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ABSTRACT

The current-mode devices play a vital role in the designing of the analog signal processing applications.
Since the introduction of these devices, the continuous improvement in the performance parameters has
been the most important aspect of research. As current differencing transconductance amplifier (CDTA)
is used as a versatile circuit for designing different applications of analog signal processing like filters,
oscillators, Schmitt triggers, monostable multivibrators etc., hence there has been a need of enhancing
the performance of conventional CDTA. If all the performance parameters of the CDTA, the
transconductance plays the most important role in deciding the performance of the designed
applications and thus the enhancement of transconductance of CDTA is required while keeping in mind
the other parameters.

Thus, this research works includes the techniques to boost the transconductance of the conventional
current differencing transconductance amplifier. Four different circuits to enhance the transconductance
are proposed. All these circuits use a common source amplifier and merged it with some of the
techniques to boost the transconductance. The different techniques applied are the use of parallel n-
MOSFETs in the differential pair and a pair of cross-coupled n-MOSFETs across the differential pair.
All the circuits are operated at the supply voltages of 0.9 V. The comparison between all the proposed
circuits is also done on the basis of transconductance and dynamic power and the best circuit was chosen
as PCCDTACS. The maximum transconductance of 6.75 mS was achieved for PCCDTACS at a bias
current of 200pA with the dynamic power of 3.44 mW. The proposed circuits have been designed and
simulated in Cadence Virtuoso Analog Design Environment using BSIM3V3 180 nm CMOS
technology. The comparison of the proposed PCCDTACS circuits with circuits available in literature
shows that the proposed PCCDTACS circuit can be extensively used in the designing of analog signal

processing applications.
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CHAPTER 1
INTRODUCTION

The voltage-mode devices have dominated the field of the analog signal processing for many years. The
performance of these circuit was determined by the voltage levels at the input and output nodes. But
these circuits suffer from the disadvantages like no sudden change in the output voltage when the input
voltage suddenly changes because of the stray and other parasitic capacitances, low bandwidth due to
unity gain bandwidth in the operational amplifier based circuits, dependence of the slew rate on time
constants of the circuit, low voltage swings, high voltage supply for better signal-to-noise ratio etc.
Thus, voltage-mode devices were not suitable for high frequency applications because a dominant pole
is created by the high valued resistance at the low frequency which limits the bandwidth of the circuit.
Therefore, the voltage-mode devices are being replaced by the current-mode devices. From the last few
decades current-mode devices are being extensively used in this field of analog signal processing
because of the advantages they offer over their counterparts. Some of the advantages of the current-
mode devices are better linearity, wider bandwidth which is independent of the closed loop gain of the
circuit, high slew rate, larger dynamic range of operation, less power consumption, lesser number of
passive components to perform a specific function, better feedback mechanism etc. For these reasons,
the current-mode devices have dominated the field of analog designing from past few decades. Some
of the current-mode active building blocks introduced to meet these properties are operational
transconductance amplifier (OTA) [1], current conveyors [2-4] (CCII) [5] and current differencing
buffered amplifier [6]. Since the introduction of the current differencing buffered amplifier (CDBA), it
has been considered as the most active building block for the designing of analog circuits. It consists of
current-mode and voltage-mode unity gain amplifiers. The circuit offered a wide bandwidth and larger
dynamic range when compared to the second generation current conveyors but the voltage-mode of
operation served as the main disadvantage to the CDBA amplifier. Hence, they were replaced by the
current differencing transconductance amplifier. Some of the other problems include the high input
impedance and high parasitics in the circuits based on CDBA and OTA. These circuits also suffered
from the problem of impedance matching when they were cascaded. To overcome these problems, a
new current-mode active building block, namely Current Differencing Transconductance Amplifier
(CDTA) has been recently introduced [7] by Biolek. The CDTA is a combination of well-known
advantages of current differencing buffered amplifier along with the transconductance amplifier to
achieve the implementation of the current-mode filters. It is most versatile and popular current-mode
device used in almost all the analog signal processing applications like filters, oscillators, Schmitt
trigger, waveform generators etc.

The CDTA is composed of two structures the current differencing unit (CDU) and operational
transconductance amplifier (OTA) [1]. The block diagram of conventional CDTA circuit is shown in

Figure 1.1. The CDU is a current differencing unit. The currents Ip and In are applied as inputs to the
1



input terminals of them to pass through a current mirror network. The current is then converted to the
voltage at the output terminal of CDU i.e. the Z terminal by connecting a resistance (Rz). The output
current of current differencing unit is equal to the difference between the input currents Ip and In. The
voltage produced at the output of CDU is then given as input to the operational transconductance
amplifier. The OTA comprises of the differential pair and few current mirrors. The output of the CDTA
is in the form of two currents Ix+ and Ix- generated at the two output terminals of the OTA.

Thus, the CDTA can be considered as a five terminal device with two input and two output
terminals and one intermediate terminal. The CDTA has low input impedance and high output
impedance because of this reason it is considered as the most versatile element in the field of analog

signal processing applications.

OTA é CDTA

CDhuU

Figure 1.1 Block Diagram of CDTA
1.1 MOTIVATION

Since the introduction of applications based on analog signal processing, the voltage-mode circuits have
dominated but as timed passed, there has been a tremendous modifications in the conventional circuits.
The voltage-mode circuits suffered from many drawbacks and thus recently, they were replaced by the
current-mode circuits as they have noted advantages. Thus, the current-mode circuits have almost
replaced their voltage counterparts. Some of the current-mode circuits are the operational
transconductance amplifier, current conveyors and current differencing buffered amplifier.
All these voltage mode circuits suffered from the disadvantages like low bandwidth, high signal-to-
noise ratio, low frequency of operation etc. so, they were replaced by a new active current-mode element
known as CDTA. From the past few decades, the CDTA has been considered as the most commonly
used current-mode active element in the field of analog signal processing. The modifications in the
basic structures of the CDTA to enhance the performance parameters of the circuit such as input
impedance, bandwidth, linearity, output impedance, low power consumption, electrical tuning
capability, transconductance etc. has been a topic of research from the past few years.

To improve the bandwidth and input impedance of the circuit, a flipped voltage follower circuit
[8-10] has been used in the CDU unit of conventional CDTA. Although, the circuit offered the noted
advantages but also lead to the disadvantages of larger MOSFET sizes and DC offset. A differential



current controlled current source [11] had the better linearity but the disadvantages were limited
transconductance and less tunability. Some other circuits to enhance the output impedance and the
tuning capability of the circuit were the Z copy CDTA [12, 13], Modified CDTA [14], Multifunction
cascaded CDTA [15] etc. Although, all these circuits helped in improvement of the conventional circuit
of the CDTA but some of the disadvantages included complex design circuitry, no electrical tuning of
frequency of oscillator etc. All these circuits improved some of the parameters of the circuits but the
boosting of the transconductance has not been a topic of research lately. The conventional methods to
enhance the transconductance lead the high power consumption, low voltage swings, lower bandwidth
etc. thus there was a need to boost the transconductance of the CDTA as it serves as one of the most
important parameter to control the center frequency of the filter and the frequency of the oscillator. But
recently, some techniques to boost the transconductance were reported. Some of these are replacement
of the differential pair of the OTA with the n-MOSFETSs connected in parallel [16, 17], cross-coupled
p-MOSFET based CDTA circuit [18] etc. But all these techniques suffered from the drawbacks of
limited range of transconductance and higher power dissipation. Thus, the future research in this field
can be in the context of boosting the transconductance of the OTA and thus enhancing the performance
of the CDTA.

Therefore, the motivation behind the research work recorded in this report was to design a high
transconductance based Current Differencing Transconductance Amplifier (CDTA) while keeping in
mind the drawbacks of the proposed structures. A comparison of performance parameters of proposed
high transconductance Current Differencing Transconductance Amplifier (CDTA) with the
conventional ones is also presented. The advantages offered by proposed structure are also mentioned.

1.2 ORGANIZATION OF THE THESIS

Chapter 1 introduces some of the reasons for the use of current-mode devices instead of the conventional
voltage-mode devices, few current-mode active elements along with the basic structural description of
the conventional CDTA.

Chapter 2 presents a brief description of the research that has been reported in literature for the
modification of conventional CDTA circuit and the CDTA based circuits used in the field of analog
signal processing.

Chapter 3 describes the proposed Current Differencing Transconductance Amplifier circuits and their
applications.

Chapter 4 addresses the simulation results of the proposed circuits. The simulation results have been
compared with the similar circuits available in literature.

Chapter 5 concludes the report and also mentions the future possibilities to carry forward the research

in this domain.



CHAPTER 2
LITERATURE SURVEY

This chapter aims at discussing the research work carried out on the conventional Current Differencing
Transconductance Amplifier (CDTA) by various authors over the years. A number of the modifications
have been done on the conventional CDTA to enhance its performance parameters. Different designs
of the conventional CDTA have been introduced to modify the parameters of the circuit like input
impedance, bandwidth, linearity, output impedance, low power consumption, electrical tuning
capability, transconductance [8-21] etc.

A modified CDTA presented in [8] used a flipped voltage follower (FVF) based current-mode
circuit in place of conventional current mirrors in the CDU. The FVF is made to work as a current sink.
The circuit has a low input impedance because of the feedback provided by FVF. But the design had
the disadvantage that the channel lengths of the MOSFETS had to be large to compensate the effects
due to the Channel Length Modulation but increasing the size of the MOSFETS resulted in DC offset
at the input stage. This in turn reduced the bandwidth of the circuit. One of the solutions to enhance the
bandwidth was to use more accurate current mirror circuits but that lead to the high supply voltages,
thus altering the configuration of the circuit.

Some of the disadvantages offered by the circuit briefed in [8] were removed by using a FVF
structure to obtain the difference of input currents in the CDU region and a multi output OTA, as
suggested in [9]. In this circuit, the FVF is used as a current follower circuit. The circuit offers the
advantages of very low input impedance, very high output impedance, unity voltage and current gains,
high bandwidth, low power consumption, transconductance tuning by using bias current, better dynamic
range than the one designed in [8] and high accuracy.

The work presented by Maktoomi et al. [10] showed the modified version of the circuit described
in [9]. The main difference between these circuits is that a current source and a current sink is used to
perform the differencing action of the input currents. The current sink used is same as that used in [9]
except the fact that no external voltage supply is applied. The current source consists of a dual flipped
voltage follower cell. The complete CDTA circuit composed of three blocks i.e. a FVF which is
configured as the current follower or current mirror and works as a current source, the current
differencing stage which contains two similar FVF configured current followers, out of which one
works as a current source and the difference of the current is taken at the node Z. The current sink is
converted to the current source with the help of ‘copy and invert’ stage. This reduces the number of
transistors as there is no need to use extra stage for performing the current differencing action. This
results in better frequency response due to the reduction in the number of nodes in the circuit. The
circuits offers the advantages of wider bandwidth and use of lesser number of transistors.

A Current Differencing Transconductance Amplifier was introduced by Alaybeyoglu et al. in [13].
The circuit consists of two stages i.e. the current differencing unit and dual output transconductance

amplifier. CDTA differs in construction from the conventional CDTA by the fact that third generation
4



current conveyors were used to copy the current at the intermediate Z terminal, instead of the classical
current mirrors. The circuit has two input terminals and four output terminals. The input impedances of
the circuit are low and output impedances are high. The third generation current conveyor acts as an
active floating current sensing element. The operation of current sensing is perfectly achieved with the
current conveyors.

