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ABSTRACT 

A new CMOS realization of the current differencing differential input transconductance 

amplifier (CD-DITA) and CD-DITA based voltage mode MISO-type universal biquad filter are 

proposed. CD-DITA is an extension of CDTA having extra voltage input than CDTA increasing 

its usability of differential inputs. For a suitable CMOS based implementation of CD-DITA, 

several CDTA realizations are studied and the suitable one is modified to implement the 

proposed CD-DITA block. A FVF based DO-CDTA is characterized and its applications in 

analog signal processing circuits such as basic amplifiers, signal generators such as Schmitt 

Trigger and KHN filter are also studied. The proposed CD-DITA based voltage mode MISO-

type universal biquad filter is realized with two resistors and two capacitors with independent 

electronic control of natural frequency and quality factor. The proposed filter can implement all 

five second order low pass, high pass, band pass, band stop, and all pass filter responses without 

altering the circuit topology. The proposed filter also offers low active and passive sensitivities. 

In addition, the effects of parasitics and errors on the proposed filter are also investigated. The 

characteristics CDTA and its applications are verified by PSPICE simulations using TSMC 

0.25μm CMOS technology. The characteristics of CD-DITA and validity of proposed universal 

biquad filter is verified by SPICE simulation using TSMC 180nm technology. 
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Chapter 

1. Introduction 
The advancement in IC technology provides compact and efficient implementation of the 

different types of digital signal processing applications on silicon chip. CMOS technique 

generates digital most efficient and smaller sized circuits with high performance. 

However digital signal processing also have some issues such as  

• Every naturally occurring signal is analog. So ADC/ DAC are required at the interface of 

two worlds.  

• Long distance transmission of digital signal using cables causes attenuation and distortion 

because of their limited bandwidth. 

• Distribution of large data and timing of clock over a large chip may result in clock skew  

• A trade-off between, noise, level of interferer, operating frequency, power dissipation and 

cost of digital systems. 

Therefore, despite of the advancement made in digital signal processing, many crucial 

analog domain functions such as signal amplification, time varying signal rectification, 

continuous time filtering, analog-to-digital (A/D) and digital-to-analog (D/A) conversions cannot 

be carried out by digital circuits[1]. The need for analog circuits with extreme speed of operation 

with high precision signal processing, low supplies and low power dissipation has been increased 

[2]. Thus, analog signal processing (ASP) circuits are necessitous in several practical operations 

such as amplification and conditioning of signals in communication applications, modulation in 

both analog and digital communication, processing of optical signals. In conclusion, despite of 

the whole world going digital, analog designs and circuits are not outdated rather; they are 

evolving to face new challenges and to make it go concurrent with digital technology.  

1.1. Voltage and current mode signal processing  

Since two decades, in VLSI design the development of latest analog signal processing 

applications has been following the buzz of so-called current mode (CM)[3] due to the 

advantages it offers. The application is said to be working in CM when signals (information) 

being processed, are in the form of currents rather than the conventional voltage mode (VM), 

which uses voltages. The reason behind using the current mode circuits is it being exhibiting 
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large bandwidth and superior signal linearity. Another advantage of using circuits CM is use of 

smaller supply voltages since the design of CM circuits deals in the processing of current which 

can be achieved with lower voltage swings. Simultaneously, the mixed-mode (MM) circuits are 

also analyzed and synthesized along with the development of CM applications. This is because 

of the necessity effective interface between the sub-blocks working in different modes. It is 

known from a boundless literature on CM circuits published in the recent past, that these 

techniques have provided number of significant ASP and signal generating circuits. Due to 

tremendous progress made in IC technology in last two decades, CM analog techniques have 

quite often been exploited by circuit designers providing efficient solutions to multiple circuit 

design problems. As an outcome, the CM approach to analog signal processing has been claimed 

to offer one or more of the following advantages: higher operating frequency range, lower power 

consumption, larger slew rates (SR), better linearity and high precision and accuracy.  

1.2. Motivation 

Since many years, traditional VM op-amps are believed to be performing almost all ASP 

functions. All linear integrated and discrete circuits such as the voltage/current controlled 

sources, integrators, differentiators, summers and differencing amplifiers, instrumentation 

amplifiers with variable-gain, filters and oscillators etc., can be realized using op-amps. Op-amps 

can also perform many non-linear operations such as voltage comparators, Schmitt trigger, high 

precision rectifiers, multi-vibrators, log-exponential amplifiers and oscillators. Till 1990 or so, 

the designing of analog electronic circuits was heavily subjugated by op-amps. But due to its 

limitations the popularity of op-amps has been receding lately. Many op-amp circuits require 

excessive number of external components and also the number of matched components or 

constraints to be met for implementing the required circuit functions is more than necessary. A 

most important shortcoming of the several controlled voltage/current sources employing the 

conventional op-amps is the ‘gain-bandwidth-conflict’ which essentially means the product of 

gain-bandwidth remain constant and cannot be tuned independently. Another crucial limitation, 

which restrains the usage of op-amp circuits in high frequency range, is its finite slew rate (SR) 

CM circuits give intriguing choices and solutions over their VM counterparts in giving 

several advantages such as realizing circuit functions with less external components, no 

conditions on component-matching  or constraints, less complex circuit structures, better 
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linearity with higher dynamic range, accuracy in its input-output characteristics and higher 

operating frequency range.  

The primitive set of active building blocks (ABBs) for ASP and signal generating is 

currently developing in two ways. The first is the modification in the basic blocks such as 

transconductance Amplifier, Current mirrors, Voltage Feedback Amplifier, current conveyors, 

and Current Feedback Amplifier. The important boost for such modifications is to increase the 

application capability of the element. Another requirement is that the active element should have 

simpler internal structure for high-speed operation along with low power consumption. Another 

crucial motivation to revamp the circuit is the electronic control of gain or other parameters. The 

second way of the progress is characterizing the active elements by extending the original OTA-

VFA-CC-CFA set leading to entirely new elements. In a Search of Novel ABBs, we seek few 

rational motivation factors: 

• To increase the universality of an ABB while keeping the simpler topology. 

• Elimination or reduction of parasitic effects 

• Need for electronic control of inherent parameters. 

• To design circuits applications with a minimum number of these ABBs with a minimum 

external passive components 

• To find solutions to trade-off between required operating speed and accuracy. 

The current differencing transconductance amplifier (abbreviated as CDTA) and current 

differencing differential input transconductance amplifier (abbreviated CD-DITA) which is an 

extension to CDTA are one among those. These elements are characterized by low i/p and high 

o/p impedances, which is suitable for implementation of signal processing applications in CM 

operation. The universality of CD-DITA leads to the realizations using lesser active components 

and are therefore structurally simpler. 

1.3. Objective 

In view of the above discussions, the dissertation has concentrated on the following basic 

objectives to be achieved for CDTA: 

• Literature survey for identifying research gaps 

• Design and development of CDTA block 

• Study and implementation of existing CDTA based applications 
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For the discussion of CD-DITA, the main objectives are to design a new CMOS based CD-DITA 

and propose a new application. To achieve this, the dissertation has concentrated on the 

following areas to narrow down the broad objective: 

• Design of new CD-DITA block 

• Design of universal biquadratic filter employing a single CD-DITA 

The objective of CD-DITA based filter is to design MISO-type VM universal biquad 

filter employing a single CD-DITA, two capacitors and two resistors with three voltage i/p’s and 

one o/p; realizing all five standard filter transfer functions by appropriate selection of i/p voltages 

from the same circuit configuration without the requirement of inversion of i/p signal and 

altering the circuit topology. To meet the objectives, the existing and proposed designs will be 

simulated using PSPICE software in 250nm (for CDTA) and 180nm (for CD-DITA) TSMC 

technology nodes to test their functionality. The simulated results will be compared with the 

theoretical results.  

1.4. Organization of Thesis 

Chapter 1: Presents brief introduction of current scenario in analog circuit design and salient 

features of CM processing. This chapter also discusses the motivation and objective of the work 

undertaken.   

Chapter 2: An extensive survey of CDTA literature on CDTA structures and survey of several 

MISO-type VM universal biquad circuits using CM ABBs. 

Chapter 3:  FVF based CDTA is realized and its non-idealities are studied and simulated. It is 

also characterized for DC and AC responses and various performance parameters are extracted 

through sumlations.   

Chapter 4: Some existing signal generation and processing applications are implemented using 

FVF based CDTA to verify the functionality of this structure in various applications. The 

applications include few basic amplifier configurations, Schmitt Trigger and CM-KHN biquad.   

Chapter 5: A new structure of CD-DITA is proposed and Various performance parameters of 

non-ideal CD-DITA that could affect filter performance were simulated along with the 

measurement of parasitics to use them in filter analysis.  

Chapter 6: A new CD-DITA based VM-MISO type universal filter is proposed. Deep analysis 

of filter responses considering the non-idealities of CD-DITA is presented and simulated to 
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verify the simulation results with the theoretical values. The filter responses are simulated to 

validate the workability of the proposed filter.  

Chapter 7: This chapter records chronological summary of the work presented in this 

dissertation and future work also has been discussed.  
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Chapter 

2. Literature Survey 
2.1. Introduction 

In past few decades the CM analog signal processing has received considerable interest 

owing to the advantages offered by CM techniques which have been elaborated in chapter 1. 

