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ABSTRACT

The simulation of passive components, including resistors, capacitors, and induc-

tors, is essential in the design of compact and adjustable analog signal processing/-

generation circuit applications. Conventional passive components frequently need

substantial chip area and lack electronic tunability, make them less appropriate for

integrated circuit (IC) applications. This work addresses these limitations by imple-

menting simulated immittances employing active building blocks (ABBs), specifi-

cally the Current Feedback Operational Amplifier (CFOA), Current Follower Differ-

ential Input Transconductance Amplifier (CFDITA), and Second Generation Voltage

Conveyor (VCII). These ABBs provide benefits including low-voltage functionality,

good linearity, electronic tunability, and straightforward integration. Various immit-

tance simulator circuits, both grounded and floating, are developed and validated

by simulation utilizing macro model and CMOS technology. These circuits are uti-

lized in analog filters, oscillators, impedance matching networks, sensors, biomedical

circuits, and signal production systems. The proposed circuits are validated using

simulation tools like PSpice and Cadence Virtuoso utilizing 180nm CMOS technol-

ogy. Practical results are also obtained to verify the performance of the circuits and

to confirm their feasibility for hardware implementation. The proposed designs ex-

hibit enhanced performance regarding compactness, power efficiency, and frequency

response, making them suitable for application in analog integrated circuits.
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Chapter 1

Introduction

This thesis focuses on the ”Realisation of simulated immittances using modern active

building blocks”. A variety of new circuit configurations, both grounded and floating

immittance simulators have been presented, employing current feedback operational

amplifiers (CFOAs), current follower differential input transconductance amplifier

(CFDITAs) and second generation voltage conveyor (VCIIs) as the primary active

components.

Passive elements i.e. resistors, inductors and capacitors are the most important

electrical elements necessarily used in the area of analog signal processing/genera-

tion circuit applications. In integrated circuit technology, the large-valued physical

passive elements require large surface area on silicon chip. For this reason, various

researchers are mainly focused on the realisation of immittance simulator circuits

using modern active building blocks (ABB) to replace the bulky physical passive

elements.

Immittance simulator circuits can be used to realize lossless (ideal) capacitance mul-

tipliers/ lossy (non-ideal) capacitance multipliers in the form of series RC, parallel

RC, lossless (ideal) inductance simulator/lossy inductance simulator in the form of a

1

6

6
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series RL, parallel RL, frequency dependent negative resistance (FDNR)/ frequency

dependent negative conductance (FDNC) etc using different types of amplifiers and

active building blocks (ABB) with other passive components. Immittance simulators

are also used in sinusoidal oscillator design, circuit cancellation of unavoidable para-

sitic elements and designing of active filters, multivibrators, impedance matching cir-

cuits, sensors, biomedical circuits etc. The use of grounded or floating immittances,

positive or negative immittances in analog signal processing/ generation circuits are

widely explored in the open literature. Different amplifier topologies, realisable in

both CMOS and bipolar technology are being proposed which exhibit greater perfor-

mance such as simple circuit layout, improved linearity, higher frequency range with

lower power dissipation and higher slew rates. Nowadays in low-medium frequency

applications mostly active inductors or capacitors are used instead of passive induc-

tor or capacitor because of many advantages such as requirement of less chip area,

improved quality factor. Also various parameters of realised circuits electronically

tuned through biasing current(s) or voltage(s).

The operational amplifier (op-amp) has been the most commonly used building block

in analog circuit design, particularly in the early days of analog integrated circuits,

when signal processing was primarily performed in ”voltage mode.” One of the most

widely produced op-amps, the IC 741, functioned as a differential voltage-controlled

voltage source (DVCVS). It was widely utilized in various signal processing and gen-

eration applications, supporting both linear and nonlinear circuit implementations.