A current-mode active element named as the multifunction current differencing cascaded
transconductance amplifier (MCDCTA) is reported in [15]. It is an independent and systematic building
block which is the combination of current differencing buffered amplifier and the operational
transconductance amplifier. MCDCTA greatly improves the flexibility and accuracy of current-mode
circuit designs. By cascading two inputs and (n+1) transconductance amplifiers, a MCDCTA can be
designed to operate as a lossy integral and a current amplifier. The circuit works on two principle
modules i.e. a low input impedance CDU and (n+1) OTA stages. Some of the advantages of the circuit
include low input impedance, no parasitic capacitances and wide bandwidth.

A high performance CDTA with qualities such as good linearity, high accuracy, low input
resistance, high output resistance, wider bandwidth etc. is suggested in [11]. The circuit also offers a
high input/output gain ratio for current transfer. In this circuit, a differential current controlled current
source (DCCCS) is used in the CDU which is used for obtaining the difference in current inputs and
transforming the difference of currents to the Z terminal. After converting this current to voltage at the
Z terminal, a Dual Output OTA (DO-OTA) is used to convert that voltage to the two currents achieved
at the two output terminals of the OTA. The resistance connected at the Z terminal of the DCCCS is
used to attain the gain of the circuit. The circuit offered a wide bandwidth.

A high performance CMOS implemented CDTA was introduced by Kacar et. al [19] with high
output impedance and good input/output current tracking. The reported circuit was verified using a
transadmittance mode biquad containing two CDTAs, capacitors and resistors.

Xuet. al. [20] presented a low voltage high linearity wideband CDTA amplifier. The main design
modification presented in the circuit is the use of only n-MOSFETS. The circuit consists of two principle
blocks: a CDU and the cross coupled transconductance amplifier circuit. The CDU performs the current
differencing action and the OTA offers a high transconductance. The circuit has the advantages such as
high linearity, wide frequency bandwidth, low power consumption, high transconductance, low input
impedance, high output impedance and tuning of transconductance.

A structure termed as the multi output current controlled CDTA (MOCDTA) was presented in
[12]. This structure consisted of two blocks Z copy CDTA and OTA. An extra transconductance
amplifier and current mirrors are used in the conventional CDTA circuit to extend the number output
ports of the circuit. It has high output impedance and low passive sensitivities even when the non
idealities of the circuit were considered. The main difference between the CDTA and MOCDTA lies in
the fact that the two blocks of the circuit are relatively independent of each other. The example of the

suggested circuit as a current mode quadrature sinusoidal oscillator with high output impedance had
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been realized but it has the disadvantage is that the condition of oscillation cannot be electronically
adjusted. Another Z-copy CDTA is reported [13] which used third generation current conveyors.

Malcher [14] introduced a modified current differencing transconductance amplifier. The circuit
has been modified by making changes in the conventional CDTA circuit such as the addition of an extra
terminal in place of the grounded reference node of CDU and the implementation of the OTA as the
differential output circuit with the possibility of duplication of the output currents. This circuit had the
advantage of providing electrical tuning of input resistance, resistance at the Z terminal and the
transconductance at the output stage. Some of the disadvantages of the circuit are the difference in the
input impedance of the p and the n terminals of the CDTA, which could be reduced by using the
MOSFETSs with larger aspect ratios, the tuning range of the bias current is not large enough and the
addition of all the structures increase the complexity of the circuit.

Although, a number of structures have been designed to enhance the performance parameters of
CDTA circuit but there are only a few available which deal with increasing the transconductance of the
OTA and thus improving the transconductance of CDTA. In all the above mentioned circuits, the
transconductance was varied by changing the bias current of the circuit but it lead to higher power
dissipation and a limited range of transconductance. The second method to vary the value of
transconductance was by increasing the aspect ratios of the transistors used to form the differential pair
but it had the limitation of low input/output swing and lower bandwidth. The main reason to increase
the transconductance of the OTA resides in the fact that in all the applications of analog signal
processing, transconductance is used to control different parameters of the circuits such as the center
frequency of the filter and the frequency of oscillations of the oscillator circuits. Also, in logarithmic
amplifiers and waveform generators a high value of transconductance is required as the output current
in these circuits depends on the transconductance. Further, in order to achieve a lager bandwidth of
inductance, the grounded capacitors and the floating inductor circuits require a wider range of

transconductance values. So, some new techniques were suggested.

2.1 GM BOOSTING TECHNIQUES

The first technique to enhance the transconductance of the CDTA was proposed in [16]. In this
technique, the value of bias current was kept constant. The number of MOSFETS in the differential pair
were increased by connecting a number of perfectly matched n -MOSFETSs in parallel. Thus, two
networks of n-parallel MOSFETS were placed in place of the conventional differential pair n-MOSFETSs
to boost the transconductance of CDTA and hence named as transconductance boosted current
differencing transconductance amplifier. The increased number of MOSFETS led to the increase in the
current of the circuit as all the MOSFETSs were connected to a same gate-to-source voltages. The
transconductance of the circuit was increased as the number of MOSFETs were increased in the

differential pair. Thus, the output of the TBCDTA will be the summation of currents flowing through

6



the networks formed in differential pair of the circuit. The circuit offered a high value of
transconductance along with the wider range of the transconductance by keeping the power dissipation
in the acceptable range as that of a conventional CDTA. The circuit has the disadvantage of using large
area but that can be reduced by using an appropriate number of MOSFETS in the design. Another
approach with similar concept of parallel n-MOSFETS in differential pair with current copying method
is used in [17].

The transconductance of the circuit reported in [18] was boosted without altering bandwidth
and input/output swing of the circuit by using a pair of cross-coupled p-MOSFETs across the
conventional PMOS active loads. The idea behind the use of cross coupled p-MOSFETS lie in the fact
that they formed the positive feedback which resulted in increased gain. The advantage of the circuit
were the improved tuning range and input/output swing.

The technique reported in [21] used n-MOSFETs in parallel which were used to form the
differential pair and a pair of cross coupled p-MOSFETSs along with the active load p-MOSFETSs. The
cross coupled p-MOSFETS generate a negative resistance by feedback from the output node to enhance
the DC gain. By applying the positive feedback technigue, achieving a large DC gain becomes partially
dependent on matching of parameters of different transistors that are involved in the positive feedback.
The circuit offers the advantage of increased transconductance.

Another technique is CDTA based on this technique used a source degenerated differential pair
with constant biasing current. The main advantages of the circuit was enhanced transconductance, high
linearity and improved tuning range.

Apart from all these structures and available techniques to modify the conventional CDTA
structures, a large number of applications based on the CDTA in the field of analog signal processing
have been proposed over the years of time. The various applications developed by CDTA from its
inception are monostable multivibrators [22], semi Gaussian shaper [23], Schmitt trigger [24-26],
comparator [27], multipliers [28-30], power detector [31], current limiters [15], oscillators [32, 33],
rectifiers [33, 34], square rooter [35], tunable phase shifter [36], filters [37, 38], logarithmic amplifier
[39], modulators [40], Wein bridge oscillator [41], Wheatstone bridge [42] etc.



CHAPTER 3
PROPOSED CDTA AND ITS APPLICATIONS

In this chapter, four current differencing transconductance amplifier (CDTA) structures such as
CDTACS, PCDTACS, CCDTACS and PCCDTACS are proposed. The main objective of these circuits
is to show the increased transconductance along with keeping the power dissipation to the optimum
levels. The KHN filters are used the applications to show the effectiveness of the proposed structures.
In the section 3.1, the operation of conventional CDTA is explained. Section 3.2 describes the structure
of CDTACS and the advantages of connecting a common source (CS) amplifier in the OTA of proposed
CDTACS. Section 3.3 addresses PCDTACS in which the advantage of connecting a number of n-
MOSFETSs in the differential pair is discussed. A CCDTACS is proposed in Section 3.4, in which the
OTA is modified by connecting a pair of cross coupled n-MOSFETS in the differential pair. In the last
section 3.5, a proposed PCCDTACS is designed by using a CS amplifier, two networks of parallel n-
MOSFETSs and the cross-coupled n-MOSFETSs in the OTA.

3.1. CONVENTIONAL CDTA

Figure 3.1 shows the circuit diagram of a conventional CDTA. It consists of the two units namely
Current Differencing Unit (CDU) [8] and the Operational Transconductance Amplifier (OTA) [3]. The
CDU acts as a differencing unit of two input currents. The difference of input currents is calculated at
the output terminal of the CDU. This current is then converted to a voltage across the connected
resistance. This voltage then acts as an input to the differential pair in the OTA and the output is

generated in the form of two currents.

Figure 3.1 Conventional CDTA



The CDU consists of MOSFETs M1-M6 which are in the form of three current mirrors. The input
currents are applied to the drain terminal of M1 & M3 and the difference of currents is generated at the
Z terminal with the help of current mirrors. This current is then converted to a voltage by connecting a
resistance at the Z terminal. All the MOSFETS in the circuit operate in the saturation region. The OTA
is composed of the MOSFETs M7-M18. The voltage produced at Z terminal is given as the input to
MOSFET M7 of the differential pair. This voltage is again converted to the current via the network of
current mirrors formed by MOSFETs M9-M14. The output of CDTA is generated at the drain terminals
of M18 and M15.

3.2. PROPOSED CDTA WITH COMMON SOURCE AMPLIFIER (CDTACS)

The operation of both the conventional CDTA and the proposed CDTACS is same except from the fact
that the transconductance of the proposed circuit has been boosted. The proposed CDTACS has been
developed from the conventional CDTA and a Common Source (CS) Amplifier. The common source
amplifier has been used to boost the transconductance of the conventional CDTA as the CS amplifier
produces an out-of-phase voltage at the output terminal which is given to the source of one of the

MOSFETSs in the differential pair thus increasing the overall gate-to-source voltage of the MOSFET.

| i
CS Amplifier Ipiasz (I P

— I~
A

Mm17 Mm18

|

Figure 3.2 Proposed CDTA with Common Source (CDTACS)

Figure 3.2 shows the proposed CDTACS circuit. The proposed CDTACS consists of two units i.e. the
CDU and the OTA with CS amplifier. The CDU consists of six MOSFETs M1-M6. These MOSFETSs
form three current mirror networks. The MOSFETs M1 & M2, M3 & M4 and M5 & M6 are perfectly
matched. All the MOSFETS operate in the saturation region. The two currents Ip and In are given as
inputs to the drain terminals of the MOSFETs M1 and M3, respectively. This current is then passed
through the current mirror circuits and the difference of current is created at the Z terminal of the CDU

unit. The value of the resistor connected at the Z terminal is chosen so as to provide a proper operating
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range to the OTA. The OTA consists of MOSFETs M7-M22. These MOSFETS are also made to operate
in saturation region. The p-MOSFET i.e. M9-M14 and n-MOSFETs M15-M17 form current mirrors.
The CS amplifiers are designed by using MOSSFETs M19-M20 and M21-M22. These are connected
on both the sides of OTA to make the circuit symmetrical. The CS amplifier is connected across gate
and source terminals of the MOSFET M7 of the differential pair. Same input voltage is applied at the
gate terminals of MOSFETs M20 and M7. The output of CS amplifier is given to the source terminals
of the MOSFETs M7 and M8 of the differential pair. This in turn, increases the gate-to-source voltage
of the MOSFETSs of the differential pair. The output of the OTA is in the form of two currents named
as Ix+ and Ix-. These two currents are taken from the drain terminals of the MOSFETs M15 and M18.