This has resulted in emergence of various CM analog building blocks and CDTA is one among 

those. The CDTA block was first reported by D. Biolek [4] in 2003. The block diagram of 

CDTA is shown in Fig. 2.1(a) 
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Fig. 2.1 Block diagrams (a) CDTA (b) CD-DITA 

CDTA can be viewed as a cascade of current differencing unit (CDU) and an operational 

transconductance amplifier (OTA). It has two low-impedance terminals p and n . The difference 

of the currents pI and nI at these terminals flow out of the z-terminal which, in turn develops a 

voltage zV across an external load if connected at z-terminal. The OTA block converts this zV  into 

currents +xI and −xI at ±x terminal with the gain of mg . As the input terminals of the CDTA are 

low impedance nodes, it finds many applications where circuits are insensitive to stray 

capacitances. This makes CDTA an appropriate choice for high frequency applications. Also in 

literature this block has been referred as a true CM block since it is a current input current output 

device. The universality of the CDTA block can be augmented by using the availability and 

accessibility of differential i/p or o/p OTAs which is the output stage in CDTA. CD-DITA 

(Current Differencing Differential Input Transconductance Amplifier) is such an example which 
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is modified version of CDTA and utilizes a differential-i/p OTA instead of a single-i/p OTA 

employed in the traditional CDTA as shown in Fig 2.1(b). This active element can provide 

various applications with enthralling features, such as providing the electronic controllability, 

usage of minimum passive elements and multi-mode operation.  

A vast literature is available on CDTA which includes various realization of CDTA [5-

15] and wide variety of CDTA based signal processing and generation applications [12-22]. 

However it is evident from the literature survey that, CD-DITA has a single application, i.e. a 

VM first-order APF reported in [23]. This work presents the development of new CD-DITA 

structure and its application in VM-Universal biquad filter therefore a detailed review of reported 

CDTA architectures has been dealt with in this chapter such that the appropriate structure can be 

modified to use it as a CD-DITA and apply it in the VM filter application. This work also 

includes comparison of various VM universal biquads to get the essence of crucial points in 

designing the required filter. 

2.2. Review of CDTA Implementations 

Extensive literature review suggests that both bipolar [5-7] and CMOS [8-16] 

technologies are used for CDTA implementation. One of the CDTA realizations using bipolar 

technology is reported in [5]. The advantages of these circuits are high overall gain compared to 

CMOS based implementations. But along with high gain these CDTA structures also produce 

high power dissipation due to use leakages in BJT. Another bipolar implementation which is an 

extension of CDTA known as ZC-CDTA is presented in [6]. In this structure an extra z-terminal 

termed as z-copy, is included to provide design flexibility. A current controlled CDTA 

(CCCDTA) based on BJT technology is presented in [7]. In this structure the input voltages of p 

and n terminals are not zero and therefore these terminals have a finite resistance which can be 

controlled through bias currents. 

Few CMOS technology based CDTA structures have also been reported in literature. One 

such structure is reported in [8] which have an advantage of high impedance at the z-terminal. A 

low power CMOS realization of the CDTA is reported in [9]. In this structure the input stages are 

constructed using FVF, due to which this CDTA has very low input resistances. The 

modification of CDTA in [2.6] known as MO-CDTA is reported in [10] which has advantage of 

better OTA gain and multiple outputs can be drawn out of CDTA. Another CMOS based CDTA 

is reported in [11]. This circuit exhibit very low impedance at the inputs and high (typically in
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ΩG ). A comparison of available CDTA structures in terms of supply voltage, technology and 

number of transistors, gain, power dissipation and terminal impedances is presented in table 2.1 

Table 2.1 Comparison of several CDTA structures 

Ref Technology 
Supply 

Voltage 
Bias current 

Transconductance 

gain 

Power 

dissipation 

Impedances 

at p,n and z 

[5] Bipolar ±3V 100 μA 2 mS - - 

[6] Bipolar ±2.5V 50 μA 0.96 mS - - 

[7] Bipolar ±1.5V 100 μA - 8.11 mW  

[8] 
0.25 μ 

CMOS 
±1.2V 150 μA 624.9 μS - - 

[9] 
0.35 μ 

CMOS 
±0.75V 54 μA 210 μS 0.37 mW - 

[10] 
0.35 μ 

CMOS 
±1.5V 100 μA 673 μS 3.61 mW 

812 Ω, 348 

Ω, 1.08 MΩ 

[11] 
0.5 μ 

CMOS 
±2.5V 125 μA 670 μS 1.4 mW 

654 Ω, 506 

Ω, 1GΩ 

 

2.3. Review of voltage mode universal filters 

Analog active filter is commonly exploited block for analog signal processing. It finds 

applications in many fields, such as wireless communications, control systems, signal 

measurement and instrumentation [24]. The design and synthesis of analog active filter circuits 

using electronically controllable ABBs, taking several criteria into account, such as minimum 

number of active and passive elements or others, has been receiving significant attention. Such 

ABBs provides versatility, convenience and flexibility for analog circuit designer. Recently, the 

filters namely the universal or multifunction biquadratic filters, performing several functions and 

having single topology have been receiving significant attention.  

One of the most popular universal analog filters topology is a MISO type VM filters. By 

simply switching on or off the i/p voltages or by doing the same along with their different 

combinations, various filter functions is realized simultaneously. The selection of inputs is done 

digitally with the usage of microcontroller or microprocessor.  
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Several VM-MISO type universal biquadratic filter configurations employing different 

ABBs have been designed and implemented in past twenty years. Such as CCII [25,26], CCCII 

[27,28], CCTA [29], DDCC[30,31], OTA[32,33], OTRA [34], DVCC [35,36], FTFN[37], 

CDBA[38], CFA[27,37], VDTA[39] and VD-DIBA [40]. The comparison of these blocks is 

listed in table 2.2. The proposed CD-DITA based MISO-VM filter is compared with these filters 

and its advantages and disadvantages are also discussed in the subsequent chapters.  

Table 2.2 Comparison of various VM-MISO universal filters 

Ref No.  

of  

ABB 

No. 

of  

R &C 

High  

i/p 

imped

-ance 

Low  

o/p 

imped

-ance 

No 

matching 

constraints 

No  

need of 

inverting 

i/p 

Electronic 

tune 

Grounded 

C only 

[25] 3 3&3 No Yes No No No No 

[26] 2 2&2 No No Yes No No No 

[27] 1 1&2 Yes No No No Yes No 

[28] 2 0&2 Yes No No Yes No No 

[32] 3 0&2 Yes Yes No Yes No No 

[33] 6 0&2 Yes Yes No Yes Yes Yes 

[38] 2 4&2 No No Yes Yes Yes No 

[37] 2 3&2 No No Yes No Yes No 

[30] 2 2&2 No No Yes Yes Yes Yes 

[31] 3 2&2 No Yes Yes Yes Yes Yes 

[34] 1 4&4 No No Yes No Yes No 

[29] 1 2&2 Yes No No Yes Yes Yes 

[35] 1 2&2 Yes No No No No No 

[36] 3 4&2 No Yes No No Yes Yes 

[39] 1 0&2 Yes No No No Yes Yes 

[40] 1 1&2 Yes No No Yes Yes No 
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Chapter 

3. Realization of CDTA 
3.1. Introduction 

3.1.1. Ideal CDTA 

Fig. 3.1(a) shows a simple model of ideal CDTA, it has two current inputs p and n, z is an 

intermediate terminal where the difference of currents through p and n flows through. A voltage 

is developed across z terminal when an outside load is connected to it. This voltage is transferred 

to two currents by a transconductance mg  that are taken out at current pair (x+ an x-) terminals.  

CDTA

p

n

I

I

x-

x+

Ix-

Ix+

p

n
z

Iz

Vz

n

p

x

0V

0V

Ip

In

I p - In z

.. .+
_

g m

Ix

CDU

DO-OTA

(a) (b)  
Fig. 3.1 CDTA (a) Schematic symbol (b) Behavioral model 

As shown in Fig. 3.1(a), the two output currents from the x± terminals, can be extended 

to n number of current terminals with any of the 3 types of combinations of directions: 1) all 

currents can flow out, 2) all currents flowing inside CDTA, 3) currents having different 

directions. Then the current directions can be marked in the circuit symbol by the signs ‘+’ for 

the currents flowing outside and ‘–’ for currents flowing inside. CDTA can be constructed with 

an input stage of current differencing unit (CDU) followed by an output stage of operational 

transconductance amplifier with dual outputs (DO-OTA) as shown in Fig. 3.1(b) [41]. 

The CDTA element can sense two currents pI and nI at its inputs, thus the impedances at 

these terminals has to be low (ideally zero) and the voltage across these terminals should also be 

very low (ideally zero). CDTA’s outputs are also currents +xI and −xI thus, the impedances seen 

from these terminals has to be very high (ideally infinite). The current o/p of CDU section zI is 

the difference of i/p currents pI and nI . The z  terminal which is an o/p terminal of CDU 
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section and also an i/p to DO-OTA stage, acts as an intermediate terminal through which the 

difference of pI and nI flows and is converted into voltage zV  when loaded with an external 

impedance zZ . The DO-OTA can be assumed as an ideal VCCS where the difference of i/p 

voltages is converted to o/p currents via its transconductance mg , where mg  can be controlled 

with bias current of DO-OTA. When DO-OTA is used in CDTA, its inverting voltage terminal is 

grounded the z  terminal of CDU section act as a noninverting voltage i/p and this voltage 

converted to currents +xI and −xI . These are the o/p currents CDTA which flow in opposite 

direction but, their magnitudes are equal. Following equations depict the behavior of CDTA: 

0== np VV       (3.1) 

npz III −=       (3.2) 

zmx VgI =+       (3.3)  

zmx VgI −=−       (3.4) 

Therefore, the overall working of CDTA can be described by following equations matrix: 
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    (3.5) 

In most of the applications, the z terminal of a CDTA element connected by grounded 

load impedance Z. Special signal flow graphs (SFGs) can be used in such circuits for their 

analysis and synthesis; these are called “IVI” (Current-Voltage-Current) SFGs. As introduced in 

[42] it is an analogy of the “VIV” (Voltage-Current-Voltage) SFGs. Fig. 3.2(a) shows the “IVI” 

SFG of CDTA element. As shown in Fig. 3.2(b). SFG can be simplified by removing 

intermediate voltage node.  