Numerous immittance simulator circuits employing op-amps have been reported in

[1] [2] [3] [4] [5]. Though Op-amp has served as the basic building block in analog

circuit design, researchers and circuit designers have also stimulated various im-

mittance simulator circuits using different traditional active building blocks such as

operational transconductance amplifiers (OTA) [6] [7][8] [9] [10] [11] [12] [13] [14] [15]

6
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[16] [17] [18] [19] [20] [21] [22] [23] and current conveyors (CC) [24] [25] [26] [27] [28].

Voltage mode op-amp circuits have been known for their limited bandwidth at high

closed-loop gains due to the constant gain-bandwidth product. Also, the limited

slew rate of the op-amp affects the large signal and high frequency operation. When

wide bandwidth, low power consumption and low voltage operation are needed si-

multaneously, the voltage mode op-amp is not suitable. These drawbacks can be

eliminated using current conveyors or current conveyors based active elements. Sec-

ond generation current conveyor (CCII) and its variants as active building blocks

are used to simulate various immittance simulator circuits which are reported in [29]

[30] [31] [32] [33][34] [35] [36] [37] [38] [39] [40] [41] [42] [43][44] [45] [46][47] [48] [49]

[50][51] [52] [53].

Since the output impedance of CCII is high and for voltage mode operation, the

output impedance should be low, which limits the suitability of CCII based im-

mittance simulators for voltage mode signal processing. Because of limitations of

traditional active building blocks, many researchers and circuit designers use mod-

ern active building blocks such as current feedback operational amplifiers (CFOA),

second generation voltage conveyors (VCII), current differencing buffered amplifiers

(CDBA), current differencing transconductance amplifiers (CDTA), voltage differ-

encing buffered amplifiers (VDBAs), third-generation current conveyor transconduc-

tance amplifiers (CCIIITA), current backward transconductance amplifiers (CBTA),

current follower differential input transconductance amplifier (CFDITA), voltage

differential current conveyor (VDCC) etc. to simulate various immittance circuits.

Many modern active building blocks are less complex as compared to traditional

ABBs. Modern ABBs are also electronically tunable through biasing current(s)

which can be used to implement an automatic control system. The operational

frequency range is also wider in case of modern ABBs as compared to traditional

13
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ABBs. The functional block diagrams and port characteristics of some modern ac-

tive building blocks are illustrated below in Fig. 1.1 and Fig. 1.2.

Among the numerous newly developed analog active building blocks (ABBs), only a

few—specifically operational transconductance amplifiers (OTAs), current conveyors

(CCs), and current feedback operational amplifiers (CFOAs)—have been commer-

cially available as off-the-shelf integrated circuits [54]. Since this thesis focuses on

modern ABBs, particularly CFOAs, CFDITAs and VCIIs, it is appropriate to pro-

vide a brief overview of these components.

1.0.1 Current feedback operational amplifiers

CFOAs are increasingly attracting interest from researchers for use in both linear

and nonlinear signal processing and generation applications. This is largely due to

their superior AC performance, high linearity, and excellent pulse response. With

extremely high slew rates—ranging from several hundred to several thousand volts

per microsecond—CFOAs enable the design of circuits that can operate across sig-

nificantly wider frequency ranges compared to conventional operational amplifiers.

CFOAs have been fabricated as integrated circuits by various manufacturers, includ-

ing Analog Devices (model AD844) [55]. The bipolar implementation of this device

is illustrated in Fig. 1.3 [54], and its corresponding pin configuration is provided in

Fig. 1.4. In the internal structure of the CFOA, transistors Q1 through Q4 form a

mixed translinear cell (MTC). The collector currents of transistors Q2 and Q3 are

mirrored using two modified Wilson current mirror circuits—one p-n-p (comprising

transistors Q5 to Q8) and one n-p-n (comprising Q9 to Q12). These mirrors replicate

the input current IX at the output terminal Z, resulting in IZ = IX . Two constant

40
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(a) IP = 0 = IN , IZ = gm1(VP −
VN ) and IX± = ±gm2VZ

(b) VP = VN = 0, IZ = (IP−IN ), IX± =
±gmVZ

(c) VP = VN = 0, IZ = (IP −
IN ) and IX± = ±gm(VZ − VV )