A small signal model of CDTACS as shown in Figure 3.3.
Applying KCL at the node A:

Iy = —gmy.VgS1p — My5.VES1s (3.1
where, iy, represents the output current, gmioand gmss are the transconductances of MOSFETs M10 &

M15 and vgsio & vgsis are the gate-to-source voltages of M10 & M15.

CS Amplifier CS Amplifier
A I_ | VgS1o (VV)I2 -(Vrvi)l2 Vg1 r— %= _| Vgss
I | I |
| I
| I ! | I
iwésﬁ 1233013330 330 1 23301 2382
£ = 2 2l g & o ~ o o S I - ]
I?g?s'§985|§gs% El gl gl 8| 1&|slé|l5 | € .45
al 2| & € | S E =1 = R sl 2 F| & 2l 2|5 & S 5| 5| =
| 53 53 | é | 2 = = | =1 § | | 21 2 é
L
1 i

Figure 3.3 Small signal model of CDTACS

Applying KCL at the node v to calculate the output voltage produced by the CS Amplifier. The output

voltage vx is given as:

1
Vy = —gMy(.VESyg (gm llrosq 1l rozo) (3.2)

19
where, gmig and gmyo represent the transconductances of MOSFETs M19 & M20, roig & roy are the

output impedances of M19 & M20 and vgsax is the gate-to-source voltage of M20. The value of 1/gm;q

is smaller than the ro;9 and ro,,. So, the parallel combination of 1/gm;q, ro;9 and ro, reduces to

1/gm; 4 . Therefore, vx equals to:

V= —221’ (%) (3.3)

where v, = 2.vgs,, is because of the half symmetry of the circuit.

The gate-to-source voltage of the MOSFET M10 i.e. vgs;, in terms of v,.

1
vgS1p = —gm, vgs,. (g? Il rog 1l ro7) (3.4)
9
10




where, gm;and gmg represent the transconductances of M7 & M9, ro;and rog are the output impedances

and vgsy is the gate-to-source voltage. The value of 1/gmg is smaller than the rog and ro,. So, the parallel

combination of 1/gmg, rog and ro, yeilds to 1/gmg . Therefore, vgs,, is equal to:

my

_ g
V8S10 = ——. V8Sy

gMmgy

gmg

gmg

gmg

The gate-to-source voltage of the MOSFET M13 i.e. vgs,3 in terms of v, is given as:

1
vgS13 = —gmMg.VgSsg. (a llroy, 1l r08>

_ gMy7 (v,
_&577 (?_
gmy (E
2

m

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

where, gmgs and gmi. represent the transconductances of M8 & M12, roi; and ros are the output

impedances and vgss is the gate-to-source voltage of M8. The value of 1/gm;, is smaller than the rog

and roq,. So, the parallel combination of 1/gm;,, rog and ro,, yeilds to 1/gm,, . Therefore, vgs;3 is

equal to:

gmyj;

_ 8mg (E gMmzo Vz
2 gmyy 2

gmi;

m m
_ gmg (1 +g 20
gMjg

gmyq;

The gate-to-source voltage of the MOSFET M15 vgs,  in terms of vgs; 5 is given as:

1
VgS15 = —gmj3.VgSy3. (E llro ;11 r013)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

where, gmis and gms; represent the transconductances of M13 & M17, roi7 and ross are the output

impedances of M13 & M17 and vgsis is the gate-to-source voltage of M13. The value of 1/gm;, is

smaller than the ro;; and ro,3. So, the parallel combination of 1/gm;,, ro,; and ro;3 Yyeilds to

1/gm,,. Therefore, vgs; s equals to:

VES15s = _g

Substituting the value of vgs, 3 in Equation (3.15).

VgSis = . .
gmi; gmy;

11
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The MOSFETs M13 and M12 are perfectly matched. Thus, gm;; = gm,.

Therefore,
vgs s = gg;ni . (1 + zrrzj;’)% (3.17)
Substituting Equation (3.8) and (3.17) in Equation (3.1).
Therefore,
iy = gMyo o’ (1 + ir;j:) % + gmyg ggr;ni (1 + iﬁjg) % (3.18)

The MOSFETs M7 & M8, M9 and M10, M15 and M17 are perfectly matched. Thus, their respective
transconductance are also equal i.e. gm,; = gmg = gm, gmg = gm;, and gm;s = gm,,. Therefore,

the current iy, can be represented as shown in equation 3.12.

; _ gMzo\ Vz gMzo\ Vz
iy, =gm,. (1 + gmlg). S T gmg. (1 + gmlg). > (3.19)
. gmzo)
= A1 . 2
i =gm (14 ). (3.20)
The value can be (grrzi) can be denoted by a constant A. Thus,
19
ix+ =gm.(1+A).v; = gmcpracs: V2 (3.21)
Similarly, the iy_ can be shown as:
iX— = —gm (1 + A).VZ = _ngDTACS'VZ (322)

The gmcpracs represents the new transconductance of the proposed CDTACS in which the

transconductance of the conventional CDTA is boosted by a factor of (1+ A).

3.2.1 KHN Filter based on proposed CDTACS

A Kerwin-Huelsman-Newcomb (KHN) filter designed using the proposed CDTACS
is shown in Figure 3.4. The KHN filter is constructed by cascading of two proposed CDTACS
circuits with passive elements to obtain the frequency response of High Pass (HP), Low Pass
(LP) and Band Pass (BP) filters. The center frequency of the KHN filter (fo) is given as:

1 m .gm
fo = Jg CDTACS1- 8MCDTACS2 (3.23)

T2 C,.C,

where, gmcpracst = EMcpTracsz = &McpTacs are the transconductances of the proposed
CDTACS, C;and C, are the two equal value grounded capacitances connected across the
terminals of the KHN filter.

12



p X- p X-

CDTACS1 CDTACS2
n X+ n X+
Iin z Z R lLP
= HPl == cC1 BP[ =—cCc2 =

Figure 3.4 KHN Filter using proposed CDTACS

33. PROPOSED CDTA WITH CS AMPLIFIER AND PARALLEL N- MOSFETS
(PCDTACS)

The proposed PCDTACS is a modification of the proposed CDTACS circuit. In this circuit, the basic
structure of the CDTA remains the same except that in place of a single n-MOSFET in differential pair,
a number of n-MOSFETS are connected in parallel to enhance the transconductance of the CDTA. In
the proposed PCDTACS, five n-MOSFETS are connected in parallel to form two symmetrical networks
i.e. N1 and N2 on each sides of the OTA. These networks N1 and N2 of MOSFETSs increases the total
current in OTA as the total drawn by the current will be the summation of all the individual currents
drawn by the MOSFETS and thus increasing the transconductance of circuit.

The PCDTACS is shown in the Figure 3.5. The proposed PDTACS consists of two units i.e.
the CDU and the OTA with CS amplifier. The CDU consists of six MOSFETs M1-M6. These
MOSFETSs form three current mirror networks. The MOSFETs M1 & M2, M3 & M4 and M5 & M6
are perfectly matched. All the MOSFETS operate in the saturation region. The two currents Ip and In
are given as inputs to the drain terminals of the MOSFETs M1 and M3, respectively. This current is
then passed through the current mirror circuits and the difference of current is created at the Z terminal
of the CDU. The value of the resistor connected at the Z terminal is chosen so as to provide a proper
operating range to the OTA. The OTA consists of MOSFETs M7y-M22. These MOSFETS are also
made to operate in saturation region. The p-MOSFET i.e. M9-M14 and n-MOSFETs M15-M17 form
current mirrors. The CS amplifiers are designed by using MOSSFETs M19-M20 and M21-M22. The
CS amplifier is connected across gate and source terminal of the MOSFET M7 of the differential pair.
The network of parallel n-MOSFETS N; and N2 is used to improve the transconductance of the
PCDTACS. These are connected on both the sides of OTA to make the circuit symmetrical. Same input
gate voltage is applied to the MOSFETs M20 and M7n. The output of CS amplifier is given to the
source terminals of the MOSFETs M7y and M8y of the differential pair.

13



S
0)
\4
1
d
0]
d
pa
S
odol
d
q
R
al
nb
14

u
EAH\ Janytdur
.‘_‘ s
| ) _ |
Dm , _ |
| m _ |
] _|_,_ --
| _N_rw _ z II
| - I
| | j_u |
r S
N ||__|Am_) “
— " _II
~ _ |
=
hi |
I_|3 ﬁ.l
— gl
Inl__ll_r:_ II_
_Z_l |
i
P
1 vV |
3
|

H _
ﬁ

14



This in turn, increases the gate-to-source voltage of the MOSFETS of the differential pair. The output
of the OTA is in the form of two. These two currents are taken from the drain terminals of the MOSFETs
M15 and M18.

A small signal model of PCDTACS as shown in Figure 3.6.
The gain of the CDTACS can be calculated by applying the KCL on the different nodes.
Applying KCL at the node A:

Iy = —gmyp.VgS1p — My5.VESys (3.24)
where, iy, represents the output current, gmsioand gmss are the transconductances of MOSFETs M10 &
M15 and vgsio & vgsis are the gate-to-source voltages of M10 & M15.

Applying KCL at the node vy to calculate the output voltage produced by the CS Amplifier. The output
voltage v is given as:

1
Vy = —8My.VESyo (gm llroqq 1l r020> (3.25)

19
where, gmig and gmyo represent the transconductances of MOSFETs M19 & M20, roig & rog are the

output impedances of M19 & M20 and vgszo is the gate-to-source voltage of M20. The value of 1/gm,q
is smaller than the ro;9 and ro,,. So, the parallel combination of 1/gm;4, ro;9 and ro,,reduces to

1/gm, . Therefore, vx equals to:

gMyo (Vg
=220 (= 3.26
s o () (3.26)

where, v, = 2.vgs,, is because of the half symmetry of the circuit.
The gate-to-source voltage of the MOSFET M10 i.e. vgs;, in terms of v,.