Ip I p

In In

Vz Ix

Z g

-1
Ix

1 1

-1

gZ

∆I = Iz

(a)

∆I = Iz

(b)  
Fig. 3.2 (a) “IVI” SFG of CDTA with z terminal loaded by grounded impedance Z, (b) simplified SFG 
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3.1.2. Non Ideal CDTA 

This section deals with the non-ideal case of CDTA element. It is necessary to consider 

the active block’s non-idealities as the frequency performance of its applications in filter circuit 

may deviate from its ideal counterpart. These non-ideal conditions on CDTA element result from 

two effects: the CDTA’s finite parasitic resistances and capacitances and error in current 

transfers. Fig. 3.3 shows the non-ideal CDTA structure as reported in [43]. 

Ideal CDTA

p' 

n'
z'

Cz

Rz

x'± 
Rp

Rn
CxRx

( )nnpp II aa −

ZI

z

p

n

ZmVgβ± xI±

±x

pI

nI

 
Fig. 3.3 Non ideal CDTA 

As shown in the Fig. 3.3, pR and nR are floating parasitic resistances at current input 

terminals p  and n , respectively. Shunt parasitic resistances and capacitances zR , zC and xR , xC

are present at the output ports z and ±x , respectively. The unity gain current transfer from p  and 

n  terminals to z  terminal may deviate from its ideal unity value and these parasitic current gains 

between zp − and zn − are represented by pα and nα . These parasitic gains in CDU, which 

usually are deflected from their ideal unity value, are due to current-tracking errors in the CDU 

section of CDTA. These errors has absolute values much lesser than unity and are related to 

parasitic gains by following equations 

pp εα −=1 ; nn εα −=1 and 1<<pε ; 1<<nε     (3.6) 

Where pε  and nε are the errors in current tracking in CDU from p  to z  and n  to z

terminals, respectively. In the DO-OTA section of CDTA, the error in transconductance gain 
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from z  to ±x ports can be modeled by mgβ  factor. Therefore, in a non-ideal case, the terminal 

equations of CDTA are modified as follows 

0== np VV       (3.7) 

nnppz III αα −=      (3.8) 

zmx VgI β=+       (3.9)  

zmx VgI β−=−       (3.10) 

Therefore the Non-ideal CDTA without considering the effects of parasitics, is characterized as: 
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    (3.11) 

3.2. Realization of FVF based CDTA 

3.2.1. Flipped voltage follower 

MOS based Common drain (CD) amplifier as shown in Fig. 3.4(a), is one of the most 

frequently used circuit in ASP for its voltage buffering operation.  

Ma

IbVin

Vout

IMa

IoutRload

Vdd

Ib

Vin

Vout

IMa

Iout
Rload

Vdd

Mb

Ma
=Ib

(a) (b)
  

Fig. 3.4 (a) Source Follower, (b) Flipped Voltage Follower 
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If the body effect of aM  transistor is ignored, then the o/p voltage of the circuit follows i/p 

voltage with a dc level shift of GSV of aM . Therefore the relation between i/p and o/p voltages is 

expressed as 

GSinout VVV −=      (3.12)  

The DC analysis of this circuit depicts that it can sink huge current to the load, but bI i.e. 

biasing current limits its sourcing capability from output node. Another drawback of the CD 

amplifier circuit is that there is a dependence of o/p current outI on current through aM  transistor

MaI , such that its GSV varies with the variation of transistor current and, hence the voltage gain is 

not constant and du to the DC shift it is also less than unity. In the case of capacitive loads 

similar limitations exists but at relatively higher frequencies. The impedance at o/p node is given 

as: 

m
out g

r 1
=       (3.13) 

Where mg is the transconcductance of aM . The typical value of outr  ranges from Ωk1 to Ωk5  

The circuit shown in Fig. 3.4(b) is a negative-shunt-feedback cascade amplifier which 

also acts as source follower. Here aM transistor is used for buffering i/p to o/p. Here current 

through aM  transistor MaI is kept constant by bias current bI , making it independent of the o/p 

current outI and hence GSV of aM remains constant. Therefore unlike conventional CD amplifier 

here the variations in outI are absorbed by aM  which is basically a current sensing transistor. 

Thus the voltage variations at o/p remain low even at higher frequencies. This circuit shows very 

low impedance at o/p node, due to the transistor bM which provides shunt feedback. The power 

consumption of this circuit is very low due to low power supply requirement (almost equal to 

threshold voltage tV of aM ). The bias current source in this circuit is connected on drain terminal 

of aM rather than the source terminal, therefore this circuit has a name flipped voltage follower 

(FVF). Unlike conventional CD amplifier, FVF can source large currents due to low impedance 

at o/p node [44]. The output resistance this circuit is given as: 

oambma
out rgg

r 1
=      (3.14) 
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Where oar , mag and mbg  are o/p resistance of aM and transconductance of aM  and bM respectively. 

The typical value of outr  ranges from Ω10 to Ω100 . 

 

3.2.2. FVF based current mirror 

The voltage buffer circuit can be used as a current mirror by modifying it to operate as a 

current follower. Considering FVF circuit, its o/p can be used as an i/p of the required current 

mirror, as it shows very low impedance at this node. Thus, this modified FVF can be called as a 

current sensing cell, thus a name FVF current sensor (FVFCS) is given to this circuit. One such 

circuit is shown in Fig. 3.5. 

Ib

Vbias Ib

Vdd

Mb

Ma

Mc

Ib+Iin

=Ib+Iin

A

BIin

Iout

 
Fig. 3.5 FVF based current mirror 

In this circuit, the low impedance node B acts as an i/p current sensing node, the shunt 

feedback provided by bM . I/p current signal variations at B are transformed to voltage variations 

at node A . cM transistor is used to utilize these variations and produce the copy of i/p current. 

The o/p and the i/p currents are related through the expression: 

binout III +=       (3.15) 

The bias current bI can be easily eliminated by using current mirroring techniques if it is needed 

for a specific application. The voltage level required at node A  is just DSsatV , which is smaller than 

the levels required for traditional low-voltage current mirrors. The i/p impedance of this mirror is 

very low ( Ω10 - Ω100 ), the minimum voltage supply required at node A is expressed as: 

tDSsatdd VVV −= 2(min) . Thus this mirror has very low power supply requirements.  
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3.2.3. Current differencing unit 

As shown in Fig. 3.6, CDU can be realized using FVFCS [9], where transistors 1M - 3M

and 4M - 6M form two FVF based current mirrors and transistor pairs 7M and 8M  are used to 

realize simple current mirror. Both FVF based mirrors are biased with same current bI , therefore 

the currents through 1M and 6M  transistors will be equal to bI . 

Ib

Vdd

M2

M1

M3

Ip+Ib

Ip

Ib

Ib

M5

M6

M4

In

M8M7

p

Ip+Ib Ip+Ib

In+Ib In+Ib

n

Vss

Iz

z

Ib

 
Fig. 3.6 FVF based CDU 

The i/p currents pI and nI are applied at p and n terminals of CDU respectively. Therefore the 

currents through 2M and 5M  may be expressed as  

bpM III +=2       (3.16) 

bnM III +=5       (3.17) 

The current through 2M and 5M  will be mirrored into 3M and 4M  respectively. The current 

through 3M is further mirrored into 8M by simple mirror. Therefore, the currents through 8M and

4M  may be expressed as 

bpM III +=8       (3.18) 

bnM III +=4       (3.19) 

This difference of currents through 8M and 4M is either sourced or sunk by z terminal and may be 

expressed as  
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npz III −=       (3.20) 

Therefore, z terminal can be considered as o/p terminal of CDU and thus the current differencing 

operation is realized. External impedance is added at z terminal of CDU when used in CDTA to 

convert zI into voltage drop zV . This voltage drop is further used as an i/p in a DO-OTA section. 

3.2.4. Dual output OTA (DO-OTA) 

As shown in Fig. 3.7, DO-OTA block is realized with a differential pair amplifier using 

9M and 10M which is biased through current bI ; along with few PMOS and NMOS based simple 

current mirrors for obtaining dual current outputs.  