(d) VF = 0, IZ = IF and IX± =
±gmVX±

(e) VP = 0, VN = 0V0 = Rm(IP − IN ) (f) VP = VN = 0, IZ = (IP −
IN ) and VW = VZ

(g) VX = VY = 0, IX = 0, IY = 0, IW =
IZ , VW , VZ are arbitrary

(h) IP = IN = 0, VZ = (VP − VN ), VW =
VZ

Figure 1.1: Functional block diagrams and port characteristics of (a) VDTA (b) CDTA
(c) CDDITA (d) CFTA (e) OTRA (f) CDBA (g) FTFN (h) VDBA
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(a) IY 1 = IY 2 = 0, VX = (VY 1 −
VY 2) and IZ = IX

(b) VX = (VY 1 − VY 2), IY 1 = IY 2 =
IY 3 = 0, IZP = −IX and IZN = IX

(c) IP = IN = 0, IZ = gm(VP −
VN ) and VW = −VZ

(d) IZ = gm(VP − VN ), VW = VZ , IP =
IW and IN = −IW

(e) IN = IP = 0, IZ = gm(VP −
VN ), VX = VZ , IWP = IX and IWN =
−IX

(f) VP = VN = 0, IZ = IP −
IN and IX± = ±gmVZ

(g) IP = IN = 0, VZ = gm(VP −
VN ) and VW = VZ

(h) VP = VN = VY , IY = 0, IZ = (IP −
IN ), VW = VZ and IX = ±gmVZ

Figure 1.2: Functional block diagrams and port characteristics of (a) DVCC (b) DDCC
(c) VDIBA (d) CBTA (e) VDCC (f) CCCDTA (g) VDGA (h) DBTA
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current sources, each supplying a current of IB, ensure equal emitter currents in

transistors Q1 and Q4. This configuration enforces a zero input current at terminal

Y (IY = 0) when a voltage VY is applied. When IX = 0, it follows that VX = VY ,

and the output current at the Z terminal (IZ) becomes zero [54]. In the case where

Figure 1.3: Schematic diagram of the CFOA AD844 [54]

Figure 1.4: Pin diagram of AD844 [55]

IX ̸= 0, a detailed circuit analysis based on the exponential relationship between
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collector currents and base-emitter voltages of transistors Q1–Q4 yields the following

expression:

IZ = IX = −2IB sinh

(
VY − VX

VT

)
(1.1)

For small currents (IX ≪ 2IB), an approximate linear relationship between VX , VY ,

and the small-signal resistance rX is:

VX ≈ VY + rXIX (1.2)

where rX = VT

2IB
.

If the Z terminal is connected to an external impedance/load ZL, a voltage VZ ap-

pears at this node. This voltage is transferred through a voltage follower constructed

using another mixed translinear cell (MTC) comprising transistors Q13–Q18, where

Q13 and Q16 provide the necessary DC bias current. The final stage follows a rela-

tionship analogous to Equation (1.2), resulting in VW ≈ VZ . The ideal behavior of

the CFOA and its equivalent circuit are depicted in Fig. 1.5. The port relationships

can be represented using the following set of equations in matrix form:



Iy

Vx

Iz

Vw


=



0 0 0 0

1 0 0 0

0 1 0 0

0 0 1 0





Vy

Ix

Vz

Iw


(1.3)

Fig. 1.5 illustrates the symbolic representation of an ideal CFOA.