1
VgS19 = —gMyN VES7N- (a Il rog 1l rom) (3.27)

where, gmsn is summation of transconductances of network Nii.e. gmsn = gmz1 + gmy2 + gMz3 + gMya
+ gmyss, gmo represent the transconductances of M9, rosn is the parallel combination of output
impedances of MOSFETs M71.5, rog are the output impedances of M9 and vgsn is the gate-to-source
voltage applied to the gate terminals of the MOSFETs M71.5 . The value of 1/gmg is smaller than the

rog and ro,y. So, the parallel combination of 1/gmg, rog and ro,y Yyeilds to 1/gmg . Therefore, vgs;,

equals:
_ __8myN
V8S10 = — - VBS7N (3.28)

— _8MN (V2 Vx

=& .(2 2) (3.29)
gmyN (Vz gMyo Vz)
gmg \2  gmyy 2 ( )
m m \

-8 7N.(1+g 20).—Z (3.31)
gMg gmqy/ 2
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Figure 3.6 Small signal model of PCDTACS



The gate-to-source voltage of the MOSFET M13 i.e. vgs,3 in terms of v, is given as:

1
vgSi3 = —gMmgy .VgsgN.<gm12 llroq, 11 rogN) (3.32)

where, gmsy is summation of transconductances of network Nzi.e. gmsy = gMg1 + gMg 2 + gMg3 + gMg 4
+ gmgs, gmio represent the transconductances of M12, rogy is the parallel combination of output
impedances of MOSFETSs M8:.s, ro12 are the output impedances of M12 and vgssn is the gate-to-source
voltage applied to the gate terminals of the MOSFETs M85 The value of 1/gm,, is smaller than the
rog and ro;,. So, the parallel combination of 1/gm;,, rogy andro,, Yeilds to 1/gm, . Therefore,

vgs, 3 is equal to:

gMgN
VgS13 = — o VE8SgN (3.33)
gMgN Vz  Vx
- _ (=24 X 3.34
gMmy; ( 2 ¥ 2) ( )
gMgN (Vz gMmyo Vz)
gm; \2  gmyg 2 ( )
m m V.
_8 8N.(1+g 20)__z (3.36)
gMy2 gmig/ 2
The gate-to-source voltage of the MOSFET M15 vgs, z in terms of vgs; 5 is given as:
_ 1
VgSis = —gMy3 -VgS13-(_gm17 llros- 11 r013) (3.37)

where, gmis and gmsz represent the transconductances of M13 & M17, roi7 and ross are the output
impedances of M13 & M17 and vgsis is the gate-to-source voltage of M13. The value of 1/gm,, is
smaller than the ro;; and ro,3. So, the parallel combination of 1/gm;,, ro,; and ro;3 Yeilds to

1/gm,,. Therefore, vgs; s equals to:

gmj3

VgSis = — . VgSq3 (3.38)

gmyy

Substituting the value of vgs,3 in Equation (3.38).

gmy3 gMmgn ( gmzo) Vz
VESis = . A1+ — 3.39
8515 gmy; gmyqy gmqq/ 2 ( )
The MOSFETs M13 and M12 are perfectly matched. Thus, gm;; = gm,.
Therefore,
gmgn ( gmzo) Vz
VgS s = Jd1+ e 3.40
8515 gmyy gmyg/ 2 ( )
Substituting Equation (3.31) and (3.40) in Equation (3.24).
Therefore,
. gmyyN ( gmzo) 7 gmgn ( gmzo) Uy
i =gm A1+ .— +gm A1+ — 3.41
X+ gmygo —— A gmjs — —— ( )
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The MOSFETSs M7y & M8y, M9 and M10, M15 and M17 are perfectly matched. Thus, their respective
transconductance are also equal i.e. gm,y = gmgy = gmy, gMmg = gm; and gm;s = gmy-.

Therefore, the current i, as:

i = 8Ma0) Yz 8Mao0) Vz
iy = gmyy. (1 + gmw). S T gmgy. (1 + gmlg). > (3.42)
. gmzo)
= A1+ . 3.43
L+ gmy ( gmyo U, ( )
The value can be (gmi) can be denoted by a constant A. Thus,
gMig
Iyt = gmy.(1+A).v, = gmpcpracs: Vz (3.44)
Similarly, the i,,_ can be shown as:
Iy =—gmy.(1+A).v, = —gMpcpracs: V2 (3.45)

where, the gmpcpracs represents the transconductance of the proposed PCDTACS in which the

transconductance of the CDTACS is boosted by a factor of gmy.

3.3.1 KHN Filter based on proposed PCDTACS

A Kerwin-Huelsman-Newcomb (KHN) filter designed using the proposed PCDTACS
is shown in Figure 3.7. The KHN filter is constructed by cascading of two proposed PCDTACS
circuits with passive elements to obtain the frequency response of High Pass (HP), Low Pass
(LP) and Band Pass (BP) filters.

The center frequency of the KHN filter (fo) is given as:

(3.46)

fo = 1 8MpcpTACS1- 8MPCDTACS2
0= —.
2T Cl . Cz

where, gmpcpTtacs: = EMpcpracsz = EMpepTacs are the transconductances of the proposed
PCDTACS, C;and C, are the two equal value grounded capacitances connected across the
terminals of the KHN filter.
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Figure 3.7 KHN Filter using proposed PCDTACS

3.4. PROPOSED CDTAWITH CS AMPLIFIER AND CROSS COUPLED N-

MOSFETS (CCDTACYS)

The proposed CCDTACS is a modification of the proposed CDTACS circuit. In this circuit, the basic
structure of the CDTA remains the same except from the fact that in CCDTACS, a pair of n-MOSFETSs
is connected in cross coupled configuration across the differential pair of OTA. These cross coupled
MOSFETSs form a positive feedback in the circuit which leads to the improved transconductance of the
circuit. Thus, the overall transconductance of the OTA becomes dependent on the cross-coupled
MOSFETSs and by selecting their suitable ratios, a high gain can be achieved.

The CCDTACS is shown in the Figure 3.8. The proposed CCDTACS consists of two units i.e.
the CDU and OTA with CS amplifier and cross-coupled MOSFETs M9 and M10. The CDU consists
of six MOSFETs M1-M6. These MOSFETS form three current mirror networks. The MOSFETs Mland
M2, M3 and M4, M5 and M6 are perfectly matched. All the MOSFETS operate in the saturation region.
The two currents Ip and In are given as inputs to the drain terminals of the MOSFET M1 and M3,
respectively. This current is then passed through the current mirror circuits and the difference of current
is created at the Z terminal of the CDU. The value of resistor connected at the Z terminal is chosen so

as to provide a proper operating rate to the OTA.
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The OTA consists of MOSFETs M7-M24. These MOSFETSs are also made to operate in saturation
region. The p-MOSFETs M11-M16 and n-MOSFETs M17-M20 form current mirrors. The CS
amplifiers are designed by using MOSSFETs M21-M22 and M23-M24. The CS amplifiers are
connected on both sides of the OTA to make the circuit symmetrical. The CS amplifier is connected
across gate and source terminal of the MOSFET M7 and the drain terminal of M7 is connected to the
drain of MOSFET M9 to form a cross-coupled pair on one side of OTA. Similarly, on the order side
drain of MOSFETs M8 and M10 are connected together. Same input gate voltage is applied to both the
MOSFETs, M22 and M7. The output of CS amplifier is given as to the source terminals of the
MOSFETs M7 and M8 of the differential pair. This in turn, increases the gate-to-source voltage of the
MOSFETSs of the differential pair. The cross coupled MOSFETs M9 and M10 are connected to a third
current source. These MOSFETS also operate in saturation region. The output of the OTA is in the form
two currents and is taken from the drain terminals of the MOSFETs M17 and M20.

The small signal model of the proposed CCDTACS is shown in Figure 3.9.
Applying KCL at the node A:

ly+ = —8My2.VES1p — 8My7.VESyy (3.47)
where, i,, is the output current of the CCDTACS, gm;, and gm,, are the transconductances of
MOSFETs M12 and M17 and vgs,, and vgs;- are their respective gate-to-source voltages.
Applying KCL at the node v, to calculate the output voltage of CS Amplifier. The output voltage v,is
equal to:

1
Uy = —gMy,.VESyy (gm llro,q 11 r022> (3.48)
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where, v, is the output voltage of the CS amplifier, gm,; and gm,, are the transconductances of
MOSFETs M21 and M22, vgs,, is the gate-to-source voltage of MOSFET M22 and ro,,and ro,, are
the output impedances of MOSFETs M21 and M22. The value of 1/gm,, is smaller than the ro,; and
ro,,. So, the parallel combination of 1/gm,;, ro,, and ro,, yeildsto 1/gm,,.

Therefore, v, reduces to:

Vy = —

T2 () (3.49)

gmyy \2
where, v, = 2.vgs,, is because of the half symmetry of the circuit. The v, is the gate voltage of the
MOSFETs M7 and M22.

The gate-to-source voltage of the MOSFET M12 i.e. vgs,, in terms of v,.

1
Il roq4 l o, U (— —)) (3.50)

1
Vgslz = _gm7 . VgS7. (gm gm9

11
where, vy, Is the gate-to-source voltage of M12, gm;; and gmq are the transconductances of

MOSFETs M11 and M9, vgs- is the gate-to-source voltage of MOSFET M7 and ro;;and ro, are the

output impedances of MOSFETs M11 and M7 respectively. The value of (;) and (— L) is
gmia gmg
21



smaller than the ro,; and ro,. So, the parallel combination of (gnll )(— g%) ro,; and ro, yeilds
11 9

1

to (————)..
gmi1—gmo

Therefore, vgs;, equals to:

VgSiy; = ———— . VgSy (3.51)

gm7 UZ vx
SN S (e (3.52)
gMy1 — 8Mg (2 2 )
gmy (Uz gmy;, vz)
=—— =+ — (3.53
gmy; —gmge \2  gmyp; 2 )
m m V.
=—g—7.(1+g 22).—2 (3.54)
gMy1 — Mg gmy,/ 2
The gate-to-source voltage of the MOSFET M15 i.e. vgs,s in terms of v,.
! 11 11 l( !
= — . A— uro ro i 3.55
VgS1s = —gms.VESs (gmM 14llrog I (=) ) (355)

where, vg,5 Is the gate-to-source voltage of M15, gmg and gm,, are the transconductances of

MOSFETs M8 and M14, vgsg is the gate-to-source voltage of MOSFET M8 and rog and ro,, are the

1

gmio

output impedances of MOSFETs M8 and M14 respectively. The value of (gmL) and (— ) is
14

smaller than the rog and ro,4. So, the parallel combination of (—1 ),(— L ), rog and roq, Yyeilds
gmqy gmyo
1

to (m) . Therefore, vgs, 5 reduces to:
gMmg
VoS = ———— ., V@S 3.56
851 8My4 — BMyg SN ( )
gmg Vz  Ux
=298 (-Z4= 3.57
gMg — gMyq ( 2 2) ( )
gmg (Uz gm;, Uz)
gmq, — gMqq 2 gMmyq 2
m m 1%
__ gmg _(1 L8 22)__z (3.59)
gmy4 — gMyg gmyq/ 2

The gate-to-source voltage of the MOSFET M17 i.e. vgs, in terms of vgs;s.