M9

M11

M13

M10

M12

M14

Vdd

Vss

I1 I1 I1 I2

I2

I2

I1

I2

Ix-Ix+

x+ x-

Vzz vVv

Ib

M15 M16 M17 M18 M19 M20

 
Fig. 3.7 DO-OTA [45] 

The i/p voltages zV and vV are applied at z and v (voltage)terminals respectively. These 

voltages produce currents 1I and 2I through 9M and 10M  respectively. When 1I is mirrored using

16M and 17M along with the mirroring of 2I using 11M , 12M , 18M and 19M , a positive difference of  

1I and 2I can be obtained by taking an o/p terminal +x .Thus the current through this terminal 

may be expressed as 

21 IIIx −=+       (3.21) 
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When 2I is mirrored using 18M and 20M along with the mirroring of 1I using 13M , 14M , 15M and

17M , a negative difference of  1I and 2I can be obtained by taking an o/p terminal −x .Thus the 

current through this terminal may be expressed as 

( )21 III x −−=−      (3.22) 

Thus, dual o/p currents can be obtained when differential input voltage ( )vz VV − is applied. The 

o/p currents are related to differential input by the transconductance gain mg of DO-OTA and 

these currents may be expressed as 

( ) ( )vzmx VVgIII −±=−±=± 21     (3.23) 

Where mg  is expressed as 

10,9 MM
oxnbm L

WCIg 













= m      (3.24) 

Where the parameters nµ , oxC ,
L

W are of differential pair transistors 9M or 10M . Consequently, mg

can be varied by bias current bI . 

When DO-OTA is clubbed with CDU to realize CDTA, z terminal of DO-OTA block is 

driven by z terminal of CDU and the v  terminal is grounded. The complete schematic of FVF 

based CDTA block is shown in Fig. 3.8 which consists of CDU followed by DO-OTA block. 

The aspect ratios of transistors used in CDTA implementation are listed in table 3.1 
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Fig. 3.8 FVF based CDTA 
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Table 3.1 Aspect ratios of transistors for FVF based CDTA 

Transistors W ( )mm  L ( )mm  

81 MM −  24 1 

109 , MM  8 1 

1411 MM −  5 1 

2015 MM −  8 1 

 

3.3. Characterization of CDTA 

The CMOS realization of FVF based CDTA block as shown in Fig 3.8 is simulated using 

PSPICE simulations with 0.25um process parameters. The power supply rails are V2.1± . The 

CDTA is characterized for its large signal (DC response) and small signal (Frequency response) 

behavior. 

3.3.1. Large signal analysis (DC characteristics) 

vdd

n

zp

vss

M1

Mbreakn

M7

Mbreakp  Mbreakp
Ib1

100uAdc

M3

MbreakN

M4

MbreakN

Ib1
100uAdc

M2

MbreakN

M6

MbreakN

M5

MbreakN

M8

 
Fig. 3.9 PSPICE schematic of CDU 

The PSPICE schematic of CDU is shown in Fig. 3.9. Bias current 1bI  is chosen as Aµ100

.To verify the current dynamic range at i/p terminals p and n  along with the verification of 

current tracking from p to z and n to z , DC curves zI vs pI (with 0=nI )and  zI vs nI (with 0=pI
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)respectively, are plotted as shown in Fig. 3.10 and 3.11. To obtain these plots, current at z

terminal zI is varied from Aµ100− to Aµ100 . 
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Fig. 3.10 Current transfer from p -terminal to z -terminal with 0=nI ( zI vs pI ) 
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I(z)
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-100uA
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Fig. 3.11 Current transfer from n -terminal to z -terminal with 0=pI ( zI vs nI ) 

The DC curves in Fig. 3.12 show variation of n terminal current nI on zI vs pI plot, 

similarly Fig. 3.13 show variation of p terminal current pI on zI vs nI plot. To obtain these plots 

current at z terminal zI is varied from Aµ100− to Aµ100  with a parametric sweep of pI or nI  

ranging from Aµ60− to Aµ60 with Aµ30 interval. 
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Fig. 3.12 Current transfer from p -terminal to z -terminal with nI  as parametric sweep ( zI vs pI ) 
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Fig. 3.13 Current transfer from n -terminal to z -terminal with pI  as parametric sweep ( zI vs nI ) 

From the PSPICE simulations of CDU, it can be concluded that i/p-o/p characteristics 

remain linear for the dynamic range Aµ100− to Aµ100 which can be theoretically confirmed by 

bias currents 1bI which limits dynamic range of CDU.  

The PSPICE schematic of DO-OTA block is shown in Fig. 3.14. Bias current 2bI  is 

chosen as Aµ100 . To verify the voltage dynamic range at i/p terminal z along with the 

verification of trasnconductance transfer from z to ±x  terminals, DC curves ±xI vs zV is plotted 

as shown in Fig. 3.15. To obtain these plots voltage at z terminal zV is varied from V2.1− to V2.1

. 
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Fig. 3.14 PSPICE schematic of DO-OTA 
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Fig. 3.15 Transconductance transfer from z -terminal to ±x terminals with AIb µ1002 =  ( ±xI vs zV ) 

The DC curves in Fig. 3.16 show variation of bias current 2bI on ±xI vs zV plot. To obtain 

these plots, zV is varied from V2.1− to V2.1 with a parametric sweep of 2bI with values Aµ20 ,

Aµ40 , Aµ80 and Aµ100 . 
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Fig. 3.16 Transconductance transfer from z -terminal to ±x terminals with 2bI  as parametric sweep ( ±xI vs zV ) 

22 
 



From the PSPICE simulations of DO-OTA, it can be concluded that i/p-o/p 

characteristics remain linear for the i/p dynamic range mV300− to mV300 which is limited by 

bias current 2bI of DO-OTA. CDU and DO-OTA blocks are cascaded to form CDTA block. The 

PSPICE schematic of CDTA is shown in Fig. 3.17. Bias current 1bI and 2bI  are chosen as Aµ100 .  
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Fig. 3.17 PSPICE schematic of CDTA block 

To verify the unity current gain transfer from p terminal to ±x terminal, DC curves +xI vs pI  with 

varying external resistance zR at z -terminal is plotted. The DC curves in Fig. 3.18 show variation 

of external resistance zR at z terminal on +xI vs pI plot. To obtain these plots, current at p terminal

pI is varied from Aµ60− to Aµ60  with a parametric sweep of zR  with values Ωk1 , Ωk3 , Ωk5  &

Ωk7 . From these plots the value of zR  to obtain unity gain of CDTA comes out to be Ωk55.3

which is verified from +xI vs pI graph, plotted at Ω= kRz 55.3 as shown in Fig. 3.19. 
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Fig. 3.18 Current transfers from p terminal to +x terminal with 0=nI & zR as parametric sweep ( +xI vs pI ) 
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Fig. 3.19 Current transfers from p terminal to ±x terminal with 0=nI and Ω= kRz 55.3  ( ±xI vs pI ) 

The DC curves in Fig. 3.20 show variation of bias current 2bI on +xI vs pI plot with 0=nI

and Ω= kRz 55.3 . To obtain these plots, pI is varied from Aµ50− to Aµ50 with a parametric 

sweep of 2bI with values Aµ05 , Aµ100 , Aµ150 and Aµ200 . 
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Fig. 3.20 Current transfers from p terminal to +x terminal with 0=nI , Ω= kRz 55.3 and 2bI  as parametric 

sweep ( ±xI vs pI ) 

3.3.2. Small signal analysis (AC characteristics) 

 For AC characterization, AC signals are applied as inputs to simulated by plotting 

frequency responses of its outputs. Bias current 1bI and 2bI are chosen as Aµ100 . The frequency 

response of pz II is shown in Fig. 3.21 from which the parasitic gain pα and current tracking error

pε from p terminal to z terminal and its bandwidth are measured and found to be: 

012.142.108 === mdB
I
I

p

z
pα     (3.25) 
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      012.01 −=−=∴ pp αε     (3.26) 

B.W. MHz246.197=      (3.27) 
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Fig. 3.21 Parasitic Current gain from p terminal to z terminal with 0=nI  ( pz II vs frequency) 

 Similarly parasitic gain, current tracking error from n terminal to z terminal and 

bandwidth from frequency response of nz II (as shown in Fig. 3.22) is measured and found to 

be: 

013.1516.118 === mdB
I
I

n

z
nα     (3.28) 

      013.01 −=−=∴ nn αε     (3.29) 

B.W. MHz81.374=      (3.30) 
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Fig 3.22 Parasitic Current gain from n terminal to z terminal with 0=pI  ( nz II vs frequency) 

Fig. 3.23 shows the simulated frequency response of transconductance gain mg from z -

terminal to ±x terminals. The transconductance gain and its bandwidth is measured for 

AI b µ1002 =  and can found out from points A and B as: 
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VAdBgm m708.281004.71 =−=     (3.31) 

B.W. MHz323.236=      (3.32) 
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Fig. 3.23 Transconductance gain mg from z -terminal to ±x terminals with AI b µ1002 =  ( zx VI /+ vs frequency) 

Fig. 3.24 shows the simulated frequency response of transconductance gain by varying 

bias current 2bI  with values Aµ20 , Aµ40 , Aµ80 and Aµ100 , the transconductance gain obtained 

are VAµ176.213 , VAµ709.281 , VAµ914.325 and VAµ184.356 respectively. 

