4.2(d), respectively. The mathematical expressions
for the corresponding parameters @,, BW and Q, given in equations (4.2)-(4.4) and
(4.6)-(4.8), for all the derived realizations are summarized in table 4.1. All the
possible current transfer functions derived from figures 4.2(a)-4.2(d) are formulated
by the following expressions, where D;(s) and D,(s) are the same as in equations (4.1)

and (4.5), respectively.

For figure 4.2(a), [Appendix D.1]

—Iy +(sti+ 4)pn —A4l3—Ayliy

o2 Dy(s)
1, = =72 + (oA + A (s imp + Ag)i = (s7p Ao A i
Dy(s)
L (4.9)
Iy=2 Aolyy — Ag(sty + A1y — (Ao A i3 — sTpAg(sT1 + A1) ]34
Dy(s)

—(s7o4) + 4oy — (5T Ap) i + (s*ymp ) I3 + (P T70Ag) 14
Dy(s)

I3 +14 =




For figure 4.2(b), [Appendix D.2]

1, = 87— Aplip — (sTa4g) i3

. Dy(s)
Iy= Iy + (st + 4)jp — Apl;3
° Dy(s)
1. = Aol + Ay(sty + A + 5T Ay (s + A)j3
. Dy(s)

For figure 4.2(c), [Appendix D.3]

1, =872+ D)y~ Aolip — (572 4p) i34
ol ~—
D, (s)

_ = Aol — (smidp) i + (179 Ap) 34

I
o D, (s)

[,y == A0ln = Grido)i + (s*r17240) 134
° Dy(s)

For figure 4.2(d), [Appendix D.4]

I = (579 + Ap)i — Ay lip — Ao (572 + )13
o

D, (s)
I,= i+ (st)1ip — Aolis
D, (s)
_ Aol + (s dp)pp + 5114y (5o + Ap)l 3
103 -
D, (s)

v~

a
v
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(4.10)

(4.11)

(4.12)

It should be noted from equations (4.9)-(4.12) that, by suitably connecting the input

current terminals, all five standard biquadratic filtering signals can be realized. From

equation (4.9), it can readily be seen that the proposed filter configuration of figure



65

*p 9In31
~Um% 8 49 Nbﬂbmm g pug g £S P)ey v
iHthgTugIg| 1 73 tugruglay 25 15) (£ - tg ‘q uonengiyuo)
(9)7'p 2andy
Invgeug |\ eug (20 Nr\vﬁUvM g g €8 141
THYHgHg| €3 Tagrag | YU3TUzIUg 5 H cug - vug ‘3 uoneIngiyuo)
"4 2In31
HE8 18 1) N.U_UMM ug g Jug tg (@e 4
ItlgTagtag| 15 guguglug 45 5 - 13 ez ‘q uonengiyuo)
(e)7'y sm3y
THv31Ug \ €4y 15€8 iHlyrg cug g 14 141
IHVEgTUgZ| "€3 Taglag | vWgTuzug (45} H - tug vz ‘y uonengijuo)
1 ?..Lﬁ...w. Gk ' r._.,u..m.q EL r

7' 213y Jo sisyowrered 19)[1J oY) JoJ SuOIssaIdxy : I'p A[qBL




66

4.2(a) can provide lowpass (LP), highpass (HP), bandpass (BP), bandstop (BS), and
allpass (AP) current responses with different inputs and outputs. It is further noted
from equation (4.9) that the output current I,3 + I4 can easily be obtained by
connecting two corresponding terminals together. Equations (4.10) and (4.12) also
show that the conﬁgura;cions in figure 4.2(b) and 4.2(d) realize LP and BP
chafacten’stics, while equation (4.11) indicates that figure 4.2(c) provides LP, HP and
BP characteristics. It may be stated here that all of the above multifunction
biquadratic filters can be realized without any constraints on the component values,
and all the proposed configurations exhibit both low-input and high-output impedance
characteristics, which will be more convenient in terms of cascading and connecting
to other networks.

Furthermore, special types of CDTA-based biquadratic filters can be realized
from figure 4.1 by appropriately setting the proportional gain 4;,=1 (i =0, 1). Recall
that when 4o or 4; becomes unity, they can simply be replaced by the short-circuit
connection. The CDTA-based filter realizations derived from the configuration A of
figure 4.1(a) with 4o = 1, 4; = 1 and Ao = A, = 1 are respectively shown in figures
4.3(a)-4.3(c). The realizations of figures 4.3(d) and 4.3(e) are constructed with A¢g=1
of figures 4.1(b) and 4.1(d), respectively. Table 4.2 summarizes the expressions for
all the filter parameters for the derived structures obtained from figure 4.3. According

to figures 4.3(a)-4.3(e), the explicit expressions for the current transfer functions can

be derived as follows.
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Figure 4.3 : Special types of CDTA-based biquadratic filters of figure 4.1.

(a) Configuration A (when 4o =1)
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(e) Configuration D (when 4o = 1)

(b) Configuration A (when 4, = 1)

(d) Configuration B (when 49 =1)




For figure 4.3(a), [Appendix E.1]

—In— (st + 4Dl — 45

I,=
’ Dy(s)
15Ty + Alip + APy + DI
” Di(s)
oo w5724+ DIy — (57 + (Pl
027V 403~

Dy(s)

For figure 4.3(b), [Appendix E.2]

1 = it (57 +Dlip — Aolig
o Dy(s)

L= — AoIyy — Ag(s7y + Dy — 575 Ao (s71 + DIy
4=

Dy(s)

For figure 4.3(c), [Appendix E.3]

—In-(sn+Dip

Di(s)

I, =

For figure 4.3(d), [Appendix E.4]

1. =872y~ 1

? Dy(s) |
1, =ttt G+ 4)lip
2 Di(s)

For figure 4.3(¢e), [Appendix E.5]
_Gn+ -1 ]

Dy(s)

1, =In+Gmly

27 Dy(s)

Iol
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L (4.13)
! (4.14)
(4.15)
(4.16)
4.17)
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Clearly, equation (4.13) shows that the realization of LP, BP, HP, and BS
functions can be obtained from figure 4.3(a) by connecting the appropriate terminals.
In a similar way, equations (4.14)-(4.17) indicate that the realizations can directly
offer LP and BP functions.

From the mathematical expressions in tables 4.1 and 4.2, we can see that the
filter characteristics (@w,, B and () provide electronic tunability through an
adjustment of the associated transconductance g,; of the CDTA. From table 4.1, it
can be seen that, for all the proposed configurations in figure 4.2, the quality factor O
can be controlled without disturbing the natural angular frequency w,. Hence, all the
configurations of table 4.1 support an independent electronic-control of O and ..
Similarly, it can also be seen in table 4.2 that the proposed configurations of figures

4.3(a), 4.3(d) and 4.3(e) enjoy independent control of the parameters Q and .

4.3 Sensitivity Analysis
As mentioned previously in section 3.4, the incremental sensitivities of the
filter parameters G (= @o, BW, Q) to the element of variation x (= gi, gm, C;) may be

defined as :

G_(*Y9G
Sy _(G)(ax) (4.18)

Thus, using this definition, the sensitivities for the configurations in figures 4.2 and

4.3 with respect to transconductances g;, gm;, and capacitors C;, C, are calculated as
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either 0, or £0.5, or £1. This implies that the proposed filter configurations have low

active and passive sensitivities.

4.4 Analysis of Non-ideal Effects

| In practical sense, the performance of the proposed circuits may deviate from
the ideal by the non-ideal characteristic of the CDTA being used. For the non-ideal
case, the terminal relations of the CDTA describing in equation (2.1) can be rewritten
by equation (2.2) and repeated here as :

v=v,=0 ;= Oplp- iy, and iy = L2V, = fgmli; (4.19)

Therefore, using the above equation, all the proposed configurations of figures 4.2
and 4.3 are reanalyzed and the mathematical expressions for the non-ideal filter
parameters are respectively illustrated in tables 4.3 and 4.4, where o, a;,; and £; are
the parameters ay,, o, and S of the i-th CDTA (i=1, 2, 3, 4).

From tables 4.3 and 4.4, it can be observed that the tracking errors of the
CDTA may cause small deviations of the values of the filter parameters. However,
these deviations should not be seen as a drawback, as we can compensate these effects
as low as possible by appropriately tuning transconductance values. Also from tables
4.3 and 4.4, and according to equation (4.18), the sensitivity analysis of the filter
characteristics with respect to the CDTA tracking errors can be calculated, and reveals

that they are found to be not more than unity in magnitude.
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4.5 Effects of Parasitic Impedances

This section presents a study on the effects of parasitic impedances of the
CDTA used in the proposed filters. A non-ideal CDTA model including parasitic
resistors and capacitors, which is explained in section 2.2.2 and shown in figure 2.2, is
employed [15]-[17]. Therefore, taking into account the CDTA parasitics with a, = @,
= B =1, the frequency range of operation for the proposed filters can be considered as
follows.

Firstly, consider each z terminal of the CDTA in the proposed configurations of
figures 4.2 and 4.3 which are terminated with the external grounded impedances. It is
to be noted that the frequency responses of the filters strongly depend on the external
grounded impedances and the parasitic impedances at the z terminal. Therefore, the
filter frequency responses associated with this influence can be summarized as three
following cases.

Case 1) Consider the case of a parallel impedance R;//C; connected at the
terminal z, where R; = 1/g; and k£ = 1, 2. In the practical CDTA, the parasitic
resistance R, is normally much greater than the value of R; (R, >> R;), while the
parasitic capacitance C; is very much smaller than the grounded capacitance Cy (C, <<
Cy). Hence, in this case, it can be evaluated that the parasitic impedances of the z

terminal are not found to severely affect the filter performance.
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Case 2) If a grounded capacitor C; is connected at the terminal z of the CDTA,
there is a low-frequency limitation due to the capacitor Cy and the z terminal parasitic

resistance R,. In this case, the frequency range at low frequencies can be defined as :

fz[2 an = )=fu (4.20)
z>k

Case 3) If a grounded resistor R; is connected at the terminal z, the high-
frequency range of operation is limited by this resistor and the z terminal parasitic

capacitance C;. Thus, the high-frequency limitation of the filters can be defined as :

1
fs(—ZﬂR—,CZJ-fm (4~21)

Secondly, consider the n and x terminals in Figs.4.2 and 4.3 which are
connected together. It should be mentioned that there are double x terminals
connected to the n terminal, and a single x terminal connected to the n terminal of the
CDTA. Here, two cases for determining the frequency responses of the proposed
filters can be considered.

Case 1) Consider the configurations A and C, where the n terminal is
connected with two x terminals. In this case, the parasitic resistance R, will connect
in parallel with the parasitic impedances at two x terminals, i.e. (R.//R//R,//2C;).
Since R, << R,, the pole frequency that limits the high-frequency operation of these

filters can thus be approximated to

1
fs(mc ]=f,,2 (422)
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Case 2) Consider the configurations B and D, where each n terminal is directly
connected with only x terminal. In this case, the maximum frequency attributed to the
parasitic resistance R, and the parasitic impedances at the x terminal (R,//C,) can be

given by

1<) 2

Finally, to achieve ideal responses, the frequency range of operation of the
proposed configurations A and C should be restricted to the following conditions [18]
[ = frga,cy =01xmin{fg1, o2} (4.24)
and f = f, =10x max{f;,} (4.25)
or it can be conclude that the overall frequency range of the configurations A and C
canbe definedas f, < f < fy4c)-
Similarly, for a proper operation at high frequencies, the operating frequency of
the proposed configurations B and D should be selected as
S < fr(s,py =0-1xmini 1, fir3} (4.26)
Therefore, the overall frequency range of these configurations can be def"med

as f, SfoH(B,D)'

4.6 Simulation Results
To confirm the theoretical analysis, the proposed circuits were simulated by

PSPICE program. At present, there are several techniques to implement the CDTA
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active element in IC form. Nevertheless, the simulation results reported here were
obtained by using the CMOS realization of the CDTA proposed in [19], and already
shown in figure 2.6. This realization, design details of which are also given in section
2.3.1.4, was adopted because it provides very low-input impedances at the p and n
terminals (i'.e., rp = r, = 1.92 Q), and very high frequency operation. To perform the
CDTA element in simulations, TSMC 0.35-zm n-well CMOS process was performed
with dimensions of NMOS and PMOS transistors as that of [19]. The supply voltage
are £V = +1.8V, and the bias current is Jp =40 uA.

As an example, the proposed circuit of figure 4.2(a) was designed with the
transconductance values of g.,; = g; = 0.88 mA/V and the capacitance values of C; =
C; = 10 pF. This setting was selected to obtain the LP, BP and HP filters with unity
gain at f, = @w,/2wr = 14 MHz and Q = 1. Figure 4.4 illustrates the simulated
magnitude frequency responses, which are the same as expected characteristics. From
the simulation results, the power dissipation is approximately 19 mW.

To test the large signal behavior of the proposed filter, the total harmonic
distortion (THD) at the output of the BP response for sinusoidal input signal of 14
MHz was obtained. The THD results are depicted in figure 4.5, which clearly shows
that the percentage THD (%THD) is low and remains within acceptable limits of 4%

till input current of 200 zA.
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4.7 Conclusions

In this chapter, an approach for the structural generation of two integrator loop
filters using CDTAs and grounded capacitors has been presented. All of the proposed
filters have the following advantages :

(i) realization of all standard biquadratic filtering functions;

(1) making the filter characteristics electronically tunable in frequency response
using external bias current;

(iii) the capacitors in the structures are all grounded, which are highly suitable
for integrated implementation;

(iv) cascading can easily be achieved since they have low-input and high-output
impedance characteristics;

(v) low sensitivity performance.

On the whole, this approach is convenient for monolithic integration, and

suitable for cascading and electronic tuning.
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CHAPTER 5

Conclusions and Suggestions

5.1 Summary and Discussions

In summary, this thesis deals with the analog current-mode filter design and
resistorless realization with the implementation of the current differencing
transconductance amplifier (CDTA), which is newly reported active circuit building
block. For the CDTA device, it is realized through the cascade connection of a
current differencing circuit and a multiple-output operational transconductance
amplifier (MO-OTA). Some novel applications on the continuous-time current-mode
filter realized with CDTAs as active elements and grounded capacitors as passive
elements were developed.

The first developed circuit is the resistorless current-mode first-order allpass
filter section as shown in figure 3.1. It uses only two CDTAs and one virtually
grounded capacitor, which is a very simple structure and is a canonic design. When
compared with other similar circuits reported in technical literature, this design is
better in that it uses fewer components and gives both inverting and non-inverting
types of first-order allpass filter functions. Its phase response can be tuned
electronically. Another benefit offered by the circuit is that it provides high-output

impedance.
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In the second developed filter structures, a versatile family of two integrator loop
filter structures using CDTAs and grounded capacitors is generated. The basic filter
building blocks consist of current proportional blocks, current lossless integrators and
a current lossy integrator based on the use of CDTAs as the major active components.
It is demonstrated that the derived filter structures can realize a general class of
second-order current transfer functions. Since the resulting structures contain only
CDTAs and grounded capacitors, they are general and very appropriate for integration,
cascading and electronic tuning. All the filter structures provide both low-input and
high-output impedances. The influences of the CDTA non-idealities on the filter
performance are also studied.