1
vgsyy = —gm15-VgS15-(gm Il roqq 11 r015> (3.60)

19

where, vy is the gate-to-source voltage of M15, gm;s and gm,, are the transconductances of
MOSFETs M15 and M19 M7 and ro, 5 and ro, ¢ are the output impedances of MOSFETs M15 and M19
respectively. The value of 1/gm,q is smaller than the ro,4 and ro;s. So, the parallel combination of

1/gm,4, ro;9 andro,s Yyeilds to 1/gm;q . Therefore, vgs,, is:

gMys
vgsyy = _gm19' VgS1s (3.61)
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Substituting the value of vgs, s in Equation (3.61).

gm;s gmg ( gmzz) Uy

VgsS{7 = — . A1+ — 3.62

8517 gMig9 M4 — gMyy gmy,/ 2 ( )
Substituting Equation (3.54) and (3.62) in Equation (3.47).
Therefore,
. my ( gmzz) v, gm; s gmg ( gmzz) v,
e =My, ——— . |1+ — + gmq-. . A1+ .— (3.63
o gl gmqq — gMo gmy,/ 2 v gMig9 M4 — gMyy gmy,/ 2 )

The MOSFETs M17 and M19 are symmetrical. Thus, their respective transconductance are also equal

i.e. gm,; = gm,o and they will be cancelled. Hence, the current i,., can be represented:

, gmy ( gMmyo\ vy gmg gMyo\ Vg
i =gmy,.—.(1+ ).— + gm .—.<1+ ).— (3.64)
** 12 gmy; — gMg gmy;/ 2 1 gMiy — gMmyp gmy,/ 2
m m mq=. €m m 1%
— ( gmj, gmy n gMys. 8 8).(1+g 22>._z (3.65)
gmy; — gMg  gMyy — gMyp gmy,/ 2
The terms 222877 apq ET1s8Ts qre equal as the OTA is symmetrical. So, we can write:
gMmq1— gMgy gmq4—gMyg
gm;, gm, gMm;5.gMg
= = 3.66
gmy;— 8Mg gmy,—gmyg §McepTacs ( )
Simplifying further,
Omccpracs = —gfnnlliggrzg (3.67)
The MOSFETs M11 and M12 are symmetrical, thus gm;, = gm;;
Therefore,
dmccepracs = 15& = 1?& (3.68)

gmyq gmi4

The factor £ is due to the cross coupled n-MOSFETSs. As the positive feedback makes the circuit

mqq

unstable but by choosing the appropriate values of MOSFETs M9 and M14, the overall
transconductance of the CCDTACS can be improved without effecting the stability of the circuit. Also,

the value (iml) can be denoted by a constant A. Thus,

myq

ixsy = gmcepracs- (1 +A).v, (3.69)

Similarly, ix_ can be represented as shown:

ix- = —gmccpracs: (1 + A). v, (3.70)
The gmccpracs represents the new transconductance of the proposed CCDTACS in which the

transconductance of the proposed PCDTACS is boosted by the ratio ggﬂor £T10

mqq gmyy
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Figure 3.9 Small signal model of CCDTACS



3.4.1 KHN Filter based on proposed CCDTACS

A Kerwin-Huelsman-Newcomb (KHN) filter designed using the proposed
CCDTACS is shown in Figure 3.10. The KHN filter is constructed by cascading of two
proposed CCDTACS circuits with passive elements to obtain the frequency response of
High Pass (HP), Low Pass (LP) and Band Pass (BP) filters. The center frequency of the
KHN filter (fo) is given as: The center frequency of the KHN filter (fo) is given by:

(3.71)

fo— L |BMccpTAcs:-8MccpTacs2
o C,. C,

where, gmcepracs:t = 8McepTacsz = EMccpracs are the transconductances of the
proposed CCDTACS, C;and C, are the two equal value grounded capacitances
connected across the terminals of the KHN filter.

p X- p X-
CCDTACS1 CCDTACS2
n X+ n X+

Iin Z Z R [Lp

Figure 3.10 KHN Filter using proposed CCDTACS

3.5. PROPOSED CDTA WITH CS AMPLIFIER, CROSS COUPLED N-MOSFET
AND PARALLEL N-MOSFETS (PCCDTACS)

The proposed PCCDTACS circuit is a combination of all above three proposed CDTA circuits i.e.
OTA of this proposed circuit consists of a CS amplifier, a pair of cross-coupled n-MOSFETSs and
two networks N1 and N2 consisting of five parallel equal sized n-MOSFETSs. The constructional
difference between CCDTACS and PCCDTACS is that in place of a single differential pair, a
network of MOSFETSs is connected on both sides of OTA. This enhances the overall current in the
circuit. The cross coupled MOSFETSs generates a positive feedback which further leads to the
improved transconductance of the circuit because the overall transconductance of the OTA becomes
dependent on the cross coupled MOSFETSs and the summation of transconductances of the parallel
MOSFETSs.

The Figure 3.11 shows the circuit diagram of PCCDTACS.
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The proposed PCCDTACS consists of two units, the CDU and OTA with CS amplifier and cross
coupled MOSFETs M9 and M10. The CDU consists of six MOSFETs M1-M6. These MOSFETSs form
three current mirror networks. The MOSFETs M1 & M2, M3 & M4 and M5 & M6 are perfectly
matched. All the MOSFETS operate in the saturation region. The two currents Ip and In are given as
inputs to the drain terminals of the MOSFETs M1 and M3, respectively. This current is then passed
through the current mirror and the difference of current is created at the Z terminal of the CDU. The
value of resistor connected at the Z terminal is chosen so as to provide a proper operating range to the
OTA. The OTA consists of MOSFETs M7-M24. These MOSFETS also operate in saturation region.
The p-MOSFETs M11-M16 and n-MOSFETs M17-M20 form current mirror networks. The CS
amplifiers are designed by using two MOSSFETs M21-M22 and M23-M24. The CS amplifiers are
connected on both sides of OTA to make the circuit symmetrical. Also, drain terminal of these
MOSFETS is connected to the drain of MOSFET M9 and MOSFET M10 to form two cross-coupled
pairs. The M7y and M8y represent the number of MOSFETS connected in the differential pair of OTA
to further boost the transconductance of the circuit. Same gate voltage is applied to both the MOSFETs
M22 and M7x. The output of CS amplifiers is connected to the source terminal of the MOSFETS present
in network N1 and N2. This in turn, increases the gate-to-source voltage of the MOSFETS in the
differential pair. The cross coupled MOSFETs M9 and M10 are connected to a third current source, Ic.
These MOSFETS operate in saturation region. The output of the OTA is in the form of two currents.
These two currents are taken from the drain terminals of the MOSFETs M17 and M20.

The small signal model of PCCDTACS is shown in Figure 3.12.
Applying KCL at the node A:

ly+ = —8My2.VES1y — gMy7.VESyy (3.71)
where, i,, is the output current of the CCDTACS, gm;, and gm,, are the transconductances of
MOSFETs M12 and M17 and vgs,, and vgs,, are their respective gate-to-source voltages.
Applying KCL at the node v, to calculate the output voltage of CS Amplifier. The output voltage v, is

equal to:

Vy = —E8My,.VESyy (gm ll ro,q 1l rozz) (3.72)

21

where, v, is the output voltage of the CS amplifier, gm,; and gm,, are the transconductances of
MOSFETs M21 and M22, vgs,, is the gate-to-source voltage of MOSFET M22 and ro,;and ro,, are
the output impedances of MOSFETs M21 and M22. The value of 1/gm,, is smaller than the ro,, and
ro,,. So, the parallel combination of 1/gm,,, ro,, and ro,, yeildsto 1/gm,, .

Therefore, v, reduces to

__8mpy Uy
ve= - (2) (3.73)

where, v, = vgs,, due to half symmetry of the circuit.
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Figure 3.12 Small signal model of PCCDTACS



The gate-to-source voltage of the MOSFET M12 i.e. vgs,, in terms of v,.

1 1
VgS1; = —gMmyy . VESyN- (gmn llroq; Hrosy U (— ﬁ))

where, vy, Is the gate-to-source voltage of M12, gm;; and gmg are the transconductances of
MOSFETs M11 and M9, vgs-y is the gate-to-source voltage of all the MOSFET connected in network
N1, ro,, are the output impedances of MOSFETs M11, ro,y is the output impedance of the parallel
combination of all MOSFETS connected in N1 and gm-y is the summation of transconductances of all

the MOSFETs in N1 ie. gm,y= gm;;+gm,;, +gm,3 +gm;, +gm,s. The value of

( ! )and (—L) is smaller than the ro;; and ro,y. So, the parallel combination of
gmi1 gmeg

1 1 - 1
( ) (— —) ro,; and ro,y yeilds to (m) . Therefore, vgs;, equals:

gmiq gmg
m
VgSqp = —L. vVgSoN (3.74)
gmjp — gMy
gmyN Uz Uy
- _ Y 3.75
gmqq — gy (2 2 ) ( )
gmyyN (Vz gm;, Vz)
= — =+ — 3.76
gmi; —gmg \2  gmy; 2 ( )
m m v,
-8 .(1+g 22).—Z (3.77)
gmy; — My gmy,/ 2

The gate-to-source voltage of the MOSFET M15 i.e. vgs,s in terms of v,.

1
vgsis = —gMgy.VESgn- (E o lrogy U (— G ) )

where, gm,, and gm,, are the transconductances of MOSFETs M14 and M10 respectively, vgsgy IS
the gate-to-source voltage of all the MOSFET connected in network N2, ro, , are the output impedances
of MOSFETs M14, rogy is the output impedance of the parallel combination of all MOSFETSs

connected in N2 and gmgy is the summation of transconductances of all the MOSFETs in N2 ie.

gmgy = gMmg 1 + gMg, + gmg3 + gmg, + gmgs . The value of (gn%) and (— ! ) issmaller than
14 10

agm
1

the rogy and roi,. So, the parallel combination of (gm#),(—gm
14 10

), rog andro,, Yeilds

1

to (m) . Therefore, vgs; 5 reduces to:
_ gMgN
VgS1s = —gm14 p——— VgSgN (3.78)
gmgy Vz  Ux
___omN (T2 3.79
gmg — gMygo ( 2 2) ( )

gMmgN (vz gmy, vz)
= = — 3.80
gmy, — gmyy \2  gmy; 2 ( )
m m v
— BN .(1 + 8 22).—2 (3.81)
gMmyy — gMyg gmy,/ 2
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The gate-to-source voltage of the MOSFET M17 i.e. vgs;- in terms of vgs; .

1
vgsyy; = —gMmyg 'Vgsls'(gm ; Il roqq 11 r015) (3.82)
1

where, vy is the gate-to-source voltage of M15, gm;s and gm,4 are the transconductances of
MOSFETs M15 and M19 M7 and ro, s and ro, 4 are the output impedances of MOSFETs M15 and M19
respectively. The value of 1/gm,q is smaller than the ro,9 and ro,s. So, the parallel combination of

1/gm,4, roq9 andro,s Yyeilds to 1/gm,q . Therefore, vgs; is:
EMys

VgS17 = — - V8S15 (3.83)

19

Substituting the value of Vgs;5 in Equation (3.83).

gmyg gmgn ( gMmyy\ U,
VgS17 = — . A1+ ).— (3.84)
v gMyg 8Mq4 — gMyg gmy,/ 2
Substituting Equation (3.77) and (3.84) in Equation (3.71).
Therefore,
. gmyn ( gmzz) v, gm; g gMmgn ( gmzz) v,
iy =gmy,.——— . (1+ — + gmy-. . A1+ — 3.85
o gtz gmqq — gMy gmy,/ 2 v gMig9 M4 — gMyy gmy,/ 2 ( )

The MOSFETs M17 and M19 are symmetrical. Thus, their respective transconductance are also equal

i.e. gm,,; = gm,o and they will be cancelled. Hence, the current i, can be represented:

. gmyyN ( gMyo\ Vy gMmgN gMyz\ Vg
iy, =gmp,———— 1+ ).— +gm .—.<1+ ).— (3.86)
X+ 12 gMmyq — gMy gmyy/ 2 1 gMy4 — gMyg gmy,/ 2
m;, gm m;s. gm m \%
_  8M28 N gMy5. Mg .<1+g 22).—Z (3.87)
gMyq — gMg  gMyy — My gmyq,/ 2
The terms 22877 g ET18ET6N 416 aqual as the OTA is symmetrical So, we can write:
gmj;— gMy gMmy4—8Myg
gmy2 8M7N gM;1s5.8MgN
= =gm 3.88
gmy—gmo  gmys—gmy, 5 PCCDTACS (3.88)
Simplifying further,
gmpccpracs = —gg:::_ggz: (3.89)
The MOSFETs M11 and M12 are symmetric, thus gm,, = gmj;
Therefore,
gmpccpracs = fn:ﬁ = 15& (3.90)

gmq1 gmiq

The factor £22 is due to the cross coupled n-MOSFETSs. As the positive feedback makes the circuit

miqq

unstable but by choosing the appropriate values of MOSFETs M9 and M14, the overall
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transconductance of the CCDTACS can be improved without effecting the stability of the circuit. Also,

the value (zmi) can be denoted by a constant A. Thus,

myq

ixy = gmpcepracs: (1+A).v, (3.91)