           Frequency

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
I(x+)/V(z:+)

0

50u

100u

150u

200u

250u

300u

350u

400u

450u

281.709uA/V
213.176uA/V

325.914uA/V
356.184uA/V

Hb=50uA
Hb=100uA
Hb=150uA
Hb=200uA

gm=

gm=

gm=

gm=

 
Fig. 3.24 Transconductance gain mg from z -terminal to +x terminals with 2bI  as parametric sweep ( zx VI /+ vs 

frequency) 

 Fig. 3.25 shows the simulated frequency response of total gain of CDTA from p

terminal to +x terminal with AIb µ1002 = ( VAgm m709.281= )and Ω= kRz 74.17  which 

theoretically gives the gain( zmRg ) of5or dB14 . Thus, CDTA’s gain and bandwidth can found out 

from points A and B as: 

Gain dB729.13=      (3.33) 

B.W. MHz66.83=      (3.34) 
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Fig. 3.25 Gain of CDTA from p terminal to +x terminal with 0=nI , AIb µ1002 = and Ω= kRz 74.17 ( px II +

vs frequency) 

 Similarly CDTA’s gain and bandwidth from n terminal to +x terminal can found out 

using points A and B respectively from px II + vs frequency plot as 

Gain dB741.13=      (3.35) 

B.W. MHz118.92=      (3.36) 
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Fig. 3.26 Gain of CDTA from n terminal to +x terminal with 0=pI , AIb µ1002 = and Ω= kRz 74.17 ( nx II +

vs frequency) 

 To measure impedance at  i/p and o/p terminals other terminals are kept open and a 

test AC input signal is applied to the terminal at which the impedance is required. Then the ratio 

of voltage and current of this test signal is plotted w.r.t. to frequency.  

 From the Fig. 3.27 and Fig. 3.28, the impedances seen through p and n terminals are 

found out to be very low and equal as they are required to be, theoretically. The values of these 

impedances measured using point A from their corresponding frequency responses are as follows 

      Ω== 105.35np ZZ      (3.37) 
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Fig. 3.27 Impedance seen through p -terminal ( pZ vs frequency) 
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Fig. 3.28 Impedance seen through n -terminal ( nZ vs frequency) 

 From the Fig. 3.29 and Fig. 3.30, the impedances seen through z and ±x terminals 

are found out to be very high as they are required to be, theoretically because these o/p current 

terminals are high impedance terminals. The values of these impedances measured using point A 

from their corresponding frequency responses are as follows 

Ω= kZ z 274.411       (3.38) 

Ω=± kZ x 48.971       (3.39) 
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Fig. 3.29 Impedance seen through z -terminal ( zZ vs frequency) 
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Fig. 3.30 Impedance seen through ±x terminal ( ±xZ vs frequency) 

The simulated total power dissipation of the FVF based CDTA block comes out to be 1.57 

milli watts. The summary of AC and DC performance parameters of CDTA are listed in Table 

3.2. 
Table 3.2 Performance parameters of CDTA 

Parameter Value Condition 

Power supplies V2.1±  - 

Process parameters TSMC mm25.0  - 

Input current dynamic range 

( pI and nI ) 
Aµ100− to Aµ100  AII bb µ10021 ==  

Input voltage dynamic range( zV ) mV300− to mV300  - 

Parasitic gains( pα , nα ) 012.1 , 013.1  z terminal grounded 

Bandwidth ( pz II , nz II ) MHz246.197 , MHz81.374  z terminal grounded 

Transconductance gain( mg ) VAµ708.281  ±x  terminals grounded 

Bandwidth( zx VI /+ ) MHz323.236  ±x  terminals grounded 

Overall Gain ( zmRg )(from p , n ) dB729.13 , dB741.13  Ω= kRz 74.17  for dB14 gain 

Bandwidth( px II + , nx II + ) MHz66.83 , MHz118.92  Ω= kRz 74.17  for dB14 gain 

Input impedances at p and n  

( np ZZ , ) 
Ω105.35  z and ±x terminals open circuit 

Output impedances at z ( zZ ) Ωk274.411  
p , n and ±x terminals open 

circuit 
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Output impedances at ±x ( ±xZ ) Ωk48.971  
p , n and z terminals open 

circuit 

Static Power dissipation mW57.1  
AII np 0== , z and ±x

terminals open circuit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30 
 



Chapter 

4. CDTA based applications 
4.1.  Basic building blocks 

In this chapter few basic circuit applications of CDTA such as simple current amplifier, 

adder, subtractor and lossless integrator are implemented. This is followed by implementation of 

CM-Schmitt Trigger and CM-KHN filter. The working of these circuits is validated using FVF 

based CDTA through PSPICE simulation. The theoretical and the observed results are found to 

be in close agreement hence verifying the functionality of CDTA based applications. 

4.1.1. Simple current mirror 

CDTA can function as a simple CM amplifier as shown in Fig. 4.1.The i/p signal is 

applied to the terminal p and o/p is taken from either +x or −x  terminal depending upon the 

required o/p (inverting or non-inverting). The gain is obtained from the total gain of CDTA

( )zmRg  

CDTA

p

n
z

Rz

x+

x-

Iin Iout 

 
Fig. 4.1 Circuit Schematic of Simple current amplifier based on CDTA. 

The o/p current is expressed as 

inzmxout IRgII ±== ±      (4.1) 

For PSPICE simulations the bias current bI of DO-OTA section of CDTA is set to Aµ100 , which 

leads to VAgm m324.281= . To obtain a gain of 2 or 6.0023dB zR is set to the value of Ωk7 .To 

obtain a transient response, a sinusoidal current signal is applied as an i/p having range from

Aµ30− to Aµ30+ . Its frequency is fixed to kHz10 . As shown in Fig. 4.2 transient analysis result 
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shows the amplified output and its gain and 3dB bandwidth are obtained from points A and B in 

frequency response as shown in Fig. 4.3. Therefore, 

dBGain 98.5=  and MHzWB 61.. ≈     (4.2) 
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Fig. 4.2 Simulated o/p waveform of simple current amplifier corresponding to sinusoidal i/p 
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Fig. 4.3 Simulated frequency response of a simple current amplifier 

4.1.2. Adder or summing amplifier 

Summing amplifiers a.k.a. mixers are the most useful circuits in analog domain. These 

circuits are used for both ac and dc voltage/current signals processing. These circuits provide an 

o/p voltage or current proportional to or equal to the sum of multiple i/p’s. As these circuits are 

implemented using at least one active block, the output can be amplified by constant gain along 

with the summation of each i/p. For the designing of summing voltage signals op-amp circuits 

are the first choice of any designer. Its current counterpart can be implemented by any CM-ABB. 

In this work, for the designing of summing amplifier a single CDTA is used and the two inputs 
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are applied at the positive terminal as shown in Fig. 4.4. The gain of this circuit is obtained by 

the gain of CDTA i.e. ( )zmRg  

CDTA

p

n z
x-

x+

Rz

Iout Iin1 

Iin2 

 
Fig. 4.4 Circuit Schematic of a summing amplifier based on CDTA. 

The o/p current of the circuit is expressed as 

( )21 ininzmxout IIRgII +==     (4.3) 

For PSPICE simulations, the setup is same as used in current amplifier except for the 

value of zR . Here, to obtain a gain of 1 or 0dB zR is set to the value of Ωk55.3 .For transient 

analysis, two sinusoidal current signals are applied one with the range of Aµ30±  and another 

with Aµ20± . As shown in Fig. 4.5 transient analysis result shows the output which is the 

summation of 2 i/p’s. Its gain can be adjusted using mg or zR  which give amplification along 

with summation at the o/p. The gain and 3dB bandwidth are obtained from points A and B in 

frequency response as shown in Fig. 4.6. Therefore, 

dBGain 0≈  and MHzWB 46.. ≈    (4.4) 

 

           Time

0s 50us 100us 150us 200us 250us 300us 350us 400us 450us 500us
I(out) I(in1) I(in2)

-50uA

-40uA

-30uA

-20uA

-10uA

0A

10uA

20uA

30uA

40uA

50uA

I(out)

I(in2)

I(in1)

 
Fig. 4.5 Simulated o/p waveform of summing amplifier corresponding to two sinusoidal i/p’s 
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Fig. 4.6 Simulated frequency response of a summing amplifier 

4.1.3. Subtractor or differential amplifier 

Subtractors or differential amplifiers provide an o/p voltage or current proportional to or 

equal to the difference of multiple i/p’s. VM differential amplifiers are usually designed and 

implemented using op-amps. Its CM counterpart can be implemented by CDTA, in which one of 

the i/p’s is applied at the negative terminal and another i/p at positive terminal as shown in Fig. 

4.7.  

CDTA

p

n
z

Rz

x+

x-

Iin1 Iout 

Iin2 

 
Fig. 4.7 Circuit Schematic of a current differential amplifier based on CDTA. 

The o/p current of CDTA based differential amplifier can be expressed as 

( )21 ininzmxout IIRgII −==     (4.5) 

For PSPICE simulations, here the value of zR is set to the value of Ωk25  to get the gain of 

7 or 16.9dB. As shown in Fig. 4.8, the transient analysis result shows the o/p which is the 

subtraction of 2 i/p’s with an amplification of factor 7. The gain and 3dB bandwidth are obtained 

from points A and B in frequency response as shown in Fig. 4.9. Therefore, 

dBGain 0≈  and MHzWB 46.. ≈     (4.6) 
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Fig. 4.8 Simulated o/p waveform of current differential amplifier corresponding to two sinusoidal i/p’s 
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Fig. 4.9 Simulated frequency response of a current differential amplifier 

4.1.4. Lossless integrator 

CDTA

p

n
z

x+

x-

Iin Iout 

Cz

 
Fig. 4.10. Circuit Schematic of a lossless integrator based on CDTA. 