In the circuits using CDTAs developed in this thesis, the important parametrs,
which are the natural angular frequency (w,), bandwidth (BW) and quality factor (Q),
are electronically tunable through the g,-value, and the tunability extends in a linear
manner over four decade. This is quite an effective range and gives most of the
practical coverage in the filter circuits in which these are supposed to work.

All the proposed circuits employ the grounded capacitors, which is one of the
fundamental requirements of the current-mode circuits. The use of grounded
capacitors has the merit that they occupy lesser chip area and thus results in an
increased component density.

Moreover, all the developed filters have been found to exhibit excellent circuit

behavior with respect to active and passive sensitivities. Sensitivity is one of the main



85

parameters of electronic circuits, as it determines the stability of performance that in
many cases is very essenstial. In all the circuits presented in the thesis, this parameter
is quite satisfactory. They have all the sensitivities of @,, BW and Q less than or
equal unity in magnitude. These figures are generally the values in which most of the
works reported at international level in the literature lie. This means that the research
produced meets this international criteria.

Finally, all the filter circuits developed in this thesis were tested through
simulation, and produces the responses that agree with the presented theory; thereby

confirming the truth of the concept leading to the development of these circuits.

5.2 Scope of Future Work

In this section, some comments and suggestions are presented, which may
facilitate further work.

The transconductance (g,,) of the CDTA is temperature dependent. In some
circuit designs, the g,s of the CDTAs appear in the ratio form, and hence cancel out.
However, in some circuits, this is not the case, and the g,s appear without canceling
each other. In such cases, there remains the possibility of parameter variation as the
temperature changes. Therefore, a suggestion for further work may be to go for the
design of these circuits with a modified architecture so that the whole structure
becomes temperature independent. Another suggestion is to add temperature

compensation to such the designs.
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In the case of the resistorless CDTA-based current-mode first-order allpass filter
shown in figure 3.1, it has been shown that the circuit operated in current-mode only.
Hence, a simple suggestion one is, of course, that the improvement of the allpass
section in figure 3.1 should be further developed and investigated in order to create a
mixed-mode (voltage/current/trans-impedance/trans-admittance) allpass filter using
CDTA. A resistorless CDTA-based mixed-mode allpass filter seems to be a more
interesting circuit.

As can be observed from all the circuit configurations developed in the thesis, we
found that the current differencing property at an input of the CDTA can be achieved
by the negative current feedback connection via the -x terminal. This implies that the
n terminal of the CDTA is unnecessary in these designs. Thus, in all the circuit
configurations, the newly reported active building block so-called current follower
transconductance amplifier (CFTA) can be used instead of CDTA. The CFTA can be
thought of as a combination of the current follower and the multi-output operational
transconductance amplifier. Its behavior is quite similar to the CDTA element, in
which the current follower is used instead of the current differencing unit at the input
stage. As a result, all the resulting circuits can reduce hardware and power
consumption. It is also advantageous in terms of saving chip area from the point of

view of integrated circuit implementation.
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APPENDIX A

A.1 TSMC SPICE Model Parameters for Level 3, 0.35 um n-well
CMOS Real Process Parameters
TSMC (Taiwan Semiconductor Manufacturing Company, Ltd.)

NMOS TRANSISTOR

.MODEL MN NMOS

+ LEVEL=3 TOX=7.9E-9 NSUB=1E+17 GAMMA=0.5827871 PHI=0.7

+ VT0=0.5445549 DELTA=0 UO=436.256147 ETA=0 THETA=0.1749684
+ KP=2.055786E-4 VMAX=8.309444E+4 KAPPA=0.2574081 RSH=0.0559398
+ NFS=1E+12 TPG=1 XIJ=3E-7 LD=3.162278E-11 WD=7.046724E-8

+ CGDO=2.83E-10 CGSO=2.82E-10 CGBO=1E-10 CJ=1E-03 PB=0.9758533
+ MJ=0.3448504 CJSW=3.777852E-10 MIJISW=0.3508721

PMOS TRANSISTOR

.MODEL MP PMOS

+ LEVEL=3 TOX=7.9E-9 NSUB=1E+17 GAMMA=0.4083894 PHI=0.7

+ VTO0=-0.7140674 DELTA=0 UO0O=212.2319801 ETA=9.999762E-4

+ THETA=0.2020774 KP=6.733755E-5 VMAX=1.181551E+5 KAPPA=1.5
+ RSH=30.0712458 NFS=1E+12 TPG=-1 XJ=2E-7 LD=5.000001E-13

+ WD=1.249872E-7 CGDO=3.09E-10 CGSO=3.09E-10 CGBO=1E-10

+ CJ=1.419508E-03 PB=0.8152753 MJ=0.5 CJSW=4.813504E-10 MJSW=0.5
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A2 AT&T ALA400-CBICR Models Typical Case 8/31/87 Revision 1

NPN TRANSISTOR

* NR10ON-1X NPN TRANSISTOR

.MODEL NX1 NPN RB=524.6 IRB=0 RBM=25 RC=50 RE=l
+ IS=121E-18 EG=1.206 XTI=1.538 XTB=1.538 BF=137.5

+ IKF=6.974E-3 NF=1 VAF=159.4 ISE=36E-16 NE=1.713

+ BR=0.7258 IKR=2.198E-3 NR=1 VAR=10.73 ISC=0 NC=2
+ TF=0.425E-9 TR=0.425E-8 CJE=0.214E-12 VIJE=0.5

+ MJE=0.28 CJC=0.983E-13 VIJC=0.5 MIC=0.3 XCJC=0.034

+ CJS=0.913E-12 VJS=0.64 MIJS=04 FC=0.5

PNP TRANSISTOR

* PRIOON-1X PNP TRANSISTOR

.MODEL P PNP RB=327 IRB=0 RBM=24.55 RC=50 RE=3
+ IS=73.5E-18 EG=1.206 XTI=1.7 XTB=1.866 BF=110.0

+ IKF=2.359E-3 NF=1 VAF=51.8 ISE=24.1E-16 NE=1.650
BR=0.4745 IKR=6.478E-3 NR=1 VAR=9.96 ISC=0 NC=2
TF=0.610E-9 TR=0.610E-8 CJE=0.180E-12 VIJE=0.5
MJE=0.28 CJC=0.164E-12 VIC=0.8 MIC=0.4 XCJC=0.037
CJS=1.03E-12 VIJS=0.55 MIJS=0.35 FC=0.5
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APPENDIX B

B.1 Current Transfer Function of First-Order Allpass Section of

Figure 3.1
Consider the circuit configuration of figure B.1. It can be seen that CDTAI
performs the current-variable resistor as explained in section 2.4.1, and CDTA2 is
now connected as the current differencer. Therefore, the current transfer function

characteristic of the circuit can be derived as follows.

Current differencer

R - =
. 5
Lo 5
— i
i CDTA . ou § _Lae
' X : 0
i @ t A
. P 2z X s > 5
I e e ;
—>
o——9¢ Bt ettt x
- i I— + ~J i
g ’zT ! * cpta " ;
O, . :
i X :
] Z i
1 ' l _:I?_ i
—_ i :
‘_V I H
Current-controlled resistor
rzl= ]/gml

Figure B.1 : Configuration for determining the current transfer function of figure 3.1.

Owing to the CDTA1 performs as a grounded resistance simulation circuit; its

input resistance looking into the z-terminal (r,;) is thus equal to

yp = —— (B.1)

Considering I, = -ip = iy = iy, and applying the current division at an input

node, the currents /; and I, are
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n=|-En 1, (B2)

Emi

and

1
12= —z,— Iin . (B3)
I+ ——

Emi

where g, is the transconductance gain of the i-th CDTA (i = 1, 2).

Consider the CDTA2, we have for the output current (/,,,) at the terminal +x as :

Iout =iy = &maR;0in = gm2R22(12 _11 _Iout) ’

1
SO Iout(r_'_gMZJ:ng(Iz—Il) .

z2

However, under the condition with an open circuit at the terminal z (R;; — ), the

above equation can reduce to

Toy =1~ 1 (B.4)
Substituting /; from equation (B.2) and I, from equation (B.3) into equation

__1 ( )
Iout gml

2 ( C ) (B.5)
1+s| —
Eml

Since Iy = I4p+ = -I4p. , we also obtain the following current transfer functions.

)
-5 —
IAP+ :_____IAP-— - g"ﬂ) (B6)

i i 1+ s(i
Eml
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B.2 Non-Ideal Current Transfer Function of First-Order Allpass

Section of Figure 3.1

In this section, the effect of CDTA non-idealities on the performance of the
current-mode first-order allpass filter in figure 3.1 is analyzed. The characteristics of
the non-ideal CDTA circuit were considered previously in section 2.2.2. Therefore,
taking into account the non-ideal CDTA behavior and its parasitic elements as
depicted in figure 2.2, the simplified circuit of figure 3.1 for determining the non-ideal
current transfer characteristic can be represented in figure B.2(a). In analyzing this
circuit, r;; represents the equivalent input resistance looking into the z-terminal of the
CDTAIL. Here, the circuit for calculating the resistance r;; can be illustrated in figure
B.2(b). By inspection of figure B.2(b), we found that

12 = "izl = '('anlinl) (B7)

and inl = ,Blgmlvzl (B8)
which gives the equivalent input resistance

vzl 1
Py == ——— B.9)
g I a,158m

Consider the simplified circuit shown in figure B.2(a). The current at the x-

terminal is determined by

iol = ﬁlgm2v22 = ﬁLgMZ(apZipZ - anZinZ)ZZZ

Now i =15 and i = I +i,, gives

iol
ZzZ

+ @2 528m2io1 = Pa8m2(@p2la — anply) (B.10)

Rz2

where Zzz = R22 // sz = m—z—a
Z zZ

(B.11)
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1, c R, ideal CDTA i =8¢ v,

/ ¢ oW X [ R I +x2
., @ o, R, % C,
o9 +x' i :[

5 p2 R, ' ' ' RE -7 Lip.
_._’._m_/vm,_ p A -X . 4 I o
g R,z &c,it2
(see figure b) (apz’pz'anz'nz) I Z
RzZ _i‘;”_} L
—\VW\—s ——o o
C R l c -x2
x2 x2
! Z,
(o)
z2
(@)
p2 Ry
O AV _l_
B8V ideal CDTA g | in
<+ n -
® Py +x' v L AAA~ O
+x1 1 : ! nl
Rxl :I:Cxl @
+x1 -7 ' 1 l Rpl pl
— o : _I._ +X A P ——J\N\,———-o—l
RXI% ]: CX] R‘l =
I —AA—e
C.
—F—
I li:l =-Q, = -2, 6,8,V
—
o Iy
|'—> + z1
vzl
r.= Ve, pg,, i -
(b)

Figure B.2 : (a) Simplified circuit for determining the non-ideal current transfer
function of figure 3.1.

(b) Circuit for calculating the equivalent resistance 7.
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Combining equation (B.10) and (B.11), we find that

ol
iy = ! [ p22 —11] (B.12)
1 sC a
1+ 22 n2
22 Br8maRz2 @2 Pr8m2
Because 1>> ! , the above equation reduces to
2 Pr8maRz
a0l
i = lc [ pz2 —11] (B.13)
1+__S_L 27%)
Cr2Pr8m2
Next, at the input of figure B.2(a),
1
Ve =(L)]1 sc |, |1 V. (B.14)
o) A IR RN L el i
sc "
(Rup 1/ Ryp)
here Zyy =R IRy 11Cy = i X B.15
wher n2 n2 x2 x2 1+S(R,,2 //RxZ)CxZ ( )
and Vin ={ra1 + Rpa )12 (B.16)

which combines to obtain

I - [S(rzl +Rpo)C :l] _ {[S(m + Rpp)CIIL+5(Ryp // Ry)Ci]
= =22

I, (B.17)
1+ 5Z,,C 1+ 5(Rp // Rip X(Crg +C)

Normally, Rp; << Ry, and Cy; <<C, in which case equation (B.17) reduces to

+R,5)C
L= S(Lﬁ)__ I, (B.18)
1+SRn2C

Here, I = i;, — I, thus we have
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n

11[ s(rz1 + Rp2)C }m B.19)

1+ s(rzl + sz + an)c

Also, taking [, = i;, — I}, and substituting /; from equation (B.19) yields

I = L= sRypC i (B.20)
1+ s(rzl + sz + an)C

Now, substituting /; and /; from equations (B.19) and (B.20) into equation

(B.13) and rearranging leads to

i 1 ap2 1-sR,,C : 5(rs1 + Rpp)C I
ol SCra || @na \ 1+ 5(r1 + Rpp + Ru)C | \ 14501 + Rpp + Ri)C )|

1+
2 8m2 i

Ep2 1—g @n2 1 + a"ZRPZ R, C
a0 Zp2 % 18m @p2

. (B.21)

an2162gm2 anlﬁlgml

= SC <4
1y ——22 1+s(——i—+Rp2+R,,2)c
|

Usually, 1/gm1 is >> Rp2, R, equation (B.20) can then be approximated to

aﬁ 1—s __C__ﬁ’lz_
O A1 B1&m1 %p2

i 1 =
1 + S(- S "_"—) 1 + S('-— — _"J

Iin (B.22)

Finally, since Iyp+ = i,) and Iyp. = -pi,1, the two output currents of the circuit are thus

ap2 ] s C A
Xn2 A1 P18 mi Xp2

Tup. =
o 1+s[_cz_2._) m(L]
228 m2 1 P18m

L, (B.23)
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Ap2Y2 ] —d € o
On2 Canﬂ]gml & p2

1+ s(———czz J 1+ s(———c )
| \2mnf8m2 %1 18m

and Lip. = Iy, (B.24)

It is apparent from equations (B.23) and (B.24) that the pole frequency w, of the
circuit is slightly deviated from the ideal case by the factor &, . Also, one extra
pole (@ = 0nfgm/Cn) due to the parasitic elements appears in the filter
characteristic.