20
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(a)

(b)

Figure 1.5: (a) Symbolic representation of CFOA (b) Equivalent circuit

A detailed overview of the AD844-type CFOA parameters is presented in Table 1.1.
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Table 1.1: Parameters of AD844

Parameters Bipolar CFOA
Operating range ±18V
Bandwidth 60 MHz
DC power dissipation 1.1 Watt
Input common mode voltage ±18V
Quiescent current 6.5 mA
Differential input voltage 6 V
Slew rate 2000 V/µs

1.0.2 Current follower differential input transconductance

amplifier (CFDITA)

CFDITA combines the capabilities of a current follower and a differential input

transconductance amplifier, offering superior performance in analog circuit applica-

tions. The development of CFDITA commenced with the advent of the Current Dif-

ferencing Transconductance Amplifier (CDTA), which integrated current differenc-

ing and transconductance amplification. Although CDTA enabled numerous analog

signal processing functions, it demonstrated constraints regarding input impedance

and complexity. To address these issues, the Current Follower Transconductance

Amplifier (CFTA) was introduced, streamlining the architecture by substituting the

current differencing unit with a current follower. CFDITA was developed to improve

performance by integrating differential input capabilities, hence improving linearity

and controllability in analog circuits.

The CFDITA, as shown in Fig. 1.6, is symbolically represented as a four terminal

active device. In its current follower stage, the current at Z-terminal follows the

current of F-terminal. This stage is followed by a differential input transconduc-

tance amplifier that produces an output current at O-terminal. Furthermore, the

output current at O-terminal is proportional to the voltage difference between Z

3

3
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and V-terminals. The ideal terminal relationships between currents and voltages of

CFDITA are expressed in equation (1.4).

Figure 1.6: Symbol of CFDITA

IV = 0, IZ = IF , IO = gm(VZ − VV ), VF = 0 (1.4)

where gm is the transconductance of CFDITA

1.0.2.1 Advantages of CFDITA Over Other Modern ABBs

The CFDITA offers numerous benefits that render it an appropriate active compo-

nent for analog signal processing applications:

• Hybrid Nature: Integrates voltage-mode control (differential input) with

current-mode output (transconductance), accommodates both voltage-mode

and current-mode circuits, hence enhancing versatility.

• Exceptional Linearity: The differential input and transconductance stage

enhance linearity, particularly in filter and oscillator configurations.

• Wide Bandwidth: Provides improved frequency response relative to tradi-

tional OTAs, rendering it suitable for high-frequency circuits.
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• Low Input Impedance and High Output Impedance: Appropriate for

cascading in current-mode circuits without causing loading effects.

• Enhanced Integration Capability: Due to its CMOS implementation, it is

readily integrable in VLSI, in contrast to certain complex conventional blocks

such as OTAs and CCIIs.

• Tunable Transconductance: Transconductance (gm) can be electronically

adjusted using bias current, providing versatility in adaptive and programmable

circuits.

• Enhanced Frequency Response: In comparison to OTA, CCII, or CFOA,

CFDITA frequently demonstrates superior bandwidth, particularly in low-

power, high-frequency applications..

• Efficient for Immittance Simulation: Optimal for the implementation of

various immittance simulator circuits.

1.0.2.2 CMOS Realization of CFDITA

The proposed CMOS implementation of CFDITA is presented in this section. The

CFDITA consists of two components: a current follower unit operating as the input

stage and a differential input transconductance amplifier unit operating as the out-

put stage. Fig. 1.7 illustrates the CFDITA CMOS implementation. The transistors

M1-M9 constitute the current follower unit, whereas the transistors M10-M18 com-

prise the differential input transconductance amplifier stage. The transconductance

of CFDITA is electronically tunable via input bias voltage VBIAS.

To validate the proposed CMOS implementation of CFDITA, PSPICE simulations

were conducted utilizing 180 nm TSMC CMOS characteristics. The aspect ratios of

22
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Figure 1.7: Proposed CMOS implementation of CFDITA

the MOS transistors are presented in Table 1.2. For simulation results, the supply

voltages and bias voltages used were VDD = -VSS= 1.32V, VBIAS = 0.78V and VBB=

-0.7V respectively.