A simple CM Cgm  lossless integrator can be designed and implemented using single 

CDTA and the circuit to implement the same is shown in Fig. 4.10 and the integrating action is 

achieved by connecting a grounded capacitor at terminal z . The o/p current of this integrator is 

expressed as 
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( )in
z

m
xout I

sC
g

II ==      (4.7) 

For PSPICE simulations, zC is set to the value of nF5.0 .For transient analysis, a 

sinusoidal current signal is applied with the range of Aµ50± . As shown in Fig. 4.11, the transient 

analysis result shows the o/p signal has the phase difference of 090 w.r.t. its i/p signal. 
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Fig. 4.11 Simulated o/p waveform of lossless integrator corresponding to sinusoidal i/p’s 

4.1.5. Impedance inverter 

(a)
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1

2Zg

(b)  
Fig. 4.12 Impedance inverter: (a) Implementation using two CDTAs, (b) “IVI” SFG. 

By using a couple of traditional OTAs [46] the impedance inverters can be designed and 

realized. By exploiting similar principle it can be implemented by using CDTAs as shown in Fig. 

4.12(a)[4]. The corresponding “IVI” SFG is given in Fig. 4.12(b), where 𝑍𝑍1 is an auxiliary 

grounded impedance. By evaluating the SFG, we can obtain the formula for the input impedance 

which is the inverse of 𝑍𝑍1. 
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PSPICE simulations of this circuit shows inductive impedance across the input terminal 

i.e. z terminal of 1st CDTA, when a capacitive load is connected at z terminal of 2nd CDTA. 

Fig. 4.13 shows the AC response of the impedance inverter circuit in which the input impedance 

is inductive in nature with phase of 090 in a passband when a capacitor is connected at the load 

end which has phase 090−  
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Fig. 4.13 Frequency response of Impedance Inverter using CDTAs: Inductor simulation 

4.2. CM-Schmitt Trigger 

Schmitt trigger holds a property of converting a time varying voltage/current signal into a 

stable logical signal (zero or one). This exclusive property of Schmitt Trigger is useful in both 

analog and digital applications. Some of its applications are comparators, function generators, 

triangular and square wave generators etc. Basically Schmitt trigger is a special comparator with 

a supplemental property of hysteresis. This is achieved by implementing any amplifier with 

positive feedback. Usually VM Schmitt Trigger were designed and implemented by traditional 

op-amps due its high voltage gain. Recently Schmitt Triggers have been implemented in CM by 

using wide range of current mode ABBs. Fig 4.14(a) shows the CM Schmitt Trigger 

implemented using single CDTA element [47]. 
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(a) (b)  
Fig. 4.14 CM-Schmitt Trigger based on CDTA: (a) Circuit schematic (b) Current transfer characteristics 

CDTA has high current gain which is comparable to voltage gain of a traditional op-amp. 

By applying a proper positive feedback to CDTA the required hysteresis can be achieved.  When 

the z terminal is not loaded with any external impedance, the potential drop across this terminal 

is due to its internal resistance formed by high impedance o/p node of CDU and very high 

impedance of i/p node of DO-OTA, which is very high (typically in mega Ohms). The product of 

this internal resistance and transconductance of DO-OTA mg  constitutes the overall current gain 

of the CDTA which comes out to be very high. As the value of o/p currents +xI and −xI  are 

limited by internal bias current bI of DO-OTA. When the product of np II −  and the overall 

current gain of CDTA is out of the interval ),( bb II−∉ , the o/p currents +xI and −xI  will be 

clipped. The hysteresis as shown in Fig.4.14(b), can be implemented by positive feedback 

designed using the current divider formed by 1R and 2R . The following relation is obtained 

between output current saturation levels ( )bout II ±=  and the input current levels ( )rin II ±= at 

which the output current toggles. 

rb I
RR

RI
21

1

+
=      (4.8) 

Simplest CM Schmitt trigger is obtained by short circuiting 1R  and disconnecting 2R . 

Then the toggling levels of input current are equal to saturation levels of output current

( )rb II ±=± . 
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For PSpice simulations of the circuit shown in Fig 4.14(a) the bias current bI  is set to 

Aµ100 , Ω== kRR 121 .For transient analysis a triangular wave with the range of Aµ150−  to 

Aµ150+ . Its frequency is fixed to kHz10 . As shown in Fig 4.15(a), the transient analysis gives 

,48 AIr µ+≈ Aµ46− (ideally Aµ50±= ) and AII bout µ100=±= . Fig 4.15(b) gives the hysteresis 

curve. 
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(a) 

 
(b) 

Fig. 4.15 (a) Simulated o/p waveform corresponding to sinusoidal i/p (b) Simulated transfer characteristics 

(Hysteresis curve) 

For PSPICE simulations of the simplest Schmitt Trigger, the circuit shown in Fig 4.14(a) 

is modified by short circuiting 1R  and disconnecting 2R , the rest of the setup remains same. As 

shown in Fig 4.16(a), the transient analysis gives ,97 AIr µ+≈ Aµ95−  (ideally Aµ100±= ) and 

AII bout µ100=±= . Fig 4.16(a) shows the hysteresis curve which has larger hysteresis area than 

of the original circuit. 
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(b) 

Fig. 4.16 (a) Simulated o/p waveform corresponding to sinusoidal i/p (b) Simulated transfer characteristics 

(Hysteresis curve) for modified Schmitt trigger. 

4.3. CM-KHN biquad filter 

OpAmp-based VM-KHN filter has bandwidth limitation. CM-KHN filters overcome op-

amp’s limitation using CM-ABBs as reported in [48-51]. But, many of these require excess 

number of ABBs. Fig. 4.17(a) shows CM-KHN filter implemented using two CDTAs [52]. This 

filter circuit can be implemented using two lossless Cgm − integrators in feedback loop as 

depicted form its SFG in Fig. 4.17(b). Three basic filters, i.e., LPF, BPF and HPF can be 

implemented simultaneously without modifying the circuit structure. It also has an advantage of 

independent tuning of natural frequency and quality factor Therefore, due to advantages of 

CDTA, it can used to implement KHN filter. 
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Fig. 4.17 CDTA based CM-KHN filter: a) circuit schematic b) SFG 

The following current transfer functions can be for CM-KHN filter: 
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The natural angular frequency and Q-factor is given as 
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Considering non-ideal CDTA, natural frequency and Q-factor become 
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If tracking errors are equal for both CDTAs then the Q-factor remains unaltered and the 

deviation in natural frequency can be compensated by adjusting the values of capacitances 1C  

and 2C  

For the validation of KHN filter, the CDTA based CM-KHN is simulated using PSPICE 

software. Bias currents for both CDTAs are chosen as AII bb µ10021 == . Corresponding 

transconductances are VAgg mm m709.28121 == . Values of capacitances are kept as

nFCC 121 == .Theoretical value of 0f comes out to be kHz835.44 . Fig 4.18 shows all three 

simulated filter responses viz. LPF, HPF and BPF. Simulated value of 0f can be measured using 

point A from the BPF response as shown in the Fig. 4.19 

The measured natural frequency is 

kHzf 668.440 =     (4.15) 

Therefore, the results obtained from simulation are in agreement with theoretical calculations. 

           Frequency
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Fig. 4.18 Simulated filter responses of CDTA based CM-KHN biquad circuit: LPF, HPF and BPF 
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Fig. 4.19 Simulated BPF response for the calculation of natural frequency 
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Chapter 

5. Realization of CD-DITA 
5.1. Introduction 

Current differencing differential input transconductance amplifier (CD-DITA) is one of 

the ABBs for designing and implementing analog circuits. In contrast to the traditional op-amps, 

CD-DITA not only supports VM but also CM and multi-mode operation. CD-DITA is surfacing 

as a flexible, universal and versatile ABB for analog signal processing. Its advantageous features 

and usefulness have been recognized in Biolek’s paper on active elements [41].  

5.1.1. Ideal CD-DITA 

CD-DITA is a new six-terminal active block with electronic control. The circuit 

schematic of CD-DITA and its behavioral model [41] are shown in the Fig. 5.1(a) and (b), 

respectively. CD-DITA has two low-impedance (ideally zero) current input terminals p and n , 

and four high-impedance (ideally infinite) terminals, out of which two are the intermediate 

terminals namely output current terminal z and input voltage terminalv  and the remaining two 

includes output current terminals +x and −x . 

n

0V

In

I p - In z

.. .+
_

g m

v

p

x   Ix

0V
Ip

CDU

DO-OTA
CD-DITA

p

n
z v

I

I

x-

x+

Ix-

Ix+

p

n

Iz

Vz Vv

(a) (b)  
Fig. 5.1 CD-DITA (a) Schematic symbol (b) Behavioral model 

The CD-DITA model includes two stages which are essentially controlled sources: 

differential current controlled current source (DCCCS) with unity current gain, and differential 

voltage controlled current source (DVCCS) with the transconductance gain.  The input stage of 

CD-DITA can be easily designed by a differential i/p single-o/p CDU, which produces the 

difference of i/p currents pI and nI  which flows through the z  terminal. This current zI will 
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produce an appropriate voltage drop, if any external load impedance is connected to it. The 

output stage can be implemented by differential input-dual output OTA (DO-OTA). The z  

terminal of CD-DITA is also internally connected to the non-inverting i/p of DO-OTA. The 

inverting terminal of the DO-OTA is brought out as a terminal v .The voltage difference between 

z  and v  terminals are transformed via DO-OTA’s transconductance gain mg  into the currents 