In this case, the filter gains of both types of allpass sections are obtained as :

Cp2
Hyp,=—~ (B.25)
an2
24
and H p. =222 (B.26)
an2

which are dependent on the parasitic current gains @, &2 and » of the CDTA2.
Furthermore, the phase responses obtained from equations (B.23) and (B.24) are

respectively calculated as:

¢AP+=tan"l __oC  ay _tan”! aC
aplﬂlgml xp2 aplﬁlgml

—Jtan| —2C %2 |, gt 2C (B.27)
] Ap1B1&m1 Xp2 ap1518m

and Pap-=— tan™)| - oC__ Gn ~tan™! _oC
aplﬂlgml Zp2 aplﬁlgml

—tan | —2C %np |l 9C (B.28)
Ap1518m1 Xp2 & p1518m1
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B.3 Sensitivity Analysis of Figure 3.1 with Respect to Active and

Passive Elements
The term “sensitivity” is used to express the degree of influence of a variation in
the value of one (or more) component on the performance of the circuit in which it is
embedded. In general, the relative sensitivity of a parameter G to the component of

variation x can be defined as:

G _YchangeinG _ (AG/G)x100%

= B.29
%changeinx  (Ax/x)x100% B.29)
which can also be written as follows :
G _ 0G/G __x_aG (B.30)

* T ox/x TG ox

To show this, let us consider the current-mode first-order allpass filters using
CDTAs depicted in figure 3.1, where its parameters Hyp. and Hyp. are obtained from
equations (B.25) and (B.26) as :

Hyp, =2 (B.31)
Cp2
[#4
and Hyp =222 (B.32)
124%)

For example, from equation (B.31), the active sensitivity of the filter gain H4p. to the

variations in @, is therefore given by

gHap+ _ _%p2 O(Hgpy)
“p2 H 4p+ a(apZ)

(B.33)

Substituting Hyp+ from equation (B.31) into (B.33), we get
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—~ —r P

a
S;]AzP+ = p2 En2 - 7] =1 (B.34)
p [apzj 6(ap2) 2 4%)
[\ %2 ) | A

Equation (B.34) readily shows that the H4p. sensitivity with respect to @,y is equal to
unity. In a similar way, it is easy to show that the sensitivities of the filter parameters

H and o, with respect to active and passive components are found to be :

H _ H __ H _
Saps = ~Sam =Sy, =1 (B.35)
s SH =0 (B.36)

apl.anl,P1:P2:8m1 €

Do — <% _
So Brgm = —SC° =1 (B.37)
and S0 0 (B.38)

@ p1,%p2,%n2,5 B

It is clearly observed from equations (B.34)-(B.38) that the active and passive

sensitivities of the parameters H and , are less than unity.



98

APPENDIX C

C.1 Characteristic Equations of Two Integrator Loop Structures of

Figures 4.1(a) and 4.1(b)

According to the two integrator loop structures of figure 4.1, the configurations of
figure 4.1(a) and (4.1(b) can be redrawn as illustrated in figure C.1. Therefore, a
detailed analysis for determining the characteristic equations of both schemes is as

follows.

(a) (b)
Figure C.1 : Two integrator loop structures of figures 4.1(a) and 4.1(b).
(a) Configuration A (b) Configuration B

Referring to the configuration A of figure C.1(a), the equivalent gain block (G;)

can be obtained from the closed-loop system principle as follows.

)
G = (”1 S (C.1)

1+(—1—A1] ST+ 4)
ST
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Because the two blocks (G and 1/s,;) are connected in cascade, then we have

G(s)=G1( ! ) 1 (C2)

sty) (s71+ A)(s72)

With the same principle, the closed-loop transfer function (73(s)) of the whole

system can be found from

1
Ti(S) _ N](S) _ G _ [(STI + A])(STz):| _ 1 (C3)

DI(S)—1+A0G—1+AO[ 1 ]—szrlrz + 51041 + 4y

(s71+ 41)(s72)

In the above equation, the denominator polynomial D(s) is called the characteristic

equation. Then, the characteristic equation for this structure may be written as :
Dy(s) = 521'11'2 +5194;+ 49 =0 (C4)

Similarly, in considering the configuration B of figure C.1(b), we may also

obtain
D p— C5)
(s71+ A4)(s72)
and
)=t e . ()
Dl(s) 1'*'AOG RS (%) +S1'2A1 +A0
which gives
Dy(s) = s%tyty + s1pdy + Ay =0 (C.7)

It is of interest to note that equation (C.7) is identical to the characteristic equation

obtained from the configuration of figure C.1(a).
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The standard expression for the denominator of the general biquadratic transfer

function may be written in the following form :
D(s) = s* +[—a—)Q-‘l]s +co§ = 52 +(BW)s+cog (C.8)

where @, (= 27f,) is the natural angular frequency in radian per second, the ratio w,/Q
is the bandwidth (BW) and Q is the quality factor of the function. Thus, by
comparing equations (C.4) and (C.7) to the standard form of equation (C.8), we

respectively identify the important filter parameters as :

o, = |20 C.9)
L]

Bw = (C.10)
3!

and 0=+ f@ . (C.11)
4V

This reveals that we can now determine the component values to satisfy the given

design parameters.
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C.2 Characteristic Equations of Two Integrator Loop Structures of

Figures 4.1(c) and 4.1(d)

In the same way, the two integrator loop structures of figures 4.1(c) and 4.1(d)
are redrawn as shown in figures C.2(a) and C.2(b), respectively. The block diagram
shown in figure C.2(a) can be simplified as shown in the lower part of the figure,

giving
Ges)=| - |G, = I (C.12)
sy ! (STI)(S‘I'z +A2) '
and
N
L=28__6 _ - 1 (C.13)
Dy(s) 1+A40G  s%7y7y + 57,45 + Ay
From equation (C.13), the characteristic equation of figure C.2(a) is
Do(s) = s2tyry + sTdy + Ay =0 . (C.14)

(a) (b)
Figure C.2 : Two integrator loop structures of figures 4.1(c) and 4.1(d).
(a) Configuration C (b) Configuration D
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Also, from figure C.2(b), we have

N.
L=2®__ G _ S 1 (C.15)
D2(S) 1+AOG $TTITy +ST1A2 +A0
where G(s) = : . Thus, the characteristic equation of figure C.2(b)
(s71)(572 + 42)
is then
Dy(s)=s%ti7y + sTydy + Ay =0 . (C.16)
which is identical to equation (C.14) obtained from figure C.2(a).
Comparing equations (C.14) and (C.16) with equation (C.8), we see that
0, = |0 (C.17)
7172
BW = A (C.18)
72
and 0= 1 |4 (C.19)
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APPENDIX D

D.1 Current Transfer Function of Configuration A of Figure 4.2(a)
Reconsider the proposed CDTA-based biquadratic filter shown in figure 4.2(a).
In this calculation of the current transfer function, we have redrawn the circuit

diagram as shown in figure D.1. By straightforward analysis, the current transfer

function of this circuit can be derived as follows.

I il _Iol 102
o I__ p -X p +x i 0o
® I, @
n 7z +X o n 7z =X
1
-(103+I°4)T I C‘ l Iol fcz l -102
103 - I o4 -
O——— +¥ n O +x n
4 | ® ® |
X z P 0 X 2z Pr—>0
-104 = =

Figure D.1 : CDTA-based biquadratic filter of figure 4.2(a).

By inspection of figure D.1, the currents at the x-terminals of all the CDTAs can
respectively be given by :

Iy = (—g'"l J(I,-l + 1,3+ 104) ®.1)
SCI
Iy =—(-—g'"2 J(Iol +1p) (D.2)
SC2

Ip3 = ('&"*3‘)(1:'3 —1,) (D.3)
b4

3
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and Ig= (%i)(zm +1,) . (D.4)

Substituting equations (D.1), (D.3) and (D.4) into equation (D.2) gives

Lo In+(sty+ 4 + A3l 5 + Aglig (D.5)
02 Dl(s) .

where Dy(s)= 527172 + 5Ty + 4y = sz[&CL—J + s( C28m3 J + (g’"4 ] (D.6)

EmEm2 Em283 84
and =1 | =2 | 4-8m g 4 -8m (D.7)
Eml Em2 83 84

Further, by substituting equations (D.2) and (D.4) into equation (D.1) then we
have
I = (s79) i — Aolin +(sT94p)ia +(s72)] 03
(s>ny72 + 4p)

Substituting /,; from above equation into equation (D.3) results in

1, =~ T2 + (hA)ip + Aoyt + o)Ly = (570 Ao
o

Dy(s) ®-5)
From equations (D.1) and (D.3), we find that
(stMoy =In + 13 +1og = In + A(I;3 = Io1) + 154
or I = Iy + A4l + 154 (D.9)

(ST] + Al)

Using equations (D.9) and (D.2) in equation (D.4) gives

- Aol — Ao(sTy + Ay - (31024;))1,-3 + Ag(s*Ty7y + 5T A 4 (D.10)
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Similarly as we did earlier in Appendix C, by equating like terms of equation

(D.6) and equation (C.8), we also find that

w, = %) =\/gm1gm2gm4
GBL7) 84G G

BW = i4_l_= Em1&m3
71 &G

and 0=+ ,AOTI __ &3 ,nggm4C1 _
4N 72 gm3\ &m&4Cy

(D.11)

(D.12)

(D.13)
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D.2 Current Transfer Function of Configuration B of Figure 4.2(b)

Consider the proposed CDTA-based biquadratic filter of figure 4.2(b). Its
circuit diagram has been redrawn as shown in figure D.2. The derivation for the

current transfer characteristic of this configuration proceeds as follows.

il Iol 112 102
> I —_—>
o——Ip @ +x o O p @ +x b—o0

n A -X n A -X
1 c,
8 Icl :__[
_— _ '102
‘___
+X n

Figure D.2 : CDTA-based biquadratic filter of figure 4.2(b).

In figure D.2, the output currents flowing out from the x-terminals are
respectively found as:

Eml
Iq= Iqa—-1 D.14
ol (g1+sf1 j( i 03) ( )

Iy =(gL2J(101 +1j) (D.15)
SC2

and

Is3 =(§m_3j(li3+102) (D.16)
£3

Inserting equations (D.15) and (D.16) into equation (D.14), and solving this for
I, gives
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101 - (STZ)II'I — AOII'Z - (S72A0)1i3 (D.17)
Dy(s)

where Dl(s)=s21112+s12A1+A0=s2(——c—1£2—]+s( Ca81 )+(g”’3] (D.18)
Em1Em2 Em1&m?2 g3

and fq=—=L | =2 | g4=S5L and 4y=5md (D.19)
Eml Em2 Eml g3

Substitution of equation (D.14) into (D.15) yields I,; as

I, = Iy + (st + A1) 1ip — Aol (D.20)
Dy(s)

Again, substituting I,; and /,; from equations (D.14) and (D.15) into equation

(D.16), and rearranging gives

I+ ST1 + A~ + S2‘[T +8T74))1;
1, = Aol + Ap(s71 + 4) }§1<st( 172+ s724) 113 (D21)

Finally, comparing equations (D.18) and (C.8) reveals that the important
parameters @,, BW and Q for this configuration are :

Em1Em28m3
o, = ,————— (D.22)
? 83C1Cy

Bw =51 (D.23)
G

and Q____l_\/gmlgngmZ%Cl . (D.24)
g1 83C2
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D.3 Current Transfer Function of Configuration C of Figure 4.2(c)
Consider the proposed CDTA-based biquadratic filter of figure 4.2(c). Here, to
derive the current transfer function, its configuration is shown again in figure D.3.

From complementary circuit analysis, the x-terminal currents of the CDTA are

characterized by the following equations:

I I I I
il ol 2 02
— +X p—o ra—— +x
p p
® 1, ©)
n z =X > n gz +Xx
i 1 1
Al Icn -103T Icz Iozl
-X n -X n
104 @ 1134 103 @ Ii34
T z pPF— | T+ z pIF¥——

Figure D.3 : CDTA-based biquadratic filter of figure 4.2(c).

Iy = (—g'"l ](1 i1+ 1o4) (D.25)
SCI
I =(M](Ii2 + 1, +1,3) (D.26)
SC2
103 = (gM3 )(1134 - 02) D.27)
&3
and loa = (%)(1134 ~I2) - (D-28)
4

Substituting equations (D.26) and (D.27) into equation (D.28), and rearranging
gives
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I+ Ayling +1
I =A01i34*Ao[ 2 (”22 ;3:12) Ol}

Further substituting I,4 into equation (D.25), we have, after simplification,

I = (579 + A )M — Aplip + (sT24p) i34 (D.29)
Dy (s)
where Dy(s) = 321112 +s7147 + Ay (D.30)
and le_C—l 5 1'2=__C_2_. s Azz_gmi ,and Aoz_g_’_ni (D.31)
Eml Em2 84 &3

Solving for Io; by inserting equations (D.25) and (D.28) into equation (D.26),

we get

(*r17) g = Iy + (s7) 1 + Aplizg — Aplon +(s71)1 3 (D.32)

which, after substituting /,;3 from equation (D.27), gives

Iy= Iip+ )i +(sT14p + Ag) i34
o

D.33
Dy(s) ®33

Also, solving for I3 by inserting equation (D.32) into equation (D.27), we get

_—Aly —(st)lpp + (1172 4) i3
Dy(s)

Iy D.34)

Doing the same by inserting equations (D.25)-(D.27) into equation (D.28), we

then obtain

I = — Aol —(sT140)]p +(s*r17240) 134 (D.35)
Dy (s)

Finally, by comparing equation (D.30) with equation (C.8), we can identify the

important parameters ., BW and Q as following expressions :



and

. = EmEm28ma
[4]
\’ 84G1C,

830,

_ 8 |8m&maCa
0= )
gm3 \ &€m284C1
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(D.36)

(D.37)

(D.38)
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D.4 Current Transfer Function of Configuration D of Figure 4.2(d)
Figure D.4 shows the proposed CDTA-based biquadratic filter of figure 4.2(d)

that will be used for the determining the current transfer relations. From this circuit,

we find that :
Iil Iol I 2 102
o——p +X o0 O p +X b——o0
® 1, @
n z X n z =X
1 ¢
:I:: g2 Cz 1-102
L 1
0.
+x n

'
o
v
o~
()

o————— =X

z p

Figure D.4 : CDTA-based biquadratic filter of figure 4.2(d).
In =(@J(Iil _103)
SCI

. Em2
Ip=|—2m2 |1 41,
02 (g2+SC2 )( ol 12)

and I;3= (E‘MJUB +1,)
&3

(D.39)

(D.40)

(D.41)

Insertion of equations (D.40) and (D.41) into equation (D.39), and solving this

for 1,) gives

1, =BT+ )i — Aolin — (573 + A) Ao li3
! Dy(s)

(D.42)
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where Dy(s)= 527112 +stpdy + Ay (D.43)
and =Sl =2 | 4-8 ad 4=8m (D.44)
&ml Em2 Em2 &3

Then, the current I,; is simply derived by substituting /,; from equation (D.39) and I3
from equation (D.41) into equation (D.40), yielding

I =Ii1+(srl)1i2_AOIi3 (D 45)
” Dy(s) '

In the same manner, the current I3 is also obtained by substituting /,; from

equation (D.39) and I,; from equation (D.40) into equation (D.41), yielding

2
1, = Aol + 6Tl + lg;(r;fz +s71dy) Adoli (D.46)
S

Finally, comparing\ equations (D.43) and (C.8) results in the following important

o, = EmEm28m3 (D47)
U 833G G

BW =52 (D.48)
G

parameters.

and Qz_l_ \/gmlnggm3C2 _ (D.49)
82 830
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APPENDIX E

E.1 Current Transfer Function of Configuration A (when Ay =1)
of Figure 4.3(a)

According to figure 4.1(a), if we setting 4o = 1, then the configuration can be
reduced to figure 4.3(a). To derive the current transfer function, let us consider the

configuration represented’ in figure E.1, where the currents at the x-terminals of the
CDTAs are found as :

I.] ’Iol 102
—> —> —>
o—p -X P +X b———o

O, I, @
n z X —=21In z X
I 1 I
1 [ 1
St [ n

-I 3 @ I i -1021

2 PRLEES
X z Pl—o
T-Io2 an}

Figure E.1 : CDTA-based biquadratic filter of figure 4.3(a).