Table 1.2: Aspect ratios of the MOSFETs used in Fig. 1.7

MOS transistors W(µm) L(µm)
M1, M2 0.36 0.18
M3, M4 1.44 0.18
M5, M6 3.6 0.18

M7, M8, M9 16.2 0.18
M10, M13 2.88 0.36

M11, M12, M16, M18 1.44 0.36
M14, M15 3.6 0.36

M17 5.44 0.36

Fig. 1.8(a) illustrates the frequency response of CFDITA for the current gain

(IZ/IF ). The 3-dB bandwidth for current gain (IZ/IF ) depicted in Fig. 1.8(a)

is determined to be 42.9 GHz. The DC transfer characteristic of CFDITA from

terminal F to terminal Z is illustrated in Fig. 1.8(b). Current IF appears to be

linearly correlated with current IZ within the range of -5mA to 5mA. The input

8

21

Page 48 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 48 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



14

(a) (b)

(c) (d)

Figure 1.8: (a)Frequency response of current gain (b) DC current transfer characteristic
(c) Variation of transconductance with VBIAS (d) Variation of transconductance with

frequency

current linear range of the proposed CMOS CFDITA is excellent. Fig. 1.8(c) il-

lustrates the fluctuation of transconductance gm (IO/VZ with VV = 0) while the

bias voltage VBIAS changes from -0.5V to -1.2V. The maximum value of gm is 6.38

mS. Fig. 1.8(d) depicts the frequency response of the transconductance of the pro-

posed circuit, demonstrating its variation from 1kHz to 100GHz. It is evident that

gm remains consistently about 7.4 mS across a broad frequency range upto 10GHz,

signifying exceptional stability in low and mid-frequency ranges. The practical im-

plementation of CFDITA using commercially available IC AD844 and LM13700 is

shown in Fig. 1.9
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Figure 1.9: Implementation of CFDITA using commercially available ICs

1.0.3 Second generation voltage conveyor (VCII)

VCII has recently gained significant attention from researchers owing to its straight-

forward circuit-level integration, higher operating frequency range, minimal power

consumption, compact chip area, and the presence of both high as well as low-

impedance current output/voltage input terminals. VCIIs emerge as optimal se-

lections for circuits featuring voltage-derived outputs. The ease with which VCII

facilitates the subtraction and addition of current signals is attributed to its low-

impedance input terminal [56]. The symbolic representation of VCII± is shown in

Fig. 1.10. The current input terminal Y in this device has low impedance (ideally

zero). The high-impedance (ideally infinite) current output port known as the X

terminal receives the current entering at the Y terminal. The voltage generated at

the X terminal is transmitted to the Z terminal, a low-impedance voltage output

terminal that, ideally, has zero resistance. The relationships between port currents

and voltages of VCII± are given by:

IX = ±IY , VZ = VX and VY = 0 (1.5)

31
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Figure 1.10: Symbol of VCII

1.0.3.1 CMOS implementation of VCII ±

The CMOS implementation of VCII+ and VCII- are shown in Fig. 1.11 based on

the implementation reported in [57].

In Fig. 1.11(a), VCII+ is realized using a series connection of a current buffer

composed of transistors M1 to M7 and a voltage buffer consisting of transistors M8

to M12. The existing buffer section has a negative feedback loop with M2 to M5

MOS transistors to ensure low impedance at the Y terminal. The input current is

conveyed from the Y terminal to the X terminal via a basic current mirror composed

of M6 and M7 MOS transistors. In the voltage buffer section, the voltage generated

at the X terminal is conveyed to the Z terminal via the established voltage buffer

usingM8 toM12 MOS transistors. The low impedance at the Z terminal is facilitated

by a negative feedback loop including transistors M8 to M11. MOS transistors M13

to M18 are utilized for biasing purposes.

In the VCII- circuit depicted in Fig. 1.11(b), identical current and voltage buffers

are employed. The basic current mirror composed of M18 and M19 MOS transistors

is utilized to deliver the inverting current gain between the Y and X terminals.

10

10
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(a)

(b)

Figure 1.11: CMOS structure[57] of (a) VCII+ and (b) VCII-

IB1 functions as a current source. Additionally, M8 and M9 MOS transistors are

incorporated to ensure appropriate biasing at the X terminal.