+xI and −xI  flowing through +x and −x  terminals. These currents flow in opposite direction but, 

their magnitudes are equal. The transconductance gain of DO-OTA can be electronically varied 

with bias currents. The relations between the inputs and outputs terminals of CD-DITA can be 

given by following terminal equations: 

0== np VV       (5.1) 

0=vI        (5.2) 

npz III −=       (5.3) 

 ( )vzmx VVgI −=+      (5.4)  

( )vzmx VVgI −−=−      (5.5) 

Therefore, Equation matrix is given as 
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   (5.5) 

5.1.2. Non ideal CD-DITA 

This section deals with the non-ideal case of CD-DITA element. As shown in Fig. 5.2 the 

non-ideal equivalent of CD-DITA is similar to that of CDTA, except for the addition of error in 

transconductance transfer vβ  from v terminal which is grounded in case of CDTA. These errors 

from z and v terminals are defined as  

zz εβ −= 1 ; vv εβ −= 1 and 1<<zε ; 1<<vε    (5.6) 

44 
 



Ideal CD-DITA

p' 

n'
z'

Cz

Rz

x'± 
Rp

Rn
CxRx

±x

v'

vz

p

n

(αpIp-αnIn)

gm(βzVz-βvVv)

Ip

In

Iz

± Ix

 
Fig. 5.2 Non ideal CD-DITA 

Where zε  and vε are the transconductance tracking errors from z  to ±x  and v  to ±x terminals, 

respectively. In a non-ideal case, the terminal equations of CD-DITA are modified as follows 

0=pV        (5.7) 

0=nV        (5.8) 

nnppz III αα −=      (5.9) 

( )vvzzmx VVgI ββ −+=+     (5.10)  

( )vvzzmx VVgI ββ −−=−     (5.11) 

Therefore the Non-ideal CD-DITA in absence of parasitics is represented by following equations 
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   (5.12) 

5.2. New realization of CMOS based CD-DITA 

The BJT implementation of CD-DITA has already been proposed in [39]. In this work 

the proposed CMOS implementation of CD-DITA used for the simulations its characteristics and 
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applications is shown in Fig. 5.3, where the CDU is realized by transistors M1-M12 and M13-

M16 form the DO-OTA. 
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n p
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Vb2

 
Fig. 5.3 New CMOS implementation of CD-DITA 

This CMOS implementation of CD-DITA is the modification of CDTA circuit, which 

was first proposed in [53] and modified for its application in [54]. The i/p terminal of DO-OTA 

which is usually grounded in the case of CDTA is replaced with a voltage terminal v . In CDU 

section M2, M5 and M6 are the transistors constitutes floating current source [53,55]. The 

transistors M3 and M4are used for positive feedback in the CDU section to reduce the P terminal 

i/p resistance. To reduce N terminal i/p resistance, M4 and M6 are used. The DO-OTA stage 

employs an Arbel-Goldminz OTA [56]. The aspect ratios of transistors used in CD-DITA 

implementation are enumerated in table 5.1 
Table 5.1 Aspect ratios of  MOS transistors used in CD-DITA implementation 

Transistors W ( )mm  L ( )mm  

31 MM −  18 0.18 

54 , MM  36 0.18 

126 MM −  18 0.18 

1613 MM −  6 0.18 

46 
 



Transconductance mg parameter of DO-OTA section of CD-DITA element can be 

determined by the transconductance of outputs transistors (M13-M16). The approximated value 

can be calculated as 

( )
2

1513 mm
m

ggg +
= or ( )

2
1614 mm

m
ggg +

=    (5.13) 

where mig is the transconductance of ith transistor which is defined by 

i
oxpnbimi L

WCIg 



= m     (5.14) 

where pnµ  is the carrier mobility of the for NMOS (n) and PMOS (p) transistors, oxC  is the 

silicon oxide capacitance per area, [ ]iLW  and biI  are the W/L ratio and bias current of ith 

transistor respectively. 

5.3. Characterization of CD-DITA 

The CMOS realization of CD-DITA block as shown in Fig. 5.3 is simulated using 

PSPICE with 180nm process parameters. The aspect ratios of MOS transistors are given in Table 

5.1. The power supply rails are V9.0± . Both CDTA and CD-DITA are characterized by same 

AC & DC behavior. Small signal (Frequency response) behavior of CD-DITA will be dealt here 

as these analyses will provide the parameters related to the non-idealities of CD-DITA which can 

be useful in verification of filter characteristics of non-ideal CD-DITA  
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Fig. 5.4 PSPICE schematic of CD-DITA block 
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The PSPICE schematic of CDTA is shown in Fig. 5.4. Bias currents and voltages 1bI , 2bI ,

3bI , 4bI , 1bV , 2bV ,are chosen as Aµ100 , Aµ100 , Aµ25 , Aµ25 , mV400− and mV300 respectively. 

The frequency response of pz II is shown in Fig. 5.5 from which the parasitic gain pα  from p

terminal to z terminal is measured and found to be: 

98.0806.173 ≈−== mdB
I
I

p

z
pα    (5.15) 

           Frequency

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
DB(I(z)/ I(p:+))

-40
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0

(1.0000KHz,-173.806mdB)A

 

Fig. 5.5 Parasitic Current gain from p terminal to z terminal with 0=nI  ( pz II vs frequency) 

 The frequency response of nz II is shown in Fig. 5.6 from which the parasitic gain

nα  from n terminal to z terminal is measured and found to be: 

96.0787.388 ≈−== mdB
I
I

n

z
nα    (5.16) 

           Frequency

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
DB(I(z)/I(n:+))

-40

-20

0

(1.0000KHz,-388.787mdB)A

 

Fig 5.6 Parasitic Current gain from n terminal to z terminal with 0=pI  ( nz II vs frequency) 

Fig. 5.7 shows the simulated frequency response of transconductance gain by varying 

bias current 3bI and 4bI simultaneously with values Aµ15 Aµ20 , Aµ25 and Aµ30 , the 
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transconductance gain obtained are VAµ612.154 , VAµ114.197 , VAµ658.236 and VAµ722.273

respectively. 

           Frequency
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Fig. 5.7 Transconductance gain mg from z -terminal to +x terminals with 3bI and 4bI  as parametric sweep (

zx VI /+ vs frequency) 

 From Fig. 5.8 and Fig. 5.9 the impedances seen through p and n terminals are found 

out to be very low as they are required to be, theoretically. The values of parasitic resistances pR

and nR can be measured using point A from their corresponding frequency responses, where the 

parasitic capacitance at these terminals has negligible effect. 

       Ω≈ 322pR      (5.17) 

       Ω≈ 166nR      (5.18) 

           Frequency
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Fig. 5.8 Impedance seen through p -terminal ( pZ vs frequency) 
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           Frequency

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
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Fig. 5.9 Impedance seen through n -terminal ( nZ vs frequency) 

The values of parasitic resistances zR and xR can be measured using point A from their 

corresponding frequency responses(Fig. 5.10 and Fig. 5.11), where the parasitic capacitance at 

these terminals has negligible effect and using these values parasitic resistances zC and xC are 

measured at high frequencies (Point B) where their effect is predominant. 
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Fig. 5.10 Impedance seen through z -terminal ( zZ vs frequency) 

           Frequency

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
V(x:+)/I(x)

0

50K

100K

150K

(100.668MHz,75.955Kohm)

(1.0000KHz,135.257Kohm)A

B

 

Fig. 5.11 Impedance seen through ±x terminal ( ±xZ vs frequency) 
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Ω=∴ MRz 3337.1      (5.19) 
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From the graph, at MHzf 2= ,  Ω= kZ z 223.745  

fFCz 6.88=∴     (5.21)  

Similarly,      

Ω= kRx 257.135      (5.22) 
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From the graph, at MHzf 100= ,  Ω= kZ x 955.75  

fFCx 23.17=∴      (5.24) 

Therefore, the impedances seen through z and ±x terminals are found out to be very high as they 

are required to be high, theoretically for it to work in filtering applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

51 
 



Chapter 

6. Proposed CD-DITA based VM-MISO type universal filter 
6.1. Introduction 

Universal filters can be classified based on their topology is: variable and fixed topology 

type. The latter is further divided into VM, CM and MM types, each of which is further 

subdivided based on how responses are obtained w.r.t. combinations of i/p’s and o/p’s: i) single-

i/p multiple-o/p (SIMO) type filters, ii) multiple-i/p single-o/p (MISO) type filters, and iii) 

multiple-i/p multiple-o/p (MIMO) type filters. The biquad circuits working in mixed-mode can 

be operated in voltage, current, transimpedance, and transadmittance modes. One of the most 

widely used universal analog filters topology is a MISO type VM filters. By simply switching on 

or off the i/p voltages or by doing the same along with their different combinations, various filter 

functions is realized simultaneously. The selection of inputs is done digitally with the usage of 

microcontroller or microprocessor.  One such filter based on single CD-DITA is proposed in this 

work. 