Io1 =(§'"—1J(1i1 + 1oz +1p4) (E.1)
sCy
Iy = _(__gmz J(f o1 +1i2) (E.2)
SCZ
and Iz = (—%3)(1,-3 —1Ip) . (E.3)

Substituting I, from equation (E.2) and 1,3 from equation (E.3) into equation
(E.1), and solving for I, gives
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_ )l ~Iip + (57413

151 E4)
° D)
where Dl (s)= SZTITZ + STzAl +1 , 7= -—C—l-— , Tp= -—Cl- and Al = Em3 (E.5)
Emi Em2 &3

Similarly, by substituting equations (E.1) and (E.3) into equation (E.2), we have

_—In+ G+ 4)lp - Al

I, (E.6)
° Dy(s)
Using equations (E.1) and (E.2) in equation (E.3) gives
2
L= = (st )1y + Al + A(s“Ty7y + )15 E7)

Dy(s)

In this case, by equating like terms of equation (E.7) and equation (C.8), we also

EmEm?2
0. = f___ E8
° GG, (E8)

BW = Em18m3 (Eg)
83Cy

and 0=-253 ’&"2_(‘1 . (E.10)
gm3 N 8mC2

obtain that
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E.2 Current Transfer Function of Configuration A (when 4, =1)
of Figure 4.3(b)

Consider the configuration of figure E.2 obtained from figure 4.1(a) when

setting 4; = 1. For this case, the output currents /,; and I,4 can be calculated by the
following steps.

i 'Iol 102
— —p — >
o——p =X P +X pb——o

® I, @
n gz *X —=ln z =X
1 1
¢ G l_]
2
llol 1 I . 1 ’
o
o——4X n
-1, ] @ 1y

X z P
Figure E.2 : CDTA-based biquadratic filter of figure 4.3(b).

From the circuit,

ISE (gﬂ)(fn ~ 11 +1,4) (E.11)
SCl
Iy = ('g—’lz')(lol +11) (E.12)
SC2
and log = -(g?"::‘"}(fm +1) (E.13)

Inserting equations (E.12) and (E.13) into equation (E.11), and solving this for
I,; gives

= (st — Aplip —(sT24p) 4 (E.14)
! Dy(s) ‘
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where Dl(s)=s2rlz'2+s1'2+A0 , z'l=—C1— , rzzg and A0=igﬂ4— (E.15)

Eml Em2 84

Again, substituting I,; and I,4 from equations (E.14) and (E.13) into equation

(E.12), and rearranging gives

I =Iil+(STl+1)Ii2~AOIi4 (E 16)
o Dy(s) '

and also solving for I,4 by substituting equations (E.11) and (E.12) into (E.13), we

have

I4= = Ayl = Aop(sTy + Dy — Ap(s°TyTa +579)]j4 (E.17)
Dy(s)

At last, by comparing equations (E.15) and (C.8), the important parameters ,,
BW and Q for this configuration are found as :

EmEm28ma
o, = (Sfiencomd (E.18)
TV 84GG

Eml
BW ==72 .19
G, (E.19)

and 0= 8m28maC1 . (E.20)
\ 24gmCa
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E.3 Current Transfer Function of Configuration A
(when 4o = A; = 1) of Figure 4.3(c)
Consider the configuration of figure E.3 obtained from figure 4.1(a) when

setting Ao = 4; =1. In this configuration, the currents I,,; and I, are

Iil -Iol 102
Summ— X p ~ %

e~
[N

n

®
z X z
I A &

Figure E.3 : CDTA-based biquadratic filter of figure 4.3(c).

I, = (—g”“ J(Iﬂ —I,+1p) (E21)
SC}
and Iy =—(gﬂ](1,-z +1,1) (E.22)
SC2

Combining equations (E.21) and (E.22), the currents I,; and /,, becomes

(s7)i —1ip
] =—= 1= - (E23)
O
Iy="10" (st + D1 (E.24)
Dy (s)
where Dy(s) = szrl‘rz +stp+1 , 1= S and 75 = L2 (E.25)
Eml Em?2

Comparing equation (E.25) with (C.8), we obtain

o, = |Bmi8m2 | g _8&m nq oo [8Bm2G (g
C1C2 C] gm1C2
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E.4 Current Transfer Function of Configuration B (when 4, =1)

of Figure 4.3(d)
With reference to figure 4.3(d), it is shown again in figure E.4. The output

currents I, and I,; are

Iil Iol Il2 102
— p +x o o p x —%
® 1, ©)

n z X n z X

il c,
b4 I C, 1
= = -102,
2=

Figure E.4 : CDTA-based biquadratic filter of figure 4.3(d).

Eml

I;= Iy -1; E.27

ol (g1+sC1J( il 12) ( )

and Iy = (MJ(IQ +1,) (E.28)
SC2

Using equations (E.27) and (E.28), we thus have

(sT2)yy —1jp
=t le 29
ol Dl(s) (E.29)
Iy + (st + DIy
I, == I (E.30)
° Dy(s)
where D](S) = S2‘l'l‘l'2 + S1'2A1 +1 , 7= —C'—l , Tp = —C'l~ and Al = —g—l—- (E31)
Eml Em2 Eml

and compared with equation (C.8), giving

0, = |SmEm2 gy 8y oo [EmEmC (pag
GG, q G
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E.S Current Transfer Function of Configuration D (when A4y =1)
of Figure 4.3(e)

As shown in figure E.5, the block diagram is the configuration D shown in
figure 4.3(e) when 4o =1.

Iil Iol It2 IoZ
o—p +x o o p -X f—o
® 1, @

n 7z X > n z X

1

I

L. & G,

) 102 I
4 = =

Figure E.S : CDTA-based biquadratic filter of figure 4.3(e).

For this configuration,

I, = (—gml J(I i1-152) (E.33)
SCl
and I =(——g'"2 )(1,-2+101) (E.34)
g2 -+ SC2

Equations (E.33) and (E.34) lead to

_ (st + )y —1pn

I, = (E.35)
’ D(s)
I; +‘(S‘Z'1)1'2
Iy =112 (E.36)
T Dy
where Dj(s) = s21'11'2 +stpdy +1 , 7 =—C1— , Tp =—§—2— » Ay =52 (E.37)
Eml Em2 Em2

and w, = Em1Em2 . BW _82 . 0= 1 18m8&maCo (E.38)
GG, &) g2 G



120

APPENDIX F

The research leads the papers that can be published in international journals and

conferences. The list of publication papers is listed below.

F.1

1y

2)

3)

F.2

1

2)

Publication Papers in International Journals

W. Tangsrirat, W. Tanjaroen and T. Pukkalanun, “Current-mode multiphase
sinusoidal oscillator using CDTA-based allpass sections”, International Journal
of Electronics and Communications, vol.63, no.7, pp.616-622, 2009.

W. Tangsrirat, T. Pukkalanux; and W. Surakampontorn, “Resistorless
realization of current-mode first-order allpass filter using current differencing
transconductance amplifiers”, Microelectronics Journal, vol.41, no.2-3, pp.178-
183, 2010.

W. Tangsrirat and T. Pukkalanun, “Structural generation of two integrator loop
filters using CDTAs and grounded capacitors”, International Journal of Circuit

Theory and Applications, Published Online: Jul 10, 2009, DOI: 10.1002/cta.616.

Publication Papers in International Conferences

T. Pukkalanun and W. Tangsrirat, “CDTA-based current limiters and
applications”, Proceedings of 2008 IEEE Asia Pacific Conference on Circuits
and Systems (APCCAS-2008), Macao, China, November 30 - December 3, pp.
1070-1073, 2008. '
T. Pukkalanun and W. Tangsrirat, “Current-mode two integrator loop CDTA
filters”, Proceedings of The 5% International Technical Conference on
Circuits/Systems, Computers and Communications (ITC-CSCC 2010), Pattaya,
Thailand, July 4-7, pp. 1164-1167, 2010.
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each stage. Moreover, its oscillation condition is adjusted
by tuning the ratio of extemnal passive capacitors, which is
not well controlled. In viewpoint of integrated circuits (ICs),
controlling circuit parameters electronically is much easier
to realize than by changing the values of passive compo-
nents,

Recently, a new current-mode active element with two
current inputs and two kinds of current output, which is
called a current differencing transconductance amplifier
(CDTA), has been introduced [10]. This device is a synthe-
sis of the well-known advantages of the current differenc-
ing buffered amplifier (CDBA) [11] and a multiple-output
transconductance amplifier to facilitate the implementa-
tion of current-mode analog signal processing. As a result,
many applications and advantages in the design of various
current-mode circuits using CDTAs as active elements have
received considerable attention [12-17]. These applications
have proven that the CDTA is a versatile active building
block for current-mode signal processing applications. Un-
til now, there is only current-mode quadrature oscillator
circuit based on CDTAs, which is recently reported in [16].
However, it produces two sinusoidal output currents with
only 90° phase difference.

In view of the above explanations, a novel current-
controlled current-mode MSO topology realized by using
CDTA-based first-order allpass sections is proposed. The
proposed oscillator circuit can produce 2n-phase output
current signals (n = 2,3,...) of identical frequency and
equally spaced in phase. Benefits of the proposed circuit
are the absence of passive resistors, and the capacity for
orthogonal electronic tuning of the oscillation condition
and oscillation frequency (o) through the bias current
of the CDTA. It also exhibits low active and passive sen-
sitivities, and possesses high output impedance that can
be easily cascaded for current-mode systems. Simulation
results verifying theoretical analyses are included.

2. Basic principle

2.1. Current differencing transconductance
amplifier (CDTA)

The circuit representation and the equivalent circuit of
the CDTA are shown in Fig. 1. The terminal relation of
the CDTA can be characterized by the following set of
equations [10]:

Up =0y, =0

g =ip—ip and

x = 8mV; = gmZ,i; 4]
where p and n are input terminals, z and +x are output
terminals, g is the transconductance gain, and Z, is an

external impedance connected at the terminal z. According
to above equations and an equivalent circuit of Fig. 1(b),

_’ —X_’
Vp o———— p +x [0 V.,
i CDTA i
x
Ly +—
Voo——2 | o 2 x F——ov,
lliz
V.
(a)
'P L 5uiataiai ittt ] i
—p H 3
5 I ) > )
p O 4 ) o v,
¢ 1
: !
: A ;s H oy
: (lp-l") i O Vs
in 1 Y
— ! 7\ ) — .
[ S S pr—t e O
Vn ¢ < En'y ' v,
+ ]
: :
] < g v 1
) \/ m i
1] 1
) )
] 1
] +
) )
1] 1]
] '

Fig. 1. CDTA. (a) Circuit representation; (b) equivalent circuit.

the current flowing out of the terminal z (i,) is a difference
between the input currents through the terminals p and n
(ip —in). The voltage drop at the terminal z is transferred to
a current at the terminal x (i;) by a transconductance gain
(gm), which is electronically controllable by an external bias
current (/o). These currents, which are copied to a general
number of output current terminals x, are equal in magnitude
but flow in opposite directions.

Although there are several techniques to realize the
CDTA, one possible bipolar realization is shown in Fig. 2
[17]. It mainly comprises a current differencing circuit
formed by two current followers Q;-Qg, a basic current
mirror Q10~Q11, and a multiple-output transconductance
amplifier Q12—Q30. In this case, the transconductance gain
gm of the CDTA is directly proportional to the external bias
current /o, which can be written by

T 21
where Vr =26 mV at 27°C is the thermal voltage.

8m (2)

2.2, CDTA-based current-mode first-order allpass
section

Fig. 3 shows the resistorless current-mode first-order all-
pass section employing only two CDTAs and one virtually
grounded capacitor. Routine analysis using the defined equa-
tions in (1), the current transfer function of the circuit in
Fig. 3 can be characterized as

o _ 1= 5(C/gma)

fin - 1 +5(C/gma) ©)
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Fig. 3. CDTA-based current-mode first-order allpass section.

where gn, is the transconductance gain of the CDTA,. As it
is demonstrated in Fig. 3, the CDTA-based circuit does not
require any external passive resistor, and does notrequire any
matching condition for realizing first-order allpass function.
The phase response (¢) of this section is expressed as

¢ =—2tan"! (gﬁ) @)

8ma

which varies from 0° to —180° as w goes from zero (DC) to
infinity. An examination of Eq. (4) reveals that the shifted
phase value can be controlled electronically by adjusting the
transconductance gmq.

— oul
—

x p—————
n z ol P z
St

Fig. 4. CDTA-based current-controlied current amplifier.

2.3. CDTA-based current-controlled current
amplifier

Fig. 4 illustrates a current tunable current amplifier, which
is composed of only two CDTAs without the use of external
passive elements. In this case, the current gain (K) of this
circuit can be expressed as
ot _ g = B 5)

tin 8my

where gy and gmy represent the transconductance gains of
CDTA, and CDTA,, respectively. Note from Eq. (5) that
the amplifier gain K can be tuned linearly and electronically
by adjusting the ratio of the bias current /,//,.

3. Proposed current-mode MSO circuit

The proposed current-mode MSO topology is given in
Fig. 5. It consists of n cascaded CDTA-based allpass sec-
tions of Fig. 3. The output current iy, of the nth stage is fed
back to the input of the first stage through the current am-
plifier of Fig. 4. Note that the current amplifier performing
a feedback path has the gain of —K. An attractive benefit
offered by this configuration is the absence of the external
passive resistor, which is suitable for integration point of
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Fig. 5. Proposed current-mode MSO circuit.
view [18,19]. Assuming that gmia = 8m2a =" = &mn = &m be rewritten as
and C} = Cy = --- = C, = C, the loop gain L(s) of the I
proposed structure in Fig. 5 can be given by .= amn
y
1-s(C " .
L) = — K|:—————————S( /3'“)] and
14+5(C/gm) Io -
— n Mo = ta (—) 12
=~ (gm") [—————l S(C/g'")] © (2v1~c> "\2n (12)
&my 145(C/gm)

According to the Barkhausen criterion, the condition
for the proposed MOS circuit of Fig. 5 to produce and
sustain sinusoidal oscillations of frequency wo(=2nf,) is

that
. 8mx 1 "‘j(Uo(C/gm)]"
L = | 22} | ——m————— | =1 7
Geoo) (gmy> [] + jmo(C/gm) O
and
=X ¢))]
n

where n2>2. Eq. (8) shows that there are n outputs io; (i =
1,2,....n) of each shifted in phase by 180°/n available
from the topology. Eq. (7) provides the oscillation condition
and the oscillation frequency () for values of n (i.e.,, n =
2,3,4,..)as

8mx =1 ©)
8my
and
Wo = (%’") tan (%) (10)

Further, by substituting Eq. (2) into Egs. (9) and (10), the
oscillation condition and the oscillation frequency can now

According to Egs. (11) and (12), it is concluded that the
(o can be tuned electronically and linearly through the bias
current Ip without affecting the condition of oscillation,
which can also be controlled electronically by the ratio of
I, /1y without influencing the w,. Therefore, the circuit pro-
vides attractive feature of independent linear-current control
of the frequency and the condition of oscillations. Addition-
ally, by the use of an inverted version of the output current
of the CDTA, the 2n-phase output currents (ig,. il . . ., igy)
are also obtained from the same topology.