To confirm the operational effectiveness of the CMOS VCII+ and VCII- configura-

tions, implemented with 0.18µm TSMC technology specifications in PSPICE simu-

lation tool. The PMOS and NMOS transistor aspect ratios in Fig. 1.11 were set at

40.5µm/0.54µm and 13.5µm/0.54µm, respectively. The DC power supply voltages

used to bias VCII+ and VCII- were ± 0.9V, and the biasing currents IB0 and IB1

were both selected as 25µA.

The DC transfer characteristic of VCII+ and VCII- from terminal Y to terminal X
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(a) (b)

(c) (d)

Figure 1.12: (a) DC current transfer characteristic of VCII+ (b) DC current transfer
characteristic of VCII- (c) DC voltage transfer characteristic of VCII+ (d) DC voltage

transfer characteristic of VCII-

is illustrated in Fig. 1.12(a) and Fig. 1.12(b). Current IY appears to be linearly

correlated with current IX within the range of -100µA to 100µA. Fig. 1.12(c) and

Fig. 1.12(d) shows a linear relationship between VZ and VX within the range of

-130mV to 130mV for VCII+ and -60mV to 60mV for VCII-.

Fig. 1.13 (a) and Fig. 1.13(b) illustrates the frequency response of current gain

(IX/IY ) and voltage gain (VZ/VX) of VCII+ respectively. The 3-dB bandwidth for

current gain (IX/IY ) and voltage gain (VZ/VX) are determined to be 1 GHz. The

frequency response of current gain (IX/IY ) and voltage gain (VZ/VX) of VCII- are

shown in Fig. 1.13 (c) and Fig. 1.13(d). The 3-dB bandwidth for current gain

(IX/IY ) is 1 GHz and for voltage gain (VZ/VX) is 761.886MHz.

VCII is implemented using off-the-shelf commercially available IC AD844. VCII+

can be implemented with only one IC AD844 while two ICs are required for the
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(a) (b)

(c) (d)

Figure 1.13: (a) Frequency response of current gain of VCII+ (b) Frequency response
of voltage gain of VCII+ (c) Frequency response of current gain of VCII- (d) Frequency

response of voltage gain of VCII-

implementation of VCII-. Fig. 1.14 illustrates the AD844-based implementation of

VCII+ and VCII- configurations.
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(a)

(b)

Figure 1.14: AD844-based implementation of (a) VCII+ (b) VCII- [57]
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1.1 Research Objectives

Various grounded and floating immittance simulator circuits—both lossless and lossy

have been extensively explored in the literature, utilizing a variety of modern active

building blocks. These circuits are pivotal in analog signal processing, enabling the

simulation of capacitors, inductors and other passive components through active

devices. Different ABBs based grounded immittance simulator circuits [58] [59]

[60] [61] [33] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76]

[77] [78] [79] [80] [81] and floating immittance simulator circuits [82] [83] [84] [85]

[86] [87] [88] [89] [90] [91] [92] [93]have been reported. In [94], an active inductor

employing both grounded as well as floating mode using Dual-X Current conveyor

Transconductance Amplifier (DXCCTA) has been reported. Another floating as well

as grounded immittance simulator circuits have been reported in [95] [96][97][98].

Electronically tunable capacitance multipliers using VDBA have been reported in

[99],[100],[101],[102]. In [103], a new tunable impedance multiplier circuit with high

multiplication factor, which can realize a positive or a negative impedance multiplier

has been presented. It consists of a current feedback operational amplifier CFOA,

an OTA, a grounded resistor and the impedance to be scaled.

In [104], a resistorless floating lossy series R-L type inductor circuit employing two

VDBAs and only a grounded capacitor has been proposed. Various lossy inductance

simulators have been reported in [105],[106],[107], [108],[109], [110] [111] [112], [113].

Immittance simulator based on CFOAs have been reported in [114] [115] [116] [117]

[118][119] [120] [121] [122][123] [124].