6.2.  Proposed filter circuit employing single CD-DITA 

The proposed MISO-type VM universal biquad filter employing single CD-DITA as an 

ABB is shown in Fig. 6.1. It consists of single CD-DITA, two resistors and two capacitors. 
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z v x-
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Fig. 6.1 The proposed CD-DITA based universal MISO-type VM-biquad filter circuit. 
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Considering the ideal CD-DITA, circuit analysis of the proposed filter yields following relation 

between o/p voltage and i/p voltages 

11121
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2

GgCsGCCs
VGgVCsgVCCsV
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inminmin
out ++

+−
=    (6.1) 

Using equation 6.1, various filter functions are realized as follows 

1. If 032 == inin VV and inin VV =1 , then LPF is realized as 
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2. If 021 == inin VV and inin VV =3 , then HPF can  realized as 
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3. If 031 == inin VV and inin VV =2 , then (inverting) BPF is realized as 
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4. If 21 RR = , 02 =inV and ininin VVV == 31 , then notch filter(BRF) is realized as 
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4. If 
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2
121

2

2
121

2

mm

mm

in

AP

gCsgCCs
gCsgCCs

V
V

++
+−

=     (6.6) 

 

From equations 6.2 to 6.6, it is observed that there is no necessity of inverting i/p to realize an 

APF response. 

From equation 6.1 the filter pole frequency or natural frequency ( )0ω  and quality factor ( )0Q are 

expressed as 

211
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2
10 C

CRgQ m ⋅=    (6.7) 
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If 
mg

RR 1
21 == then, 

21
0

1
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gm=ω and
1

2
0 C

CQ =     (6.8) 

From equation 6.8, it follows that after adjusting 0Q , 0ω can be tuned independently by DO-

OTA’s mg .  

The voltage gains of the filters are expressed as 
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From equation 6.7, the sensitivities due to variation of active and passive elements are found as:  
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From equations 6.12 to 6.14, it is observed that all of the sensitivities are less than unity. 

6.3. Effects of non-idealities on filter performance 

The performance of the CD-DITA based universal filter may deflect from the ideal one 

due to the nonidealities of CD-DITA block. The equivalent circuit of CD-DITA in presence of 

nonidealities has been discussed in one of the previous sections. The tracking errors in CDU, 

transfer error in transconductace of DO-OTA and parasitics at the terminals of CD-DITA will 

affect the filter performance especially when used in VM. 

The parasitics at z and ±x  terminals of CD-DITA may or may not affect the filter 

performance depending upon how they appear with external filter passive elements. Either these 

parasitics are absorbed by the external grounded impedances when they are shunt with them or 

they could only affect the center frequency and quality factor but also can add parasitic zeros to 
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some of the filter responses. In the proposed filter circuit parasitic capacitances zC and xC  at z and 

x terminals appear in parallel with external capacitance 1C and 2C , respectively. The external 

resistance 1R between the o/p and the n  terminal of CD-DITA is increased by nR , and similarly 

the external resistance 2R between the i/p and the p terminal of CD-DITA is increased by pR

.Therefore, the parasitic resistance at x terminal xR appears parallel with nRR +1 . This increase in 

resistances can cause deviation for relatively high i/p resistances of CD-DTAs. Parasitic 

resistance zR at z terminal neither appear parallel or series with any of the external impedances 

it causes considerable deflections in filter responses. Considering these non-idealities into 

account the relation of o/p and i/p voltages can be modified as 
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Where 

zCCC += 1
*
1 and xCCC += 2

*
2     (6.16) 

z
z R

G 1
= and

x
x R

G 1
=      (6.17) 

nRR
G

+
=

1

*
1

1 and
pRR

G
+

=
2

*
2

1
    (6.18) 

For simplicity, we can ignore xR as it is a large valued (typically in mega ohms) parasitic 

resistance and appears in shunt with nRR +1  which has typical values in kilo ohms. Therefore, 

the modified expression for outV is given as 
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From equation 6.19, it can be observed that zR adds a zero in BPF transfer function which 

gives finite low-frequency attenuation. This attenuation can be increased by keeping nz RRR +〉〉 1

. This can be achieved by designing CDU section of CD-DITA for high o/p resistance. The 

natural frequency 0ω and quality factor 0Q  are also affected by zR  and are expressed as  
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From above equations, it can be conclude that if the values of pR and nR are much lower than 1R

and 2R then these parasitic resistances don’t have much effect on 0ω and 0Q . The effect of zC and

xC  is absorbed by 1C and 2C therefore, can be neglected. 

There non-ideal sensitivities are found as 
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From above equations, it is clear that all sensitivities are less than 21 in magnitude for the 

proposed CD-DITA based VM-MISO universal filter. 

6.4. Simulation results of proposed filter 

To verify the working of the proposed CD-DITA based universal biquad filter, it is simulated 

using CMOS based CD-DITA (as shown Fig. 5.3). For this purpose the simulation is done using 

PSPICE software with 180nm process technology. The filter is designed for center frequency

Mhzf 70 = with quality factor of 1. To achieve 10 =Q , 1C and 2C are chosen as pF5 .Now to get 

Mhzf 70 =  using pFCC 521 ==  the value of required transconductance comes out to be

VAgm m236.221=  and therefore the values of 1R and 2R are set to mg1 which is equal to

Ωk52.4 . Theoretically the value of transconductance is related to MOS process parameters and 

bias current by the relation given by equations 5.13 and 5.14. If the values of parameters

12=





=








pn L
W

L
W

, sec51.112 2 Vcmp =m , sec84.296 2 Vcmn =m , mtox
9101.4 −×= and

09.3 εε =ox are put into equation 5.14, along with the required value of VAgm m236.221= , then 

the bias currents required to design this filter turn out to be AII bb µ2543 ≈= . Fig. 6.2 shows the 

responses of proposed filter: LPF, HPF, BPF and Notch. Fig. 6.3 shows the APF responses of 

proposed filter.  
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Fig. 6.2 Simulated filter responses of proposed CD-DITA based universal filter: LPF, HPF, BPF and Notch 

 

Simulated center frequency can be measured using phase response of APF by measuring 

frequency at phase 0180−= . The measured center frequency using point A in phase response of 

APF is MHzf 9083.60 = which is close to theoretical frequency. 
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(b) 

Fig. 6.3 Simulated APF: (a) magnitude and (b) phase response of proposed CD-DITA based universal filter 

 

58 
 



Simulated BPF responses with the variation of bias currents 3bI and 4bI  are shown in Fig. 

6.4 Bias currents 3bI and 4bI  are adjusted concurrently for the values of Aµ15 Aµ20 , Aµ25 and

Aµ30  thus having corresponding transconductance gain values VAµ612.154 , VAµ114.197 ,

VAµ658.236 and VAµ722.273 . Due to this variation the center frequency is also varied. The 

values of variation in center frequency can be measured from Fig 6.4 
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Fig. 6.4 Simulated multiple BPF responses with the variation of bias currents bI  

These simulated values of 0f are slightly different from the theoretical values due to non-

ideal nature of CD-DITA. Therefore if the simulated values of parasitic impedances and gains 

are considered for calculating 0f (using equation 6.21), then it can be observed that the simulated 

values of 0f are almost equal to those calculated considering non-ideal case of CD-DITA. The 

comparison results of these frequencies are enumerated in Table 6.1. 
Table 6.1 Summary of comparisons of center frequencies 

Bias current

( )AIb µ  

Theoretical 

( )VAgm m  

Simulated 

( )VAgm m  

Theoretical 

( )MHzf0  

Simulated 

( )MHzf0  

Non-ideal CD-DITA 

( )MHzf0  

15 171.369 154.612 5.454 4.897 5.132 

20 197.879 197.114 6.274 6.025 6.213 

25 221.236 236.658 7.042 6.908 6.947 

30 242.352 273.722 7.714 7.762 7.597 
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Chapter 

7. Conclusion and future work 

This dissertation presents realization of a new CMOS based CD-DITA and its filtering 

application. In introductory chapter a brief on evolution of current mode signal processing is 

presented which leads to motivation for the work undertaken in this thesis. Detailed objective of 

the work is presented thereafter. A review of existing literature on design of CDTA block and 

voltage mode MISO type universal filters has been presented in second chapter. It is observed 

that both bipolar and CMOS technologies have been used for designing CDTA. A detailed 

review on CDTA structures is presented to lay background for new realization of CD-DITA 

presented in this work. FVF based CDTA block is realized and characterized in chapter 3 

through PSPICE simulations. CDTA based applications are presented in Chapter 4 from which it 

can be concluded that CDTA true to its name, is an ideal current mode block.  A new CMOS 

realization of CD-DITA has been presented in chapter 5. Various performance parameters of 

non-ideal CD-DITA that could affect filter performance were simulated along with the 

measurement of parasitics to use them in filter analysis. In chapter 6 a 2nd order CD-DITA based 

VM-MISO-type universal filter has been proposed. The proposed filter provides the following 

advantages which are not exhibited simultaneously by few of the single ABB-based universal 

filters realizing all five filter responses:1) no need of inversion of i/p’s, 2)independent electronic 

tuning of natural frequency and Q factor, 3) low sensitivities and 4)simultaneous realization of 

all filter responses without altering its topology. For validating the responses of proposed filter, it 

is simulated using new CD-DITA realization using 180nm technology and the results agree with 

the theoretical values.  

The future work includes the generalization of CD-DITA universal filter to make it work 

in all possible modes: CM, VM and Mixed mode. Mixed mode enables user to select all kind of 

filter operations namely transadmittance mode, transconductance mode along with the 

conventional voltage and current modes. CD-DITA can also overcome the issues of usage of 

excess ABB and passive elements in realizing analog circuits, due to the availability of both 

current and voltage differential pairs. Apart from universal biquads, the future applications of 

CD-DITA can be in designing oscillators and other analog signal processing circuits. 
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