4. Effects of CDTA non-idealities

In this section, the effect of CDTA non-idealities on the
performance of the proposed circuit is studied. Fig. 6 shows
the simplified equivalent circuit that will be used to repre-
sent the behavior of the non-ideal CDTA. These mainly re-
sult from its finite parasitic elements and non-ideal current
transfers. As can be seen, there are parasitic resistances (R,
and R,) at terminals p and n, and parasitic resistances and
capacitances (R,, C, and Ry, C,) from terminals z and x to
the ground. In the same figure, ap=1-¢;, [¢p| €1 is the cur-
rent transfer error from p to z terminals, ay =1—¢,, [e5] <1
is the current transfer error from n to z terminals, and g
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[

Fig. 6. Simplificd equivalent circuit of the non-ideal CDTA.

o

is the transconductance inaccuracy factor from z to x termi-
nals. Taking into account the non-ideal CDTA characteris-
tics, the modified current transfer functions of Figs. 3 and 4
can respectively be rewritten as

fout _ [ (2p/0n) ]
fin 1+ 5s(Cy /o fgmp)

I:l —5(C/apPgma +1an/ap_Rn):| (13)
1+ 5(C/ozfgma + Rp + Rn)

and

ig_lﬁ — K — (@p/2n)(8mx/8my) (14)

fin (1 '|'2-§'Cz/0‘nﬂgmy)(l + sR;Cy)

Therefore, re-analysis of the proposed MSO circuit
in Fig. 5 using Eqgs. (13) and (14) with C>C;, C; and
1/gma > Rp, Ra, the modified oscillation condition and w,
can be described, respectively, by the following relations:

n+l
(3)-) s
my P

and

Wy = (O‘L’éﬁm) tan (-2-7%) (16)

1t should be mentioned here that the oscillation condition is
mainly affected by the current transfer errors («, and a,) of
the CDTAs. However, the effect of these errors can be easily
accommodated by tuning the ratio of gmyc/gmy (or Ic/1y).
Also, one can see that @, is slightly deviated from the ideal
case by the factor of «,f . Therefore, to compensate this
effect, it can be done by slightly adjusting the g,,-value.

The w,-sensitivity analysis with respect to the parameters
of the active and passive element used can be given by:

S,;';" =0 an
S::“ = Sl(;)" = S;:"" =1 (18)
and

S¢e=-1 19

Eqgs. (17)-(19) show that the sensitivity values are within
the range of |S|< 1 and, therefore, are low.

5. Simulation results

In order to validate the operation of the proposed current-
mode MSO topology in Fig. 5, a six-phase MSO (n = 3)
has been designed. The circuit was simulated using PSPICE
program. The CDTA was performed by the schematic bipo-
lar implementation given in Fig. 2 with the transistor model
parameters of PRIOON (PNP) and NP10ON (NPN) of the
bipolar arrays ALA400 from AT&T [20]. The power supply
voltages were chosen to be +V=—V =3V and the values of
the bias currents were equal to /5 =100 pA and /g =50 pA.

The output waveforms and frequency spectrums obtained
from the proposed MSO structure of Fig. 5 are, respectively,
shown in Figs. 7 and 8§ with /o = 100pA and C = 1 nF.
The simulated frequency of the oscillation was found to be
180kHz, while the theoretically calculated frequency us-
ing Eq. (12) was 183 kHz. From the simulation results, the
phase differences of icy, io3, iy, i, and i,')3 comparing with
io1 were respectively measured as 62°, 121°, 181°, 241° and
300°, which are very close to the corresponding predicted
values. The total harmonic distortion (THD) in the output
waveforms io), io2 and i,3 were approximated to 1.4%.
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Fig. 9. Oscillation frequency (fo) as a function of the bias currents
lo.

The variability of the oscillation frequency ( f,,) as a func-
tion of the bias current (/g) is shown in Fig. 9. It can be seen
that the circuit exhibits a large tuning range. The difference
between the theoretical and the simulation results especially
in high bias current value region is mainly attributed to the
deviation of the gpy-value that differs from the calculation
value.

6. Concluding remarks

In this paper, an electronically controllable current-mode
MSO topology is presented. The proposed MSO is imple-
mented through the proposed CDTA-based current-mode
first-order allpass filters and current-controlled current am-
plifier as the building blocks. The circuit can produce 2n-
phase of equally spaced in-phase output currents, and all
of them have high output impedance, which can be directly
cascaded in current-mode operations. Moreover, it provides
the attractive feature of independent electronic control of
the oscillation frequency (w,) and the oscillation condition
by varying the bias current of the CDTA. It is demonstrated
from PSPICE simulation that the results agree well with the
theoretical analysis.
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Table 1
Comparison of proposed allpass filter with previously reported ones.

Allpass  Nurnber of Numbe; of ) Witlout High output Grounded/\:inually Resistorless Ef;ctronicﬁlly Realisat;ﬂity of both
filters active elements  passive’elements c¢onstraints/ impedance groundeéd capacitors circuit tunable the allpass types
conditions
11 1 4 x v x x >;‘ x
12} 1 3 x x v x x x
[3) 1 2 > x v x x %
[4] 12 1 x fir x x [2d » x
[5] 1 2 x x x [ v x’
f6] 1 3 ® v x x x »
{71 2 4 X v v »” x x
18] 2 -3 x > v x x x.
(9] 1 2 LA v Lyl x x x
[10} 1 2 = » » d x * x
1 1 2 » v > x X x
112] _ ' 1 3 V. 24 1 x IL) X 4
Proposed 2 1 v v v v » [
a external bias current Jo, which can be written by:
I, Io
i l i gm= v (2
Vo—2 1 p x>0V, _ .
. where Vr= 26 mV at 27 C is the thermal voltage.
i CDTA ,L Fig. 3 shows the proposed resistorless current-mode first-order
o ian z X oV, allpass filter with electronic tuning properties employing only
- two CDTAs and one virtually grounded capacitor. Due to
ll L internally grounded input terminals of the CDTA, one end of the
capacitor C connected in the structure is effectively grounded and
v the problem associated with this capacitor is not expected.
b Therefore, the proposed configuration is a canonical structure
F e o and is compatible with monolithic implementation. A routine
v s ; ; —<r analysis of the circuit using the describing equations given in Eq.
' b : (1) yields the following current transfer function:
Do "o, 1s( ;_)
i, | i Ipe __laro _ Emt @)
v, o—__’_i__ <; 8 H o st v, Iin Iim 1 +S<g_£'_)
) Em': From Eq. (3), it can be seen that the circuit can realize both
i ! non-inverting and inverting type first-order allpass functions. As
H + ! it is demonstrated in Fig. 3, the proposed CDTA-based allpass

Fig. 1. CDTA: (a) circuit representation, (b) equivalent circuit.

output terminals. The port relations characterizing this device can
be described by the following expressions [12,16]:

Vp=Vn=0, fp=ip—in and ix=gmV:=_gnZ:i; Q)
where g, is the transconductance gain of the CDTA, and Z; is an
impedance connected at the terminal z. From Eq. (1) and Fig. 1(b),
the current through the terminal z (i,) follows the difference of
the currents through the terminals p and n (i,—i,), and flows from
the terminal z into an outside impedance Z,. The voltage drop at
the terminal z (v,) is then transferred to a current at the terminal x
(ix) by a transconductance gain (g,), which is generally
controllable by an external bias current.

One possible bipolar realization of the CDTA circuit used in this
work can be shown in Fig. 2 [17,18]. From the circuit diagram,
transistors Q;—Q;, function as an input stage (i.e., the current
differencing circuit) followed by a muitiple-output transconductance
amplifier implemented by using transistors Qq2— Q3. Thus, in this
case, the transconductance gain g, is directly proportional to the

section does not require any external passive resistor, and any
matching conditions for realizing first-order allpass function.
Here, the pole frequency of the circuit is expressed as:

~Em _ o

Po==E = 30;C” )
and the phase responses are respectively given by:

Pppy =—2tan™! (;;ic—) (5)

m1
and
bap. =180 ~2tan"! (325) 6)
ml

Egs. (5) and (6) show that the proposed allpass filter can
provide phase shifting both between 0-—-180° and 180°-0°.
Moreover, the shifted phase value can be controlled electronically
by adjusting Ip;.

3. Effects of non-ideal CDTA

In this section, the proposed allpass circuit is studied taking
into account the non-idealities of the CDTA. Considering the
parasitics and transfer errors, the simplified equivalent circuit
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Fig. 2. Possible bipolar realization of the CDTA.
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Fig. 3. Proposed COTA-based current-mode first-order allpass filter.
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Fig. 4. Simplified equivalent circuit of the non-ideal CDTA.

represented the behavior of the non-ideal CDTA can be illustrated
in Fig. 4 [19]. These result from the series input resistances R, and
R, at terminals p and n, and the shunt output impedances (R.//C;
and R,//C,) at terminals z and x, respectively. More specifically, o,
o, y and B are the parasitic current gains between the p-z, n-z,
and +x to —x terminals, and transconductance inaccuracy factor
between the z to +x terminals of the CDTA, respectively.
Normally, the parameters o, &,, 7 and f are deviated from their
idea unity values by the tracking errors. Thus, by taking these
effects into consideration, the non-ideal current transfer functions

for the proposed circuit of Fig. 3 can be expressed as:

aps =[ (%) ”“sc(a,,—«f.‘m’fg"«’—ﬂ"' -Rn)]
’in l+(m;‘l‘.—a§;) +S(;;§‘;E) 1+Sc(ﬁ|—‘:‘— +RP2+RH2)
@

and

- (sm)

a2

I _
Jin [l + (mfgm +s (a..zcﬁfzmz)

1-5C (it + a2 —Rua)
1 +SC(&:AE:|- +Rp, +R,,2)
®)

where Rpi, Rui, Rz, 0t Oni, V1, i and C; denote the parameters R,,
Ru, Ry, 0tp, &y, 7, B and C; of the i-th CDTA (i=1, 2), respectively.
Since usually Rz > 1 and (1/ctq1 $18m1) > Rp2. Ru2. Egs. (7) and (8)

are approximately
[tz o

e [ ()
T T [1 +s(m°}f;m—,) 1+5(ﬁﬂiﬁ)

Tl

It is apparent from Egs. (9) and (10) that the filter gain (H) is
now dependent on the parasitic current gains oz, a2 and y, of
the CDTA2. To eliminate this effect, a careful circuit realization of
CDTA, which provides o, o, =y =1, should be strictly con-
sidered. Similarly, the pole frequency w, of the proposed circuit is
slightly deviated from the ideal case by the factor «,15,. However,
we can also alleviate the effect of this factor by trimming the gm:-
value. It is further noted that one extra pole (wp=0tn2f28m2/Cr2)
due to the parasitic elements appears in the filter characteristic.
For a practical CDTA, Gz <G, the frequency of wy is sufficiently
higher than w, of the proposed allpass circuit (wp » @,), thus the
influence of w, on the frequency response can be ignored.

The incremental sensitivities of H and w, to active and passive
components for the proposed allpass filter described by Egs. (9)
and (10) are analyzed and also found as:

H H _ ¢cH _ —cH _
Sanz - _S“nz - SY: =1, Sggl.anl-ﬁl,ﬂz&n - SC =0 amn
and

Vo —CWo __ o -

1 B 8m1 S‘é’ =1, S::u Ap2.2m1.82 0 a2)

It is evident that the H and w, sensitivities are within unity in
magnitude. Also, note from the sensitivity results that H is only
sensitive to variations of tracking errors of the CDTA2. On the
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other hand, these errors have no influence on w, To further
illustrate this point, for instance, let us assume that
0p2=0n2=Y2 2 0.99 (a —1% change from their theoretical values,
i.e., the unity value). From the defining relation for H sensitivity in
Eq. (11), we can find

AH _ (Aay Adtn Ay,
H T ( p2 )Sg"’+( o2 )sy“+ (_}T;)SH’
= (=0.01)(1)-+ (=0.01)(—1)+(~0.01)(1) = —0.01

We may conclude, therefore, that the total effect of a3 —1%
change in the values of o, an and y; will produce a — 1% change
in the gain H. Clearly, in this case, H is reduced by 1%, a — 1% error.

4, Simulation results

PSPICE program was carried out to check the workability of the
proposed circuit of Fig. 3. For the simulation purpose, the CDTA
given in Fig. 2 was constructed with the transistor model
parameters of PR10ON (PNP) and NP10ON (NPN) [20] and DC
supply voltages of +2V. The designed capacitor value and the
bias currents of the CDTAs were chosen as: C=1nF, Io;=100 A
and lo2=10pA, which leads to achieve f,=w,/2n =318kHz,
dap—=90° and ¢Pap. =270°. Fig. 5 shows the time domain
responses of the proposed filters in which 100pA peak
sinusoidal input current at 318kHz is applied. This causes the
time shifts of 805nS and 238uS at the filter outputs
corresponding to the phase shifts of about 92.3° and 271.1°,
respectively, which are in good agreement with the theoretical
analysis. In Fig. 6, the simulated frequency domain responses of
the proposed filters are also shown for the designed component
values as given above. The simulated phase-frequency plots of
both types of the allpass filters for three different bias current
values are depicted in Fig. 7. It can be observed that the
electronically controliability of the phase response can be
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With the above designed component values, the variation of
the total power consumption with the pole frequency f, for the
proposed allpass filter of Fig. 3 is shown in Fig. 8. It is obvious
from the curve that the total power consumption is found low and
remains within 9 mW through the wide frequency range 10 kHz~
1MHz. Thus, the results confirm the practical low-power
operation of the circuit.

As an application example, a current-mode quadrature
sinusoidal oscillator is realized by cascading the proposed allpass
filter of Fig. 3 and CDTA-based lossless integrator (CDTA3 and C3),
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Fig. 5. Time domain responses of the proposed allpass filter.
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Fig. 6. Frequency responses of the proposed allpass filter: (a) magnitude-
frequency responses, (b) phase-frequency responses.
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Fig. 7. Simulated phase responses of the proposed allpass filters when l,, is varied.
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and closing the circuit’s loop to provide a unity loop gain at the
pole frequency {21]. The resulting circuit is shown in Fig. 9. In this
case, the oscillation condition and the oscillation frequency (w,sc)
obtained from the circuit can respectively be found as:

Emi G2 = gm3Ch (13)
10 T T T :
EY : : ‘ :
E gfoemmomaes Jrememnennes U bem o s o
= 1 1 1]
=9 ’ ‘ ]
E 6 f--mmmnne- e Rt bommeonees dmmmmmmneeen
2 : : : :
S 1 1 H H
e e
g s s s s
RN EECRERE draanenans bonmmeneanas bomeennnen drenmnnnnes
€ : ; : |
: ‘ : :
0 —t— +— + +
0 200 400 600 800 1000

£, (kHz)

Fig. 8. Variation of total power consumption as a function of f,,.
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Fig. 9. Application example of current-mode quadrature oscillator realized by
cascading the proposed allpass filter and lossless integrator.