CFOA based floating immittance simulator circuits have been reported in [125]

25
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[126][127][128][129][130] [131][132] [133] [134][135]. CFDITA based immittance sim-

ulator circuits have been reported in [136] [137] [138]. VCII-based immittance sim-

ulator circuits have been reported in [139] [140] [141] [142][143] [57][144] [145][56].

From a detailed literature survey of the immittance simulators available in the open

literature, it has been found that:

• No single off-the-shelf available IC and grounded capacitor-based negative ca-

pacitance multiplier has been reported in the literature with high multiplica-

tion factor (> 1000).

• No lossy capacitance multiplier circuit has been reported yet, whose multipli-

cation factor can be controlled independently.

• No single CFDITA-based grounded capacitance multiplier circuit has been re-

ported yet in the open literature whose multiplication factor can be controlled

electronically.

• No single CFDITA-based lossy grounded inductor has been reported yet.

In view of the above literature survey, following research objectives were found

• Classification of different immittance simulation circuits realized with modern

active building blocks other than operational amplifier, operational transcon-

ductance amplifier (OTA), and second-generation current conveyor (CCII).

• Realisation of novel capacitance multiplier circuits using modern active build-

ing blocks.

• Realisation of immittance simulator circuits with modern active building blocks

realizable with off-the-shelf available components.

• Realisation of RC-active filters using simulated immittances.
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1.2 Organisation of Thesis

The thesis is organized as follows:

Chapter 2 deals with CFOA-based grounded and floating immittance simulator cir-

cuits. Three new single CFOA-based grounded capacitance multiplier (CM) circuits

and three floating immittance simulator circuits using CFOAs have been presented.

To substantiate the feasibility of the proposed circuits, macro model of CFOA has

been used, and the simulations have been performed in Personal Simulation Pro-

gram with Integrated Circuit Emphasis (PSPICE). The functionality of the proposed

structures has also been validated experimentally using commercially available IC

AD844-type CFOA.

In chapter 3, we have presented two grounded lossy/lossless capacitance multiplier

circuits using CFDITA. The performance of the proposed CM circuit is validated

using a CMOS CFDITA. The results are further validated with experimental results

using the AD844 and LM13700 ICs.

Chapter 4 deals with the realisation of immittance simulator circuits using sec-

ond generation voltage conveyor (VCII). VCII based series and parallel immittance

simulator circuits have been proposed .These circuits implement parallel/series re-

sistor–inductor (RL), parallel/series resistor–capacitor (RC), parallel/series capaci-

tor–frequency dependent negative resistance (CD), and capacitance multiplier con-

figurations employing only two second-generation voltage conveyors (VCII±). The

SPICE simulation tool was used to validate the feasibility of the presented circuits.

Further validation was carried out through layout design in Cadence Virtuoso, em-

ploying 0.18 µm CMOS technology. Also, the claimed theory is verified by exper-

imental results based on the VCII implementation with commercially available IC

AD844.

2

2

2

7

7
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Chapter 5 of the thesis presents a summary of the research work presented and

some suggestions for future work on the ideas explored.

1
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Chapter 2

CFOA-based Novel Realisation of

Capacitance Multiplier and

Floating Immittance Circuits

2.1 Introduction

The present chapter deals with CFOA-based grounded capacitance multiplier and

floating immittance simulator circuits. Three new single CFOA-based grounded

capacitance multiplier (CM) circuits and three floating immittance simulator circuits

using CFOAs have been proposed in this chapter.