Similarly, i,_ can be represented as shown:

ix- = —gmccepracs- (1 +A). v, (3.92)

The gmpccepracs represents the new transconductance of the proposed PCCDTACS in which the

transconductance of the proposed CCDTACS is boosted by the ratio of :mﬂ or %.
11 14

3.5.1 KHN filter based on proposed PCCDTACS
A Kerwin-Huelsman-Newcomb (KHN) filter designed using the proposed
PCCDTACS is shown in Figure 3.13. The KHN filter is constructed by cascading of
two proposed PCCDTACS circuits with passive elements to obtain the frequency
response of High Pass (HP), Low Pass (LP) and Band Pass (BP) filters.
The center frequency of the KHN filter (fo) is given as:

fo =

(3.93)

1 [gMpccpracsi- §MpcepTacs2
2 C.. G,

where, gmpcepTtacs: = 8MpcepTacsz = EMpcepTacs are the transconductances of
the proposed PCCDTACS, C;and C, are the two equal value grounded capacitances

connected across the terminals of the KHN filter.

p X- p X-
PCCDTACS1 PCCDTACS2
n X+ n X+
||N3I-; Z Z R 1LP
= HPJ c1 Bpl J—T c2 =

Figure 3.13 KHN Filter using proposed PCCDTACS
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CHAPTER 4
SIMULATION RESULTS

This chapter describes the simulation results of all the proposed CDTA circuits. The proposed circuits
are designed and simulated in Cadence Virtuoso Analog Design Environment using BSIM3V3 180nm
CMOS technology. The Section 4.1 describes the simulation results of proposed current differencing
transconductance amplifier with common source amplifier (CDTACS). A KHN filter based on
proposed CDTACS is also presented. The simulation results of proposed CDTA with parallel n-
MOSFETs (PCDTACS) along with a KHN filter as an application are presented in Section 4.2. Section
4.3 addresses the simulation results of proposed CDTA with cross-coupled n-MOSFETs (CCDTACS).
The simulation results of a KHN filter based on CCDTACS for different values of capacitances are also
addressed. The simulation results of proposed CDTA with CS amplifier, Cross-coupled n-MOSFETs
and parallel n-MOSFETs (PCCDTACS) are discussed in section 4.4. The chapter concludes with
Section 4.5, which presents the comparison of different CDTA structures available in literature with the

proposed CDTA circuits.

4.1 SIMULATION RESULTS OF PROPOSED CDTACS
The bias currents of the proposed CDTACS circuit are chosen as Ibias = 30pA and Ibias, = 200 pA. The
supply voltages are selected as VDD = -Vss = 0.9V. The aspect ratios of the MOSFETS used to design

CDTACS is given in the Table 4.1.

Table 4.1 Aspect ratios of MOSFETS

S.No. MOSFETSs Aspect ratio (Um/um)

1. M1 - M4 32/2

2. M5, M6 42.5/0.36

3. M7, M8 50/036

4. M9 — M14 20/0.36

5. M15-M18 10/0.36

6. M19, M21 5/0.36

7. M20, M22 6/0.36

For AC analysis, two input sinusoidal currents Ip and In are applied to the CDTACS. The AC
magnitudes of the input currents are 40pA and 30pA with a DC offset of 100mV. The current transfer
characteristics are plotted over a range of frequency from 1 Hz to 10GHz. These plots show the variation
of the currents at output ports with respect to the input ports. The graphs are plotted for different current
ratios such as Ix+/Ip, Ix+/In, 1z/Ip and 1z/In are shown in Figures 4.1, 4.2, 4.3 and 4.4 respectively. The
-3dB bandwidth of the circuit for these different current gains is also observed. Figure 4.1 shows the
variation of the Ix+/Ip and the -3dB bandwidth is observed as 48.91MHz.
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Figure 4.1 Variation of Ix+/1p at bias current of 200pA

Figure 4.2 shows the frequency response of the CDTACS for the Ix+/In current gain. The -3dB
bandwidth is observed to be 48.91 MHz.

25.0 - m
sl20.2151dB @ 48.9149MHA,

5.0

w0 10 10 16 1wt 1w 10t 1w 10 107 10"

freq (Hz)
Figure 4.2 Variation of Ix+/In at bias current of 200pA
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Figures 4.3 and 4.4 show the variations of the current at the Z terminal to the input currents over a range
of frequency from 1 Hz to 10 GHz. The biasing current Ibias; is kept constant at a value of 200pA. The
-3dB bandwidth of the circuits for these current gains are observed as 49.16 MHz each.

10,0
. 'iw_lﬁamm
0] SR
-30,0
-441.0-
=)
=2
-50.0
-60.0
_?ﬂ.ﬂ_
-80,04
w10t 1wt w1t 1wt 1wt w0 1w 1w

freq (Hz)

Figure 4.3 1z/1p versus frequency
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[BEEall L R R R L R R R R
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freq (Hz)

Figure 4.4 1z/In versus frequency
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Figure 4.5 shows the plot between the transconductance (in dB) of the CDTACS over a frequency range
of 1 Hz to 10 GHz for constant Ibias, of 200pA. The -3dB bandwidth of the CDTACS is found to be
637MHz.

® 637.006MHz AR

-75.0-

po.1 2 3 4 6 .7 _ & 8 10
10 10 16t 10t w0 10 1 1w 10’ 10 10
freq (Hz)

Figure 4.5 Gain vs frequency plot of CDTACS

The -3dB bandwidth of the CDTACS can be observed from the Figures 4.1, 4.2, 4.3, 4.4 and 4.5. The
different values of bandwidth are 48.91 MHz, 48.91 MHz, 49.16 MHz, 49.16 MHz and 637 MHz. Thus,
the bandwidth of the CDTACS is the minimum of the mentioned values i.e. 48.91 MHz.

Figure 4.6 shows the range of transconductance for different values of bias current (Ibias). The
bias current is varied from 1gA to 200pA with selected values of 1 A, 2 YA, 3 YA, 4 A, 5 YA, 10
HA, 20 YA, 30 pA, 40 pA, 50 PA, 60 pA, 70 YA, 80 PA, 90 YA, 100 pA, 150 pA and 200 A, From
the Figure the maximum value of transconductance of the CDTACS is 2.74mS for 200pA of bias

current.
2.8 ) 2.74682m
2.493103m
® 2.176215m ‘@ 2.229932m
& 2.067756m = 2.122153m
217 1957999m - > - ®2.013034m
® 1.847043m . - - @ 1.902664m
(@ 1.735016m >~ 1.791154m]
[® 1.701221m =05 ® 1.706859m

T 1.689939m . - .® 1.605581m
. ® 1.684294m
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freq (Hz)

Figure 4.6 Transconductance of CDTACS
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The transient analysis of the circuit is performed by applying two square input current pulses at the
nodes ‘p’ and ‘n’. The currents Ip and In are chosen as 40pA and 20pA peak-to-peak, respectively with
time period of 1ps and the pulse width of 0.5uS. Figure 4.7 shows the transient response of the proposed
CDTACS circuit. The transient analysis concludes that the two output currents are out-of-phase with
each other and amplified. The peak-to-peak magnitude of the output currents Ix+ and Ix- are found out

N I

Name Vis

T . 1.025

-350 0
-875.0
d: -900.0
= -925.0
-950.0
975 0
Tp 2 90.0
80.0
~ 70.0
2600
= 50.0
40.0

30.0
45.0

40.0
~35.0
230.0
= 25.0
20.0
15.0

i #

25 5.0 7.5 10
time (us)

Figure 4.7 Transient response of CDTACS

The Table 4.2 shows the comparison between the conventional CDTA and the proposed CDTACS on
the basis of transconductance and dynamic power. From the table, it is observed that the dynamic power
of CDTACS remains in close proximity to the dynamic power of conventional CDTA but the
transconductance (gm) is increased by 2 times. Thus, the proposed CDTACS offers better

transconductance than the conventional CDTA.
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Table 4.2 Comparison between conventional CDTA and proposed CDTACS

Ibiasz (LA) Conventional CDTA Proposed CDTACS
Transconductance Dynamic  Transconductance Dynamic Power
Power (mS) (mW)
(HS) (mw)
1 10.68 2.06 1.684 2.03
2 20.19 2.07 1.69 2.04
3 29.15 2.073 1.696 2.044
4 37.73 2.076 1.7 2.048
5 46.02 2.079 1.708 2.05
10 84.71 2.09 1.73 2.07
20 154.66 2.12 1.79 211
30 219.44 2.16 1.84 2.15
40 281.07 2.19 19 2.19
50 340.39 2.22 1.95 2.23
60 397.86 2.25 2.01 2.27
70 453.77 2.28 2.06 231
80 508.3 231 2.12 2.35
90 561.57 2.35 2.17 2.39
100 613.71 2.38 2.23 2.43
150 859.51 2.54 2.49 2.64
200 1080 2.74 2.74 2.85
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4.1.1 Simulation results of KHN Filter using proposed CDTACS

The KHN Filter has been simulated using four different values of capacitances selected
as 50pF, 100pF, 150pF and 200pF with a low valued resistance of 1Q. The values of
transconductances of CDTACS are chosen as gmMcpracs: = gMeptacs2 = 2.74mS by keeping the
bias current at 200pA. The frequencies of KHN filter for different values of capacitances are
shown in Figure 4.8 (a), (b), (c) and (d).
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Figure 4.8 Frequency response of KHN filter with R=1Q
Table 4.3 Center frequency at different values of capacitances
S.No. Capacitance (pF) Theoretical value of center Actual value of center
frequency (fo) frequency (fo)
(MH2) (MH2)
1. 50 8.72 8.13
2. 100 4.36 4.21
3. 150 3.12 3.0
4. 200 2.18 2.05

From Figures 4.8 (a), (b), (c) and (d), the obtained center frequencies are listed in Table 4.3 which
compares the actual value of center frequency to the theoretical value for different values of the
capacitances. The dynamic power of the proposed KHN filter based on proposed CDTACS is 15.2mW
which is less than that of the conventional CDTA (19.31mW).

4.2 SIMULATION RESULTS OF PROPOSED PCDTACS

The bias currents of the proposed PCDTACS circuit are selected Ibias = 30lA each and Ibias; = 200
MA. The supply voltages are chosen as VDD = -Vss = 0.9V. The aspect ratios of the MOSFETS used to
design PCDTACS is given in the Table 4.4.