Output current (uA)

Time (us)

Fig. 10. Simulated output currents of the current-mode quadrature oscillator
of Fig. 9.

and

_ [Bm8m3
Wosc = w—"‘—'c‘ G 14

Fig. 10 shows simulated time domain responses of the
quadrature output currents lo,; and Joun, Which demonstrates
the 90° phase-shift waveforms. For this purpose, the designed
component values are chosen as: lg;=lgy=lp3=100pA and
Ci=C=1nF, which results in the oscillation frequency of
Sose™ Wasc/27 = 318 kHz. From the simulation results, the circuit
gives the oscillation frequency as f,;=283kHz, and the total
harmonic distortion (THD) is found as 1.69%. Also, the total power
consumption is found to be less than 9.89 mW.

5. Conclusion

In this work, a canonical current-mode first-order allpass filter
is presented. It can realize both inverting and non-inverting type
allpass filtering functions’ by using only two CDTAs and one
virtually grounded capacitor. The proposed circuit has following
advantages: (a) the phase shift can be electronically tuned by an
external bias current; (b) no matching condition is imposed for
realizing the allpass functions; (c) since all the outputs are
provided through high-output impedance terminals, it can be
directly connected to the next stage without any impedance
matching requirement. The important features of the propose
circuit are compared with those of previous works in Table 1.
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SUMMARY

A versatile family of two integrator loop filter structures using current differencing transconductance
amplifiers (CDTAs) and grounded capacitors is generated. The basic filter building blocks consist of
current proportional blocks, current lossless integrators and a current lossy integrator based on the use of
CDTASs as the major active components. It is demonstrated that the derived filter structures can realize a
general class of second-order current transfer functions. Since the resulting structures contain only CDTAs
and grounded capacitors, they are general and very appropriate for integration, cascading and electronic
tuning. The influences of the CDTA non-idealities are also discussed. The functionality of the resulting
filters has been verified by simulation results. Copyright © 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Recently, a new current-mode active building block with two current inputs and two kinds of current
outputs, namely current differencing transconductance amplifier (CDTA), was first introduced by
Biolek in 2003 [1]. The CDTA is composed of a unity-gain current source controlled by the
difference of two input currents and a multi-output transconductance amplifier providing electronic
tuning ability through its transconductance gain (gn). Therefore, this device is quite suitable for
the synthesis of current-mode filters with electronically tunability properties. Moreover, the use
of the CDTA as an active element provides the circuit implementations with a reduced number
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of passive elements, thereby leading to compact structures in some applications [2, 3]. All these
advantages together with its current-mode operation nature make the CDTA a promising choice
for implementing the current-mode continuous-time signal processing circuits. Consequently, a
number of CDTA applications have been reported in the technical literature [1-10].

Two integrator loop structures are very popular and useful blocks to realize biquad filters
[11-14]. Nawrocki and Klein proposed a two-integrator loop universal biquad with single-input
and single-output using eight operational transconductance amplifiers (OTAs) and two grounded
capacitors [11]. In 1988, Sanchez-Sinencio et al. have systematically summarized and extended
the work on the two-integrator loop OTA-C filters based on the block diagram method [12]. In
[13], the author developed the Nawrocki and Klein biquad to derive many new filter structures.
However, all the above-mentioned methods are based on the voltage-mode approach. Moreover,
some obtained filter structures in {12] need the capacitor injection of excitation signals in the circuit
design, which are not suitable for cascade implementation, and the resulting floating capacitors
are not suitable for the integrated circuit (IC) implementation [15, 16]. In 1996, a comprehensive
set of current-mode continuous-time two integrator loop filter structures incorporating dual-output
OTA and capacitors was developed in [14]. However, the structures also require capacitor injection
of excitation signals, which do not exhibit the feature of low-impedance inputs.

Of the various methods of current-mode biquad filter design, those based upon second-generation
current conveyors (CCIIs) have been reported in the literature [17-24]. However, most of them
still require capacitor injection of input signal currents [17~19,21,23, 24], whereas the others
also require an input current injection into the external grounded resistance or internal parasitic
resistance connected at the input terminal [17, 18,20, 22,23]. Thus, the low-input impedance
characteristic is not recommended for these structures. Ideally, it is preferred that the current-mode
filters should provide low-input and high-output impedances for easy cascadability to implement the
higher-order filter and generation of additional filter responses by simply connecting two or more
respomnses.

Therefore, this paper largely focuses on presenting a structural generation to synthesize the two
integrator loop filters with CDTAs. The proposed configurations employ the current proportional
blocks and current integrators based on CDTAs as the basic building units. By suitably selecting the
input and output currents, the derived filters can realize all the standard biquadratic filters from the
same configuration. The resulting filter characteristics can be electronically adjusted with separate
tunable transconductances. All the filter structures contain only grounded capacitors, which are
helpful for easing the IC implementation. In addition, all the proposed filters exhibit both low-input
and high-output impedance levels, thus permitting easy cascadability.

2. CURRENT DIFFERENCING TRANSCONDUCTANCE AMPLIFIER (CDTA)

Using the standard notation for the CDTA whose electrical symbol is shown in Figure 1, it can
be characterized by the following constitutive equations:

Vp=up=0, i;=ip—i, and iy=gmv,=gmZ;i, 45)

where p and n are input terminals, z and =x are output terminals, g, is the transconductance
gain, and Z, is an external impedance connected at the terminal z. According to Equation (1),
the current flowing out of the terminal z (i;) is a difference between the input currents through
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Figure 1. An electrical symbol for the CDTA.

the terminals p and n (i ,—in). The voltage drop at the terminal z is transferred to a current at the
terminal x (i) by a transconductance gain (g,,) of the CDTA.

3. BASIC CDTA-BASED BUILDING BLOCKS

This section introduces the basic CDTA-based building blocks involved for the synthesis proce-
dures. Figure 2 illustrates the current proportional block and current integrators, based on the
realization with a single CDTA [6, 9], which will be used as essential units to construct the proposed
filter structures. In Figure 2(a), the current transfer relationship of the unit is found to be:

o= (%) U~ Ii2) @

It should be emphasized from Equation (2) that the current proportional block and the current
lossless integrator correspond to the conditions: Y = g; (conductance) and Y =sC}, respectively.
In Figure 2(b), the current lossy integrator is realized with the following transfer function:

1=( &m
°T\g2+sC,

In a practical viewpoint, the conductances g; and g; in the structures of Figures 2(a) and (b) may
be realized by the proper connection of the CDTA as shown in Figure 3 [9]. Therefore, by replacing
g1 and g2 of Figure 2 with the controlled resistance of Figure 3, the usage of external passive
resistors is not necessary for these filter structures, which is especially important for achieving the
higher integration.

) (In—1I2) 3)

4. GENERATION OF TWO INTEGRATOR LOOP CDTA FILTER STRUCTURES

Basically, the two integrator loop structures consist of a lossless integrator and a lossy integrator.
Figure 4 shows four different block diagram representations of the basic two-integrator loop oper-
ation that will be used to illustrate the proposed approach. Observe that Figures 4(a) and (c)
contain two negative-feedback loops including two lossless integrators (1/st; and 1/st2) and
two proportional gain blocks (Ap, A; and Ap, Az), while Figures 4(b) and (d) contain a single
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Figure 2. Basic CDTA-based building blocks.

Figure 3. CDTA-based controlled resistance.
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+
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I 3} Iz
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© )
Figure 4, Two integrator loop structures: (a) configuration A; (b) configuration B;
(c) configuration C; and (d) configuration D.
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negative-feedback loop consisting of one lossy integrator, one lossless integrator and one propor-
tional gain block. In considering two-integrator loop configurations of Figures 4(a) and (b), the
characteristic equation is identical and can be given by

Di(s)=s2t110+512A1 + Ao @

where 1; and 77 are the integrator time constants. Hence, the natural angular frequency (w,),
bandwidth (BW) and quality factor (Q) for both configurations, respectively, become

coo=‘/ﬂ ®)
T1T2

BW= él— ©)
T

_1 [Am
Q--A1 o )

In a similar way, we can obtain the same characteristic equation for both two-integrator loop
configurations of Figures 4(c) and (d), written by:

and

Da(s)=s*1112+s71 A2+ Ao @®

The parameters w,, BW and Q are, respectively, obtained as

A

Wp = | — ©)
T1T2
Bw =22 (10)
T2
and

1 Ao‘t‘z
1 1
Q A\ o (11

Let us now consider the CDTA-based circuit implementations of architectures of Figure 4. By
employing the basic current building blocks in Figure 2, we can realize Figure 4 in the current-mode
domain. The corresponding circuits derived from four block diagram structures of Figures 4(a)~(d)
are shown in Figures 5(a)-(d), respectively. The mathematical expressions for the corresponding
parameters w,, BW and Q, given in Equations (5)~(7) and (9)~(11), for all the derived realizations
are summarized in Table 1. All the possible current transfer functions derived from Figures S(a)—(d)
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Figure 5. Generation of CDTA-based biquadratic filter configurations based on two integrator loop struc-
tures of Figure 4: (a) configuration A; (b) configuration B; (c) configuration C; and (d) configuration D.

are formulated by the following expressions, where D (s) and D2(s) are the same as Equations (4)
and (8), respectively.

For Figure 5(a),
I, = —H + (st +A)lin—Arli3—Aolis
Dy (s)

Ls = —(st2A1) I;1 + (Ao A i+ A1 (521112 + Ao) Jis — (s12A0A1) [ia

D (s) (12)
La= —Apli1 — Ao(st1+ A fiz — (Ao A1) Ij3 —staAo(sti + A1) fi4

Dy (s)
Lp+Iog = —(s12A1+ Ap) i1 — (sT1A0) 12+ (s®T1T2 A1) i3 + (21172 A0) ia
Di(s)
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For Figure 5(b),

(st2)Ij1 — Aolin —(s12A0) 113
Dy(s)
i +Gt+ADI—Acls
= 13
Dy (s) (13
Aoli1 + Ao(sti+ A1 iz +st2A0(sT1 + A1) i3
fos = Di(s)

I =

102

For Figure 5(c),
(st2+A) i1 ~Aoliz ~(s124A0) li34
Da(s)
—Alii — (sT1A2) i+ (s211712A2) Iias
Ds(s)
[ = ZAodii— (st1A0) iz + (s2T17240) fiz4
04 —_—
Ds(s)

Ip =

I = (14)

For Figure 5(d),

(st2+A2)I;) — Aolio— Ao(st2+ A2) I3
Dy (s)
L= Iiy+(st1)lip—Aoli3
Dy (s)
Aoliy +(st1A0) i +sT1Ao(sT2+ A2) I3
Dy(s)

1t should be noted from Equations (12)-(15) that, by suitably connecting the input current terminals,
all five standard biquadratic filtering signals can be realized. From Equation (12), it can readily
be seen that the proposed filter configuration of Figure 5(a) can provide lowpass (LP), highpass
(HP), bandpass (BP), bandstop (BS) and allpass (AP) current responses with different inputs and
outputs, It is further noted from Equation (12) that the output current I3+ 1,4 can easily be
obtained by connecting two corresponding terminals together. Equations (13) and (15) also show
that the configurations in Figures 5(b) and (d) realize LP and BP characteristics, while Equation
(14) indicates that Figure 5(c) provides LP, HP and BP characteristics. It may be stated here that
all of the above multifunction biquadratic filters can be realized without any constraints on the
component values, and all the proposed configurations exhibit both low-input and high-output
impedance characteristics, which will be more convenient in terms of cascading and connecting
to other networks.

Furthermore, special types of CDTA-based biquadratic filters can be realized from Figure 4 by
appropriately setting the proportional gain A; =1 (i =0, 1). Recall that when Ap or A; becomes

I =

(15)

I3 =

unity, they can simply be replaced by the short-circuit connection. The CDTA-based filter realiza-

tions derived from the configuration A ‘of Figure 4(a) with Ag=1, A;=1 and Ap=A; =1 are,
respectively, shown in Figures 6(a)(c). The realizations of Figures 6(d) and (e) are constructed
with Ag=1 of Figures 4(b) and (d), respectively. Table II summarizes the expressions for all the
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Figure 6. Special types of CDTA-based biquadratic filters of Figure 4: (a) configuration A (when Ag=1);
(b) configuration A (when A|=1); (c) configuration A (when Ag=A;=1); (d) configuration B (when
Ag=1); and (e) configuration D (when Ag=1).

filter parameters for the derived structures obtained from Figure 6. According to Figures 6(a)(e),
the explicit expressions for the current transfer functions can be derived as follows:
For Figure 6(a),

—In—Gu+ANp—Als

L, =
72 Dy (s)
—(st2 AN+ A+ A1 (s* 1112+ 1) i
I3 = 1
03 Dl (S) ( 6)
—(st2A1+ 1) Iy = (s11) Iin+ (2112 A1) I3
102+103 =
Dy (s)
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For Figure 6(b),

In+(st+1)1jn— Aolis
Dy(s)
—Aoli1 — Ao(sty + 1 Iia —st2Ag(sTa +1) 14
D (s)

Ipp =

a7

Iy =

For Figure 6(c),

=i —(Gu+ip
Dy (s)

(18)

Ipp=

For Figure 6(d),

_ (st2)in—1Iip
o Dy (s)
1, = ntGenut+ank
02 =
D (s)

(19)

For Figure 6(e),

_ s+ A)n—1In

- Da(s)

In+G6st)ln
Dy(s)

Clearly, Equation (16) shows that the realization of LP, BP, HP and BS functions can be obtained
from Figure 6(a) by connecting the appropriate terminals. In a similar way, Equations (17)-(20)
indicate that the realizations can directly offer LP and BP functions.

From the mathematical expressions in Tables I and II, we can see that the filter characteristics (@,
BW and Q) provide electronic tunability through an adjustment of the associated transconductance
gmi of the CDTA. From Table I, it can be seen that, for all the proposed configurations in Figure 5,
the quality factor Q can be controlled without disturbing the natural angular frequency w,. Hence,
all the configurations of Table I support an independent electronic control of Q and w,. Similarly,
it can also be seen in Table II that the proposed configurations of Figures 6(a), (d) and (e) enjoy
independent control of the parameters Q and w,.

The relative sensitivities of the filter parameters G (=w,, BW, Q) to the element of variation
x(=gi, gmi,» Ci) may be defined as:

so=(Z) (%f-) @1

Thus, using this definition, the sensitivities for the configurations in Figures 5 and 6 with respect
to transconductances g;, gmi, and capacitors Cj, C, are calculated as either O, or 0.5, or +1.
This implies that the proposed filter configurations have low active and passive sensitivities.

ol
(20
Iz =
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5. ANALYSIS OF NON-IDEAL EFFECTS

In practice, the performance ¢f the proposed circuits may deviate from the ideal by the non-ideal
characteristic of the CDTA being used. For the non-ideal case, the terminal relations of the CDTA
describing in Equation (1) can be rewritten by

Vp=up=0, i;=0pip—0niy and iy=Pgnv,=pPgmZ,i, (22)

where &, and a,, denote the parasitic current gains between p-z and n-z terminals, and f represents
the transconductance inaccuracy factor between z-x terminals, respectively. These parasitic values
slightly differ from their ideal unit values by the effect of the CDTA tracking errors, those
absolute values being much less than unity. Therefore, using the above equation, all the proposed
configurations of Figures 5 and 6 are reanalyzed and the mathematical expressions for the non-ideal
filter parameters are, respectively, illustrated in Tables IIl and IV, where a,;, @,; and §; are the
parameters op, o, and f of the ith CDTA (i=1, 2, 3, 4).

From Tables III and IV, it can be observed that the tracking errors of the CDTA may cause
small deviations of the values of the filter parameters. In addition from Tables Il and IV, and
according to Equation (21), the sensitivity analysis of the filter characteristics with respect to the
CDTA tracking errors can be calculated, and reveals that they are found to be not more than unity
in magnitude.

6. EFFECTS OF PARASITIC IMPEDANCES

This section presents a study on the effects of parasitic impedances of the CDTA used in the
proposed filters. A non-ideal CDTA model including parasitic resistors and capacitors is shown in
Figure 7 [9]. As shown, the real CDTA. has parasitic low-value series resistors (Rp and R,) at the
input terminals p and n, and also parasitic resistors and capacitors from the terminals z and x to
the ground (R, // C; and R, //C;), respectively. Therefore, taking into account the CDTA parasitics
with ap =a, = =1, the frequency range of operation for the proposed filters can be considered
as follows.

First, consider each z terminal of the CDTA in the proposed configurations of Figures 5 and 6,
which are terminated with the external grounded impedances. It is to be noted that the frequency
responses of the filters strongly depend on the external grounded impedances and the parasitic
impedances at the z terminal. Therefore, the filter frequency responses associated with this influence
can be summarized as three following cases.

Case (1): Consider the case of a parallel impedance R;//Cy connected at the terminal z, where
R;=1/g; and k=1, 2. In the practical CDTA, the parasitic resistance R, is normally much greater
than the value of R;(R;>> R;), while the parasitic capacitance C, is very much smaller than the
grounded capacitance Cj (C, < Cy). Hence, in this case, it can be evaluated that the parasitic
impedances of the z terminal are not found to severely affect the filter performance.

Case (2): If a grounded capacitor C; is connected at the terminal z of the CDTA, there is a
low-frequency limitation due to the capacitor C and the z terminal parasitic resistance R;. In this
case, the frequency range at low frequencies can be defined as

1
7> (5 ) = )
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Figure 7. Non-ideal CDTA model.

Case (3): If a grounded resistor R; is connected at the terminal z, the high-frequency range
of operation is limited by this resistor and the z terminal parasitic capacitance C,. Thus, the
high-frequency limitation of the filters can be defined as

1
f< (27rRiCz>=fm (24)

Second, consider the n and x terminals in Figures 5 and 6, which are connected together. It
should be mentioned that there are double x terminals connected to the n terminal, and a single x
terminal connected to the n terminal of the CDTA. Here, two cases for determining the frequency
responses of the proposed filters can be considered. .

Case (I): Consider the configurations A and C, where the n terminal is connected with two
x terminals. In this case, the parasitic resistance R, will connect in parallel with the parasitic
impedances at two x terminals, i.e. (R.//Rx//Rx//2Cx). Since R, < Ry, the pole frequency that
limits the high-frequency operation of these filters can thus be approximated to

1
f< ( — c,) = fi2 25)

Case (2): Consider the configurations B and D, where each n terminal is directly connected
with only x terminal. In this case, the maximum frequency attributed to the parasitic resistance
R, and the parasitic impedances at the x terminal (R, //Cyx) can be given by

1
1<(5mec ) =m0 29

Finally, to achieve idea responses, the frequency range of operation of the proposed configura-
tions A and C should be restricted to the following conditions [25]:

f<fui,o=0.1xmin{ fy1, fi2} @n

and
f2 fr=10xmax{f.} (28)
Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2009)

DOI: 10.1002/cta

151



W. TANGSRIRAT AND T. PUKKALANUN

or we can conclude that the overall frequency range of the configurations A and C can be defined
as fLSf<fH,0)-

Similarly, for a proper operation at high frequencies, the operating frequency of the proposed
configurations B and D should be selected as

< fuw,p)y=0.1xmin{ fg1, frs} (29)

Therefore, the overall frequency range of these configurations can be defined as f1 < f< fu(s,p)-

7. SIMULATION RESULTS

To confirm the theoretical analysis, the proposed circuits were simulated by PSPICE program. At
present, there are several techniques to implement the CDTA active element in IC form [5-10].
Nevertheless, the simulation results reported here were obtained by using the CMOS realization
of the CDTA proposed in [10], and shown in Figure 8. This realization, design details of which
are also given in [10], was adopted because it provides very low-input impedances at the p and n
terminals (i.e. r, =r, =1.92Q), and very high-frequency operation. To perform the CDTA element
in simulations, TSMC 0.35 um n-well CMOS process was performed with dimensions of NMOS
and PMOS transistors as that of [10]. The supply voltages are £V ==-+1.8V, and the bias current
is Ig=40pA.

As an example, the proposed circuit of Figure 5(a) was designed with the transconductance
values of gnm; =g;=0.88mA/V and the capacitance values of C) =C,=10pF. This setting was
selected to obtain the LP, BP and HP filters with unity gain at f,=w,/2r=14MHz and 0=1.
Figure 9 illustrates the simulated magnitude frequency responses, which are the same as expected
characteristics. From the simulation results, the power dissipation is approximately 19 mW.

To test the large signal behavior of the proposed filter, the total harmonic distortion (THD) at the
output of the BP response for sinusoidal input signal of 14 MHz was obtained. The THD results

Figure 8. CMOS implementation of the CDTA used in simulations.

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2009)
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Figure 9. Theoretical and simulation frequency plots for LP, BP and HP characteristics of Figure 5(a).
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Figure 10. Dependence of % THD on the input signal amplitude of BP filter.

are depicted in Figure 10, which clearly shows that the percentage THD (%THD) is less than 4%
for the input signal amplitude lower than 200 pA.

8. CONCLUSIONS

In this paper, an approach for the structural generation of two integrator loop filters using CDTAs
and grounded capacitors has been presented. All of the proposed filters have the following advan-
tages: (i) realization of all standard biquadratic filtering functions, (ii) making the filter character-
istics electronically tunable in frequency response using external bias current, (iii) the capacitors
in the structures are all grounded, which are highly suitable for integrated implementation, (iv)
cascading can easily be achieved since they have low-input and high-output impedance character-
istics, (v) low sensitivity performance. On the whole, this approach is convenient for monolithic
integration, and suitable for cascading and electronic tuning.

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. (2009)
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CDTA-Based Current Limiters and Applications
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Abstract—In this paper, a synthesis of analog current limiter
(CL) building blocks based on a current differencing
transconductance amplifier (CDTA) is proposed. The
breakpoint and the slope of the resulting transfer characteristic
obtained from the proposed CDTA-based CLs are electronically
programmable through the external bias currents. To
demonstrate versatility of the proposed electronically tunable
CLs, some nonlinear applications to programmable current-
mode precision full-wave rectifier and piecewise-linear function
approximation generators are also presented. SPICE
simulations confirm the effectiveness of the proposed circuits.

I.  INTRODUCTION

Recently, a new current-mode active element, which is
called as a current differencing transconductance amplifier
(CDTA), was first introduced [1]. This device is synthesized
using the current differencing nature of the modified
differential current conveyor and a transconductance amplifier
to facilitate the implementation of current-mode analog signal
processing. As a result, several implementations have
emerged, such as active filters, oscillator, and amplifiers using
CDTAs as active components [1]-[5]. Nonlinear CDTA
applications are also expected, in particular precision
rectifiers, current-mode Schmitt triggers, and current-mode
multipliers, etc. Unfortunately, there is not much reported in
the literature on the use of CDTA’s for synthesizing current
limiter circuits. In general, the current limiter (CL) is an
alternative way to handle nonlinear problems. In the area of
analog signal processing applications, it can be widely found
as the basic element in the design of nonlinear components
and networks, such as nonlinear resistors, chaotic oscillators,
precision  rectifiers, and piecewise-linear  function
approximation generators {6]-[9].

‘Our objective in this paper is to present the applicability of
CDTA’s as the fundamental active elements for designing the
simple CL building blocks. The breakpoints and slopes of the
realized transfer curves can be electronically programmed by
the external bias cwmrents.  Furthermore, based on the
proposed CDTA-based CL building blocks, some application
examples, i.e. programmable current-mode precision full-
wave rectifier and piecewise-linear (PWL) function
approximation generators, are also presented to demonstrate

their versatility as well as flexibility. Simulation results are
included to verify the feasibility of the proposed approach.

1. CURRENT DIFFERENCING BUFFERED AMPLIFIER

The circuit representation of the CDTA is shown in Fig.1.
The terminal relation of this device can be characterized by
the following set of equations [1]-[5] :

Vp=Vn=0, i;=ip-i, and i, = guV; = guZi, )
where p and n are input terminals, z and x are output
terminals, g, is the transconductance gain, and Z is an
external impedance connected at the terminal z. From eq.(1),
the current i, follows the difference of the currents through the
terminals p and n (i,-i,), and flows from the terminal z into an
impedance Z;. The voltage drop at the terminal z is transferred
to a current at the terminal x (i) by a transconductance gain
(g), which is generally controllable by electronic means.

K
i

v L2 | T oV
po—>—p X x
; CDTA ;
n
Vyo—»— n z e o v,

Fig.2 : Possible bipolar realization of the CDTA.

The possible bipolar realization of the CDTA used in this
work is shown in Fig.2 [5]. The circuit consists of a current
differencing circuit Q;-Q;; and a transconductance amplifier
Qi2-Qz4. Therefore, in this case, the transconductance gain S

978-1-4244-2342-2/08/$25.00 ©2008 IEEE. 1070



of the CDTA is directly proportional to the external bias
current Ip, which can be written by

-do.

o @

Em

where Vr=26 mV at 27°C is the thermal voltage.

III. PROPOSED CDTA-BASED CURRENT LIMITERS

The proposed CDTA-based CLs and their corresponding
transfer characteristic curves are shown in Fig.3. The
complementary diode combination (D; and D) is configured
to steer the output current i, either into load Ry or bypass it to
ground, depending on the polarity of the input current iy,
First, consider the proposed circuit depicted in Fig.3(a), where
i, is an input current and Ip is the breakpoint current. If i, <
I, the diode D, is turned off and the diode D, is turned on.
Since no current flows through D; (Ip; = 0), the output current
becomes zero (iw = 0). For the case of iy, > I, the output
current i, will flow through the diode D;. Therefore, the
output current i, of the circuit related to the breakpoint
current Iz and the gain g,, can be given as

0 for im < IB
fouw = )]
ng(iln "IB) for iin > IB

From above equation, we will simply state that both
breakpoint and slope of the transfer characteristic curve can be
electronically controtled by changing the values of the current
Ip and the gain g,, which gives an additional flexibility in the
nonlinear function approximation design problem. In
addition, by the same principle, the remaining proposed
circuits shown in Figs3(b) will give similar transfer
characteristics to eq.(3), depending on the terminal
connections of the CDTA and the diode. In addition, by
reversing the connection of both complementary diodes, the
inverting output current characteristics can easily be obtained.

<0 L=0 1,50

®)
Fig 3 : Proposed CDTA-based CL building blocks.
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IV. SIMULATION RESULTS

To verify the theoretical study, the proposed CDTA-based
CL circuits were constructed and simulated using PSPICE
simulations. For this purpose, the CDTA given in Fig.2 is
performed with the model parameters of the bipolar transistors
PR100N (PNP) and NP100N (NPN) from AT&T. The DC
bias conditions are chosen as : £V =3 V and I, = 100 #A. For
the diode implementation, it can be done by using the NPN
transistor with its base and collector connected together.

Fig.4 shows the current transfer characteristics comparison
between simulation and theoretical results for the proposed CL
block of Fig.3(a). Fig.4(a) shows the plots of in, against i, for
three different values of I, i.e. Iy = -40, 0 and 40 zA, with g,
=2 mS (Ip = 100 xA) and R = 500 Q, while Fig.4(b) shows
the plots for three different values of g, i.e. g, =2, 4 and 6
mS (Ip = 100, 200 and 300 #A), and Iz = 20 zA. From the
simulations, the maximum error in i,, was found to be less
than 8%. Owing to similar transfer curves and performances
between the circuit discussed above and the remaining circuits
in Fig.3(b), the plots for those circuits will not be reported
here.

50

: Simulation
40f - o[ ==---- :
_ e
K]
20
10 + =« » v v oo o f 0w e e
c80 60 -40
@
50
40
- 3
X

-3
<
o
S

20 30 40 50 60
1, GA)

(®)
Fig.4 : Current transfer characteristics of the proposed CL of Fig.3(a)

(a) for three different values of Ip (b) for three different values of g,,
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V.  APPLICATION EXAMPLES

A.  Programmable Current-Mode Full-Wave Rectifier

Based on the use of the proposed CDTA-based CLs of
Fig.3, an application for realizing programmable current-mode
full-wave rectifier can be illustrated in Fig.5. The multiple-
output current follower (MO-CF) stage is the circuit that
generates, from the input current (i), multiple output currents
in the same direction. It can be realized by using a low-input
resistance input stage with multi-output terminals as shown in
Fig.6 [10]. By setting g1 = Zw2 = gm the relations between
the input and the output currents can be expressed as :

iout =|gmRim—15) (4).

Note that the slopes of the transfer curves can still be
controlled electronically by tuning the transconductance gain
of the CDTA1 for the negative slope and by tuning the
transconductance gain of the CDTA2 for the positive slope.

; cpTA * D,
{0 o
Anleinl. n @ z
Ty . R —-—”"
—{ output I ——0
curent | | D,
follower | 2, ” .
P eota X7 o
» @ . —-——]]
(v)
’ﬂl

I,<0 L=0 I,>0

\ Ny
e\ N/ 4
\
N

Iy RA

(b)
Fig.5 : Programmable current-mode full-wave rectifier.

I Muttipla [
output

follower | 1,

) L@ LG

IX¢

v
Fig.6 : Implementation of the MO-CF.