Table 4.4 Aspect ratios of MOSFETS

S.No. MOSFETSs Aspect ratio (Um/um)

1. M1 - M4 32/2

2. M5, M6 42.5/0.36

3. M71n, M81n 50/036

4. M9 — M14 20/0.36

5. M15-M18 10/0.36

6. M19, M21 5/0.36

7. M20, M22 6/0.36

For AC analysis, two input sinusoidal currents Ip and In are applied to the PCDTACS. The AC
magnitudes of the input currents are 40pA and 30pA with a DC offset of 100mV. The current transfer

characteristics are plotted over a range of frequency from 1 Hz to 10GHz. These plots show the variation
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of the currents at output ports with respect to the input ports. The graphs are plotted for different current
ratios such as Ix+/Ip, Ix+/In, 1z/Ip and 1z/In are shown in Figures 4.9, 4.10, 4.11 and 4.12 respectively.
The -3dB bandwidth of the circuit for these different current gains is also observed. Figure 4.9 shows
the variation of the Ix+/Ip and the -3dB bandwidth is observed as 33.42MHz.
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Figure 4.9 Frequency response of Ix+/Ip at bias current of 200pA

Figure 4.12 shows the frequency response of the PCDTACS for the Ix+/In current gain. The -3dB
bandwidth is observed to be 34.32MHz.
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Figure 4.10 Frequency response of Ix+/In for bias current of 200pA

Figures 4.11 and 4.12 show the variations of the current at the Z terminal to the input currents over a
range of frequency from 1 Hz to 10 GHz. The biasing current Ibias; is kept constant at a value of 200pA.

The -3dB bandwidth of the circuits for these current gains are observed as 36.44 MHz and 36.78 MHz.
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Figure 4.12 1z/In versus frequency at bias current of 200pA

to be 295.99MHz.

Figure 4.13 shows the plot between the transconductance (in dB) of the PCDTACS over a frequency
range of 1 Hz to 10 GHz for constant Ibias, of 200pA. The -3dB bandwidth of the PCDTACS is found
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Figure 4.13 Gain vs frequency plot of PCDTACS
The -3dB bandwidth of the PCDTACS can be observed from the Figures 4.9, 4.10, 4.11, 4.12 and 4.13.

The different values of bandwidth are 33.42 MHz, 34.32 MHz, 36.44 MHz, 36.78 MHz and 295.99
MHz. The bandwidth of the PCDTACS is the minimum of all these values i.e. 33.42 MHz.

Figure 4.14 shows the range of transconductance for different values of bias current (lIbiasy).
The bias current is varied from 1A to 200pA with selected values of 1 HA, 2 HA, 3 YA, 4 YA, 5 YA,
10 pA, 20 PA, 30 pA, 40 pA, 50 PA, 60 PA, 70 PA, 80 YA, 90 pA, 100 pA, 150 pA and 200 pA. From

the Figure the maximum value of transconductance of the PCDTACS is found out to be 4.21mS for
200uA of bias current.
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Figure 4.14 Transconductance of PCDTACS

The transient analysis of the circuit is performed by applying two square input current pulses at the

nodes ‘p’ and ‘n’. The currents Ip and In are chosen as 20pnA peak-to-peak, respectively with time
period of 1pus and the pulse width of 0.5uS. Figure 4.15 shows the transient response of the proposed

CDTACS circuit. The transient analysis concludes that the two output currents are out-of-phase with
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each other and amplified. The peak-to-peak magnitude of the output currents Ix+ and Ix- are found out
to be 750mA and 750mA.
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Figure 4.15 Transient response of PCDTACS

Table 4.5 shows the comparison between the proposed CDTACS and the proposed PCDTACS on the
basis of transconductance and dynamic power. From the table, it is observed that the dynamic power of
CDTACS remains in close proximity to the dynamic power of proposed PCDTACS but the
transconductance (gm) is increased by 1.5 times. Thus, the proposed PCDTACS offers better
transconductance than the CDTACS.

Table 4.5 Comparison between proposed CDTACS and proposed PCDTACS

Ibias; Proposed CDTACS Proposed PCDTACS
(HA)
Transconductance Dynamic Power Transconductance Dynamic Power
(mS) (mW) (mS) (mW)
1 1.684 2.71 2.32 2.03
2 1.69 2.718 2.334 2.04
3 1.696 2.72 2.338 2.044
4 1.7 2.73 2.342 2.048
5 1.708 2.74 2.346 2.05
10 1.73 2.77 2.36 2.07
20 1.79 2.85 2.41 2.11
30 1.84 2.93 2.45 2.15
40 1.9 3.0 2.49 2.19
50 1.95 3.09 2.54 2.23
60 2.01 3.16 2.58 2.27
70 2.06 3.23 2.62 2.31
80 2.12 3.31 2.67 2.35
90 2.17 3.39 2.71 2.39
100 2.23 3.46 2.75 2.43
150 2.49 3.84 2.97 2.64
200 2.74 4.21 3.2 2.85
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4.2.1 Simulation results of KHN Filter using proposed PCDTACS

The KHN Filter has been simulated using four different values of capacitances selected
as 50pF, 100pF, 150pF and 200pF with a low valued resistance of 1Q. The values of
transconductances of PCDTACS are chosen as gmecoracs: = gMecoTacsz = 4.21mS by keeping
the bias current at 200uA. The frequencies of KHN filter for different values of capacitances
are shown in Figure 4.16 (a), (b), (c) and (d).
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Figure 4.16 Frequency response of KHN filter with R=1Q
Table 4.6 Center frequency at different values of capacitances
S.No. Capacitance (pF) Theoretical value of center Actual value of center
frequency (fo) frequency (fo)
(MH2) (MH2)
1. 50 134 104
2. 100 6.7 6.6
3. 150 4.46 4.16
4, 200 3.16 3.0
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From Figures 4.18 (a), (b), (c) and (d), the obtained center frequencies are listed in Table 4.6 which
compares the actual value of center frequency to the theoretical value for different values of the
capacitances. The dynamic power of the proposed KHN filter using PCDTACS is 5mW which is less
than that of the proposed CDTACS (15.2mW).

4.3 SIMULATION RESULTS OF PROPOSED CCDTACS

The bias currents of the proposed CDTACS circuit are selected as Ibias = 30pA each and Ibias; = 200

MA. The supply voltages are chosen as VDD = -Vss = 0.9V. The aspect ratios of the MOSFETS used to
design CDTACS is given in the Table 4.7.

Table 4.7 Aspect ratios of MOSFETS

S.No. MOSFETs Aspect ratio (um/um)

1. M1 - M4 32/2

2. M5, M6 42.5/0.36

3. M7, M8 50/036

4. M9 — M10 15/0.36

5. M1l - M16 20/0.36

6. M17 — M20 10/0.36

7. M21, M23 5/0.36

8. M22, M24 6/0.36

For AC analysis, two input sinusoidal currents Ip and In are applied to the CCDTACS. The AC
magnitudes of the input currents are 40pA and 30pA with a DC offset of 100mV. The current transfer
characteristics are plotted over a range of frequency from 1 Hz to 10GHz. These plots show the variation
of the currents at output ports with respect to the input ports. The graphs are plotted for different current
ratios such as Ix+/1p, Ix+/In, 1z/Ip and 1z/In are shown in Figures 4.17, 4.18, 4.19 and 4.20 respectively.
The -3dB bandwidth of the circuit for these different current gains is also observed. Figure 4.17 shows
the variation of the Ix+/lp and the -3dB bandwidth is observed 49.11MHz.
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Figure 4.17 Plot of Ix+/Ip versus frequency at Ibias; = 200pA
44



Figure 4.18 shows the frequency response of the CCDTACS for the Ix+/In current gain. The -3dB
bandwidth is observed to be 50.11 MHz.
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Figure 4.18 Variation of Ix+/In at at Ibias, = 200pA

Figures 4.19 and 4.20 show the variations of the current at the Z terminal to the input currents over a
range of frequency from 1 Hz to 10 GHz. The biasing current Ibias; is kept constant at a value of 200pA.
The -3dB bandwidth of the circuits for these current gains are observed as 55.11 MHz and 49.41 MHz.
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Figure 4.19 Current transfer characteristics of 1z/Ip at biasing current of 200pA
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Figure 4.20 1z/In versus frequency at biasing current of 200pA

to be 309.32 MHz.

Figure 4.21 shows the plot between the transconductance (in dB) of the CCDTACS over a frequency
range of 1 Hz to 10 GHz for constant Ibias, of 200pA. The -3dB bandwidth of the CDTACS is found
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Figure 4.21 Frequency response of CCDTACS at Ibias; = 200pA

The -3dB bandwidth of the CCDTACS can be observed from the Figures 4.17, 4.18, 4.19, 4.20 and

MHz

4.21. The different values of bandwidth are 49.11 MHz, 50.11 MHz, 55.11 MHz, 49.41 MHz and
309.322 MHz. The bandwidth of the CCDTACS is the minimum of the mentioned values i.e. 49.11

Figure 4.22 shows the range of transconductance for different values of bias current (Ibiasy).
The bias current is varied from 1uA to 200pA with selected values of 1 A, 2 pA, 3 JA, 4 YA, 5 PA,
10 pA, 20 PA, 30 A, 40 YA, 50 PA, 60 PA, 70 BA, 80 HA, 90 PA, 100 PA, 150 pA and 200 pA. From

the Figure the maximum value of transconductance of the CCDTACS is found out to be 4.73mS for
200uA of bias current.
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Figure 4.22 Transconductance versus frequency plot of CCDTACS

The transient analysis of the circuit is performed by applying two square input current pulses at the
nodes ‘p’ and ‘n’. The currents Ip and In are chosen as 40pA and 20pA peak-to-peak, respectively with
time period of 1ps and the pulse width of 0.5uS. Figure 4.23 shows the transient response of the
proposed CCDTACS circuit. The transient analysis concludes that the two output currents are out-of-
phase with each other and amplified. The peak-to-peak magnitude of the output currents Ix+ and Ix- are
found out to be 700mA and 700mA.
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Figure 4.23 Transient response of CCDTACS
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Table 4.8 shows the comparison between the PCDTACS and the proposed CCDTACS on the basis of
transconductance and dynamic power. From the table, it is observed that the dynamic power of
CCDTACS is less than that of proposed PCDTACS but the transconductance (gm) is increased by 1.14
times. Thus, the proposed CCDTACS offers better transconductance and has less dynamic power than
the proposed PCDTACS.
Table 4.8 Comparison between proposed PCDTACS and proposed CCDTACS
Proposed PCDTACS Proposed CCDTACS

Transconductance Dynamic Range  Transconductance Dynamic Power
(mS) (mw) (mS) (mw)
1 2.71 2.32 3.65 2.27
2 2.718 2.334 3.66 2.281
3 2.72 2.338 3.65 2.285
4 2.73 2.342 3.65 2.289
5 2.74 2.346 3.65 2.29
10 2.77 2.36 3.65 2.31
20 2.85 241 3.65 2.35
30 2.93 2.45 3.65 2.39
40 3.0 2.49 3.65 2.43
50 3.09 2.54 3.65 2.47
60 3.16 2.58 3.65 2.51
70 3.23 2.62 3.65 2.55
80 3.31 2.67 3.65 2.59
90 3.39 2.71 3.65 2.63
100 3.46 2.75 4.19 2.67
150 3.84 2.97 4.47 2.88
200 421 3.2 4.73 3.0

4.3.1 Simulation results of KHN Filter using proposed CCDTACS

The KHN Filter has been simulated using four different values of capacitances selected
as 50pF, 100pF, 150pF and 200pF with a low valued resistance of 1Q. The values of
transconductances of CDTACS are chosen as gmccpracs: = gMeepracsz = 4.73 mS by keeping
the bias current at 200uA. The frequencies of KHN filter for different values of capacitances
are shown in Figure 4.24 (a), (b), (c) and (d).