Fig.7 shows the rectified waveforms obtained from the
circuit of Fig.5 for R =500 Q, Iy =0 A, and g, varied from 1
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mS to 3 mS. In this case, a sinusoidal input with i, = 50 #A
peak and /=1 MHz was applied to the circuit. It appears from
the results that the imperfections in the output waveforms
contributing to the non-ideal properties of the CDTA and
diode can be observed. However, some amplitude errors
caused mainly by possible current transfer errors as well as the
offset currents of the MO-CF and CDTA can be compensated
by properly adjusting the g,,-value.

000 : gm1mS
000 : g =2mS
L N Xk

Time (158)

Fig.7 : Transient responses of Fig.5 for various values of g..

B.  Piecewise-Linear Function Approximation Synthesis

To further demonstrate the approximation of an arbitrary
nonlinear function, another useful application of the proposed
CLs for realizing the PWL function circuit is discussed. As an
example, the desired transfer characteristic consisting of three
linear segments is shown in the upper part of Fig.8(a). The
required individual slopes due to each CDTA-based CL of
Fig.3 are indicated in the lower part of Fig.8(a), and the actual
circuit implementation can be shown in Fig.8(b). In this case,
the corresponding slopes can be expressed as :

SO?gmlRl » low=S0(iin"]Bl) yfor Ipg > iy,
S1=—8maR » o =Sillin—1Ip1) ,for Ipy>ip21p

-

and
Sy =(gm3Rs ~ 8maRa)s iour =Saliy—Ip2)+Si(Ipa—1Ipy)

for i, 21p

).

It should be noted that the slopes S,, S, and S, of the
composed resulting transfer characteristics can be easily
determined by adjusting the values of g,,;R), gmR; and g,3R;,
respectively. From the above discussions, it is further
apparent that a class of arbitrary nonlinear current generators
with variable positive and negative slopes and breakpoints can
be synthesized. Fig.9 illustrates the simulated current transfer
characteristic curve of Fig.8(b), when the bias current values
of Igy = ~20 pA, Iy, = 20 UA, Iy = 50 pA, Ip, = 100 A, and
Ip; = 300 (A and the resistance values of R; = R, = Ry = 500
€2 are chosen. From Fig.9, the simulation results agree fairly

1072



well with the theoretical results. At this point, it is also
verified that the realization of the nonlinear current function of
Fig.8(a) can be accurately carried out by employing the
proposed CDTA-based CLs.
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Fig.8 : PWL function approximation

(2) desired transfer characteristic curve (b) circuit implementation

VI. CONCLUSION

In this paper, a simple approach for the syntheses of the
current limiters using the CDTA as an active element is
proposed. The proposed CDTA-based CLs were then used as
fundamental circuit building blocks to implement integrable
nonlinear function circuits, such as current-mode precision
full-wave  rectifier, and piecewise-linear  function
approximation circuits. All the resulting synthetic building

160

blocks will also posses desirable properties, namely, the slopes
of the linear segments and breakpoints can be electronically
adjusted through the external DC bias currents of the CDTA.
The proposed building blocks and their applications have been
confirmed using PSPICE simulation.

80
¢ Simulation
0 ===~~==:Theory
O D
X
404 - ce e . L T T T
.30 60 40 20 0 20 40 60 30

1, (2A)

Fig.9 : Simulated current transfer characteristic of the PWL function

approximation synthesizer of Fig.8.
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ABSTRACT

A versatile family of current-mode two integrator loop filter
structures using current differencing transconductance
amplifiers (CDTAs) and grounded capacitors is generated.
The basic filter building blocks consist of current
proportional blocks, current lossless integrators and a
current lossy integrator based on the use of CDTAs as the
major active components. It is demonstrated that the
derived filter structures can realize a general class of
second-order current transfer functions. Since the resulting
structures contain only CDTAs and grounded capacitors,
they are general and very appropriate for integration,
cascading and electronic tuning,

Index Terms—Current Differencing Transconductance
Amplifier (CDTA), two integrator loop, current-mode
circuit

1. INTRODUCTION

Two integrator loop structures are very popular and useful
block to realize biquad filters [1]-[4]. Nawrocki and Klein
proposed a two-integrator loop universal biquad with
single-input and single-output using eight operational
transconductance amplifiers (OTAs) and two grounded
capacitors [1]. In 1988, Sanchez-Sinencio et. al. have
systematically summarized and extended the work on the
two-integrator loop OTA-C filters based on the block
diagram method [2]. In [3], the author developed the
Nawrocki and Klein biquad to derive many new filter
structures. However, all the above methods are based on
the voltage-mode approach. Moreover, some obtained filter
structures in [2] need the capacitor injection of excitation
signals in the circuit design, which are not suitable for
cascade implementation, and the resulting floating
capacitors are not suitable for integrated circuit (IC)
implementation. In 1996, a comprehensive set of current-
mode continuous-time two integrator loop filter structures
incorporating dual-output OTA (DO-OTA) and capacitors
was developed in [4]. However, the structures also require
capacitor injection of excitation signals. They do not

exhibit the feature of low-impedance inputs.  For
cascadability to implement higher-order current-mode
filters, it is preferred that the structure should exhibit low-
input and high-output impedances.

This paper largely focuses on presenting a structural
generation to synthesis the current-mode two integrator loop
filters with current differencing transconductance amplifiers
(CDTAs) [S]-[6]. The proposed configurations employ the
current proportional blocks and current integrators based on
CDTAs as the basic building units. By suitably selecting
the input and output currents, the derived filters can realize
all the standard biquadratic filters from the same
configuration. The resulting filter characteristics can
electronically adjust with separate tunable
transconductances. All the filter structures contain only
grounded capacitors, which can absorb parasitic
capacitances and require the small chip areas. In addition,
all the proposed filters exhibit both low-input and high-
output impedance levels, thus permitting easy cascadability.

2. CURRENT DIFFERENCING
TRANSCONDUCTANCE AMPLIFIER (CDTA)

Using the standard notation for the CDTA whose electrical
symbol is shown in Fig.1, it can be characterized by the
following constitutive equations [5}-[6] :

Vv =v,=0, =i, and i,= gnv,= guZi; 1)
where p and n are input terminals, z and +x are output

terminals, g, is the transconductance gain, and Z; is an
external impedance connected at the terminal z.

i i

x
Vpo—— p +x p——0 V,
i CDTA [
Vyo=— | z X L o v,

F

vl

Fig.1 : Electrical symbol for the CDTA.
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3. CURRENT-MODE TWO INTEGRATOR LOOP
CDTA FILTERS

Fig.2 shows two different block diagram representations of
the basic two-integrator loop operation that will be used to
illustrate the proposed approach. Observe that Fig.2(a)
contains two negative-feedback loops including two lossless
integrators (/s and 1/s%) and two proportional gain
blocks (4, and 4,), while Fig.2(b) contain a single negative-
feedback loop consisting of one lossy integrator, one
lossless integrator and one proportional gain block. In
considering two-integrator loop configurations of Figs.2(a)
and 2(b), the characteristic equation is identical and can be
given by :

Dy(s) =s2575 +5724) + 4o @)

Hence, the natural angular frequency (@,), bandwidth (BW)
and quality factor (Q) for both configurations, respectively,
become :

oo, ot g ool [AT g
717 3} 4 Y 7y
1 R | 1 1
A, IA ]

1 =
14 1
(3) ®
Fig.2: Two integrator loop structures.
(a) configuration A (b) configuration B
2, o, D, Su, ta,
~ Lol Al el Lou T el
N N
"o ", ._t ® | n " "

I
%
A

2

(a) (b)
Fig.3: CDTA-based current-mode biquad filters based on
two integrator loop structures of Fig.2..
(a) configuration A (b) configuration B

The corresponding CDTA-based circuits derived from
block diagram structures of Figs.2(a) and 2(b) can be shown
in Figs.3(a) and 3(b), respectively. The mathematical
expressions for the corresponding parameters @,, BW and
Q, for both derived realizations are summarized in Table 1.
All the possible current transfer functions derived from
Figs.3(a) and 3(b) are formulated by the following
expressions.
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For Fig.3(a),

ZdntGn+ AN = Adn - Aol

Dy(s)

102

_=lsta i +(Ao A ip + A\ (525172 + Ag) 1y = (sT3 A9 Ay

fo2 Di()
Iy == Aoln = Ao(sTy+ A1 = (Ao Ay )3 — 572 Ag (s7y + 4 )34
° Dy(s)
I 3 ] - —(szAl +Ao)’n —(Sfle)ln +(Szf|f2Al)ln +(32f]f2Ao)IM
oo Dy(s)
@
For Fig.3(b),
1,y == Aol ~ (o) ]
(4
Dy(s)
I, = In+ (st + A — Al L (5)
Dy(s)
Iy= Aol + Ag(sTy + A)ip + 5T Ao (5T + A)] 3
° Dy(s) J

As inspection of equations (4)-(5) reveals that, by
suitably connecting the input current terminals, all the
variety of standard biquadratic filtering functions can be
obtained. From equation (4), it can readily be seen that the
proposed filter configuration of Fig.3(a) can provide
lowpass (LP), highlass (HP), bandpass (BP), bandstop (BS),
and allpass (AP) current responses with different inputs and
outputs. It is further noted from equation (4) that the output
current I,y + I4 can easily be obtained by connecting two
corresponding terminals together. Equations (5) also shows
that the configurations in Fig.2(b) realizes LP and BP
characteristics. It may be stated here that all of the above
multifunction biquadratic filters can be realized without any
constraints on the component values, and all the proposed
configurations exhibit both low-input and high-output
impedance characteristics, which will be more convenient in
terms of cascading and connecting to other networks.
Moreover, the use of only grounded capacitors is helpful for
easing the IC implementation,

From Table 1, we can see that the filter characteristics
(@,, BW and Q) provide electronic tunability through an
adjustment of the associated transconductance g,; of the
CDTA. It can also be seen that, for all the proposed filters
in Fig.3, the quality factor Q can be controlled without
disturbing the natural angular frequency @,. Hence, all the
configurations of Table 1 support an independent
electronic-control of Q and @,.
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Table 1 : Expressions for the filter parameters of Fig.3.
RTINS N AN S A
Configuration A, | gms | 8wy | G | & | [emEmogme | SmEms | & [gmzgmC
ig-3(2) 84 &3 Em) Em2 g4C1C2 g3cl 8m3 gm1g4C2
Cont;gugattion B, | &m & | S S 8mi8m28m3 & 1 8m8mEmCi
ig-3(b) 83 8ml Em1 Em2 8CG Gy G 81 823Gy
Table 2 : Expressions for the non-ideal filter parameters of Fig.3.
. Configuratipns | @, BW D L
Contli:?;rsa(t;c)m Al EmEma8maTnOna@p2 iPaBs | Bmi8m3%m%n3Prfs) m3%m %31 B3 ( g3 ) | 8m28maC18na 282 s
V 84CiC, 8 gm@nBs )\ Em8sCaamby
Coni}i:iguga(ttxgn B, | [2m8m28m3¥m@na®mBrBabs 81 1 [gmEm28m3Ci%m%n28n3 51255
& 836G, G 8 83C2

,®

O

i, i, i

n P z
o F—r o

Q ~[:lo, Q ‘:1_“"%‘3-

Fig.4 : Bipolar CDTA used in simulations [5]-[7].

The relative sensitivities of the filter barameters G (= a,,
BW, Q) to the element of variation x (= g, g, C;) may be
defined as :

b7/
Sf =(l _G.) .
GA ox
Using this definition, the sensitivities for the structures in
Fig3 with respect to transconductances g, g and
capacitors C,, C; are calculated as either 0, or £0.5, or £1.

This implies that the proposed filter configurations have low
active and passive sensitivities.

(6)

4. NON_IDEAL ANALYSIS

In practice, the performance of the proposed circuits may be
deviated from the ideal by the non-ideal characteristic of the
CDTA being used. For the non-ideal case, the-terminal
relations of the CDTA describing in equation (1) can be
rewritten by [7] :

Vp = Va™ 0, i;= ayi, - ayip and iy = fgnv; = fguZd; (7)

where ¢, and a;, denote the parasitic current gains between
p-z and n-z terminals, and Srepresents the transconductance
inaccuracy factor between z-x terminals, respectively.
These parasitic values slightly differ from their ideal unit
values by the effect of the CDTA tracking errors, those
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absolute values being much less than unity. Therefore,
using the above equation, all the proposed configurations of
Fig.3 are reanalyzed and the mathematical expressions for
the non-ideal filter parameters are respectively illustrated in
Table 2, where &, a; and f3 are the parameters @, a, and
Pofthe i-th CDTA (i=1, 2, 3, 4).

From Table 2, it can be observed that the tracking errors
of the CDTA may cause small deviations of the values of
the filter parameters. However, these deviations should not
be seen as a drawback, as we can compensate these effects
as low as possible by appropriately tuning transconductance
values. Also from Table 2, and according to equation (6),
the sensitivity analysis of the filter characteristics with
respect to the CDTA tracking errors can be calculated, and
revéals that they are found to be not more than unity in
magnitude.

5. SIMULATION RESULTS

To confirm the theoretical analysis, the proposed circuits
were simulated by PSPICE program. The simulation results
reported here were obtained by using the bipolar realization
of the CDTA proposed in [5]-{7], and shown in Fig.4. This
realization was adopted because it provides very low-input
impedances at the p and n terminals, and its g,-value can
controllable linearly by I (i.e., gu = Io/2¥V7, where V7= 26
mV at 27°C is the thermal voltage). To perform the CDTA
in simulations, it was achieved using transistor model
parameters of PR100N (PNP) and NP100N (NPN) of the
bipolar arrays ALA400 from AT&T [8], with £V =13V, I,
=100 ¢A, and Ig = 50 uA.

As an example, the proposed circuit of Fig.3(a) was
designed with the transconductance values of g,, = g, = 1
mS and the capacitance values of C; = C; = 1 nF. This
setting was selected to obtain the LP, BP, and HP filters
with unity gain at f, = @,/27 = 159 kHz and Q = 1. Fig.5
illustrates the simulated magnitude frequency responses,
which are the same as expected characteristics.

20
20

- | 000 :LP
« | 00 :BP

Current gain (dB)

k 10k 100k ™M oM
Frequency (Hz)

Fig.5: Simulated frequency plots for LP, BP and HP
current characteristics of Fig.3(a).
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6. CONCLUSION

An approach for the structural generation of current-mode
two integrator loop filters using CDTAs and grounded
capacitors has been presented. All of the proposed filters
have the following advantages : (i) realization of all
standard biquadratic filtering functions without component
matching conditions; (ii) making the filter characteristics
electronically tunable in frequency response using external
bias current; (iii) the capacitors in the structures are all
grounded, which are highly suitable for integrated
implementation and require smaller chip areas than floating
ones; (iv) cascading can easily be achieved since they have
low-input and high-output impedance characteristics; (v)
low sensitivity performance. On the whole, this approach is
convenient for monolithic integration, and suitable for
cascading and electronic tuning.
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