500 S m
] i . @
] | £ ®35030217A S0.0 -
® 269485248 - L5 2OETEE4A ] £ 99T 5049mA)
oo . B oo 3 B30, 5580mA om0 BS5 SATAmA
| ",
oy B I 50.0 \
g on | - A
= | =
% ] | = «100.0
10004 | g ]
] I 150,09
B Y
150.0 I
]~ i 200.04
1 I
] . \ ]
« 3000 EI 25007 r!v :'.-
A B L e ki o N —
i w' owt o wt w o w w w1 wt oW ot oWt

1
freq (Hz)

(a) C1 = C2 = 50pF

48

freq (Hz)

(b) C1=C2=100pF



p 500 -
04 i /@ 379.378ImA
| /8 3007463mA o0 1 — (S IP61RITmA e 8. 205.3091mA
00 1769120 .|< #2008513mA -
N, 50,0
500 | - \
2 | é.lm
210007 , . _ ‘{_*.,__
L i aso Y,
150,04 | - i
200+ :
-?_5055 mﬂmﬂl—mﬂmmm—mmmn—'lr%i"mmﬂn—! = 1 3 3 cl :_::.‘-:- 7 ]
W ouw o W o W o W o W0 e h'l:c}?}fz}m W
freg (Hiz)
(c) C1=C2=150pF (d) C1=C2=200pF
Figure 4.24 Frequency response of KHN Filter with R=1Q
Table 4.9 Center frequency with different capacitances
S.No. Capacitance (pF) Theoretical value of center Actual value of center
frequency (fo) frequency (fo)
(MH2) (MH2z2)
1. 50 15.05 15.19
2. 100 7.52 7.42
3. 150 5.01 4.95
4. 200 3.76 3.63

From Figures 4.26 (a), (b), (c) and (d), the obtained center frequencies are listed in Table 4.9 which
compares the actual value of center frequency to the theoretical value for different values of the
capacitances. The dynamic power of the proposed KHN filter using CCDTACS is 6mW which is in
close range to that of proposed PCDTACS (5mW).

4.4 SIMULATION RESULTS OF PROPOSED PCCDTACS

The bias currents of the proposed CDTACS circuit are chosen as Ibias = 304A each and Ibias; = 200
HA. The supply voltages are selected as VDD = -Vss = 0.9V. The aspect ratios of the MOSFETSs used
to design PCCDTACS is given in the Table 4.10.

Table 4.10 Aspect ratios of MOSFETSs

S.No. MOSFETS Aspect ratio (um/um)

1. M1 - M4 32/2

2. M5, M6 42.5/0.36

3. M7, M8y 50/036

4, M9 — M14 20/0.36

5. M15 - M18 10/0.36

6. M19, M21 5/0.36

7. M20, M22 6/0.36
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For AC analysis, two input sinusoidal currents Ip and In are applied to the PCCDTACS. The AC
magnitudes of the input currents are 40pA and 30pA with a DC offset of 100mV. The current transfer
characteristics are plotted over a range of frequency from 1 Hz to 10GHz. These plots show the variation
of the currents at output ports with respect to the input ports. The graphs are plotted for different current
ratios such as Ix+/Ip, Ix+/In, 1z/1p and 1z/In are shown in Figures 4.25, 4.26, 4.27 and 4.28 respectively.
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The -3dB bandwidth of the circuit for these different current gains is also observed. Figure 4.25 shows
the variation of the Ix+/Ip and the -3dB bandwidth is observed as 20.511 MHz.
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Figure 4.25 Variation of Ix+/Ip at bias current of 200pA

Figure 4.26 shows the frequency response of the PCCDTACS for the Ix+/In current gain. The -3dB
bandwidth is observed to be 20.02 MHz.
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Figure 4.26 Ix+/In versus frequency at bias current of 200pA
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Figures 4.27 and 4.28 show the variations of the current at the Z terminal to the input currents over a
range of frequency from 1 Hz to 10 GHz. The biasing current Ibias: is kept constant at a value of 200pA.
The -3dB bandwidth of the circuits for these current gains are observed as 21.51 MHz and 21.07 MHz.
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Figure 4.27 Variation of 1z/lp with frequency for Ibias; = 200pA
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Figure 4.28 1z/In versus frequency at constant bias current of 200pA

The Figure 4.29 shows the plot between the transconductance of the PCCDTACS over a frequency
range of 1 to 10 GHz for constant Ibias, of 200pA. The -3dB bandwidth of the PCCDTACS is found
to be 208.93 MHz.
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Figure 4.29 Frequency response of PCCDTACS at Ibias, = 200pA

The -3dB bandwidth of the PCCDTACS can be observed from the Figures 4.25, 4.26, 4.27, 4.28 and

20.51 MHz.

4.29. The different values of bandwidth are 20.51 MHz, 22.02 MHz, 21.51 MHz, 21.07 MHz and 208.93
MHz. The bandwidth of the PCCDTACS is the minimum all the values of bandwidths, mentioned i.e.

Figure 4.30 shows the range of transconductance for different values of bias current (lIbiasy).
The bias current is varied from 1A to 200pA with selected values of 1 HA, 2 HA, 3 YA, 4 YA, 5 YA,

200uA of bias current.

10 pA, 20 PA, 30 A, 40 pA, 50 PA, 60 PA, 70 pA, 80 HA, 90 PA, 100 pA, 150 pA and 200 pA. From
the Figure the maximum value of transconductance of the PCCDTACS is found out to be 6.75mS for
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Figure 4.30 Transconductance of PCCDTACS
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The transient analysis of the circuit is performed by applying two square input current pulses at the
nodes ‘p’ and ‘n’. The currents Ip and In are chosen as 40pA and 20pA peak-to-peak, respectively with
time period of 1pus and the pulse width of 0.5uS.

Figure 4.31 shows the transient response of the proposed CDTACS circuit. The transient
analysis concludes that the two output currents are out-of-phase with each other and amplified. The
peak-to-peak magnitude of the output currents Ix+ and Ix- are found out to be 500mA each.
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Figure 4.31 Transient response of PCCDTACS

Table 4.11 shows the comparison between proposed CCDTACS and proposed PCCDTACS on the basis
of transconductance and dynamic power. From the table, it is observed that the dynamic power of
PCCDTACS remains in close proximity to the dynamic power of CCDTACS but the transconductance
(gm) is increased by 1.6 times.

Thus, the proposed PCCDTACS offers better transconductance than the CCDTACS.
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Table 4.11 Comparison between proposed CCDTACS and proposed PCCDTACS

Ibias Proposed CCDTACS Proposed PCCDTACS
(WA)
Transconductance Dynamic Power Transconductance Dynamic Power
(mS) (mW) (mS) (mw)
1 3.65 2.27 5.07 2.572
2 3.66 2.281 5.08 2.576
3 3.65 2.285 5.09 2.581
4 3.65 2.289 51 2.585
5 3.65 2.29 5.109 2.589
10 3.65 2.31 5.14 2.61
20 3.65 2.35 5.23 2.65
30 3.65 2.39 531 2.69
40 3.65 2.43 54 2.74
50 3.65 2.47 5.48 2.78
60 3.65 251 5.57 2.82
70 3.65 2.55 5.65 2.87
80 3.65 2.59 5.75 291
90 3.65 2.63 5.82 2.95
100 4.19 2.67 5.92 3.0
150 4.47 2.88 6.37 3.22
200 4.73 3.0 6.75 3.44

4.4.1 Simulation results of KHN Filter using proposed PCCDTACS

The KHN Filter has been simulated using four different values of capacitances selected
as 50pF, 100pF, 150pF and 200pF with a low valued resistance of 1Q. The values of
transconductances of CDTACS are chosen as gmeccoracs: = gMpeceptacs2 = 6.75 mS by keeping
the bias current at 200pA. The frequencies of KHN filter for different values of capacitances
are shown in Figure 4.32 (a), (b), (c) and (d).
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Figure 4.32 Frequency response of KHN Filter for R=1ohm
Table 4.12 Center Frequency with different values of capacitances
S.No. Capacitance (pF) Theoretical value of center Actual value of center
frequency (fo) frequency (fo)
(MH2) (MH2)

1. 50 20.7 21.48

2. 100 10.13 10.74

3. 150 7.16 7.5

4. 200 5.21 5.37

From Figures 4.32 (a), (b), (c) and (d), the obtained center frequencies are listed in Table 4.12 which
compares the actual value of center frequency to the theoretical value for different values of the
capacitances. The dynamic power of the proposed KHN filter based on PCCDTACS is 6mW which is
equal to that of proposed CCDTACS (6mW) but the corner frequency of the KHN filter using proposed
PCCDTACS is 1.4 times for C1 = C2 = 50pF than that of proposed CCDTACS.

4.5 COMPARISON
In this section, a comparative study of PCCDTACS with those mentioned in literature is discussed.

Table 4.13 shows the comparison on the basis of performance parameters such as transconductance,

dynamic power, bandwidth at the bias current of 200pA etc.
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Table 4.13 Comparison between proposed PCCDTACS and reported CDTA circuits

Conventional Low A CDTA with
Parameters CDTA[7] Voltage CMOS TBCDTA gm boosting Proposed
CDTA CDTA [16] technigue  PCCDTACS
[9] [19] [18]
Supply Voltage 2.5 +0.75 +15 +2 2 +0.9
Bias current (LA) 85 54 100 85 85 30
Maximum
Transconductance 1.08mS 210uS 833 uS 7.88mS 3.85mS 6.75mS
at bias current of
200pA
Dynamic power
(mWw) 2.7 0.37 4.96 8.75 4.85 3.4
Bandwidth at
200pA bias 110 - - 26 221 208.93
current
Center frequency 1.08 24.98 8 20.7
of KHN filter 1.48 - with with with with
(MHz) Cl=C2 Cl=C2 Cl=C2 Cl=C2
=0.1pF  =100pF =100pF =50pF
Dynamic power
of KHN filter 21.48 - - 19.49 24.14 6

(mW)

From the Table 4.13, it can be seen that the proposed PCCDTACS offers a high value of
transconductance with lesser power dissipation as compared to the other CDTA structures available in
literature. Although, the CDTA structure presented in [17] has larger transconductance than the
proposed PCCDTACS but with higher dynamic power. The circuit reported in [9] has low dynamic
power but offers a very low transconductance. Also, it can be concluded that the KHN filter using
proposed PCCDTACS offers a center frequency (fo) of 20.7MHz which is 14 times more than that of
the conventional CDTA.
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CHAPTER 5
CONCLUDING REMARKS AND FUTURE SCOPE

5.1 CONCLUSION

The research work in the thesis presents four transconductance boosted circuits hamely CDTACS,
PCDTACS, CCDTACS and PCCDTACS. All the proposed circuits offers high transconductance
because of the use of a common source (CS) amplifier as the main component in the OTA unit. The
dynamic power was kept in close range to that of conventional CDTA. The KHN filters based on all
the proposed circuits are also presented. The proposed circuits are simulated in Cadence Virtuoso
Analog Design Environment using BSIM3V3 180 nm CMOS technology. Based on the comparison
with the CDTA circuits available in literature, it is concluded that the proposed PCCDTACS circuit has
higher transconductance and acceptable dynamic power. A higher value of the center frequency,
approximately 14 times, than that of the conventional CDTA is achieved by the KHN filter using
PCCDTACS circuit.

5.2 FUTURE SCOPE

The research work in the thesis concludes that PCCDTACS circuit can be used as an analog basic
building block in the designing of various analog circuits such as filters, oscillators, multivibrators etc.
The future work of research will include improvement of linearity, reduction in power supply and power
consumption because the low voltage/low-power circuits are used as an integral part of the design for

any modern electronic device.
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