Capacitance multiplier circuits are important active building blocks (ABBs) of ana-

log circuits which are used to simulate larger capacitance value from small physical

capacitance. For low frequency applications, mostly higher value capacitance is used

that increases the size of capacitor (which requires large area on silicon chip and thus

not suitable, from the view point of IC fabrication). Consequently, to alleviate these

25
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limitations, researchers and circuit designers stimulate various positive and negative

capacitances using CM circuits employing different active building blocks. These CM

circuits may find numerous applications in the design of low frequency filters, low

frequency oscillators and integration of a phase locked loop filter. Previously, a large

number of negative CM circuits with different properties employing various active

building blocks (ABB) viz. current differencing buffered amplifiers (CDBA), oper-

ational transconductance amplifiers (OTA), current differencing transconductance

amplifiers (CDTA), voltage differencing buffered amplifiers (VDBAs), current feed-

back operational amplifiers (CFOAs), current follower differential input transcon-

ductance amplifier (CFDITA), third-generation current conveyor transconductance

amplifiers (CCIIITA), dual output second-generation current conveyors (DO-CCIIs),

current backward transconductance amplifiers (CBTA), second generation voltage

conveyors (VCII),voltage difference transconductance amplifiers (VDTA) and many

more ABBs have been reported in open literature. Since this chapter deals with ca-

pacitance multiplier circuits realised with single CFOA, it is worthwhile to present

a brief description of previously reported CM circuits realised with CFOAs.

In [118], six different negative capacitance multiplier circuits have been reported.

Wherein four of the presented circuits employ two CFOAs with all grounded passive

elements while the other two circuits require only a single CFOA, two resistors and

one capacitor. In the first circuit (Fig. 4 of [118]) shown here in Fig. 2.1(a) capacitor

is floating whereas in second configuration (Fig. 5 of [118]) displayed in Fig. 2.1(b),

a grounded capacitor is used.

In [119], various grounded immittance function simulators have been presented out

of which one circuit provides a negative capacitance multiplier realized with single

CFOA, a grounded capacitor and three resistors (two of them are grounded and one

is floating) with a matching condition of two resistors. This negative CM circuit is
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(a) Ceq = -CR2/2R1 (b) Ceq = -CR2/2R1

Figure 2.1: Negative grounded capacitance multiplier circuits reported in [118]

shown in Fig. 2.2.

Figure 2.2: Negative capacitance multiplier circuit proposed in [119], Ceq = -CR2/R1

The negative capacitance multiplier circuit of Fig. 2.3 using an inverting CFOA, two

resistors and one capacitor has been reported in [120]. This circuit design exhibits

minimal susceptibility to temperature fluctuations. Through PSPICE simulations,

the obtained results corroborate the theoretical analysis across the frequency range

of 100KHz to 6MHz.

In [121], an inverting CFOA, one grounded capacitor and two resistors based grounded

23
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CM configuration has been proposed. The multiplication factor of the reported cir-

cuit works satisfactorily within the frequency range of 1Hz to 30kHz.

In [122], a negative lossless grounded capacitance multiplier circuit employing a sin-

gle CFOA, four resistors, and a grounded capacitor has been presented. To enhance

power efficiency, the CFOA’s internal structure utilizes dynamic threshold-voltage

MOSFET (DTMOS) transistors.

In [123], two grounded capacitance multiplier circuits (Fig. 3 of [123]) have been

proposed which employ one modified CFOA, two resistors and one capacitor without

requiring critical active and passive component-matching conditions (Fig. 2.4).

Figure 2.3: Grounded capacitance multiplier circuit proposed in [120], Ceq = C1(1+
R2/R1)

In [124], three unified structures of immittance simulators were proposed, requiring a

single CFOA and four/five impedances/admittances. Different combinations of these

impedances/admittances yield different immittance functions, such as lossy/lossless

inductors and capacitance multipliers, and grounded frequency-dependent positive

resistances. Two of the three configurations provide capacitance multiplier and

grounded negative capacitance divider circuits.
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(a) Ceq =C1G2/G3 (b) Ceq =C1G2/G3

Figure 2.4: Grounded capacitance multiplier proposed in [123]

From the above description, it appears that no single CFOA-based negative capaci-

tance multiplier has been presented yet which can provide high multiplication factor

(greater than 1200) employing grounded capacitor without any passive component

matching condition(s).

After thoroughly reviewing the available literature and considering the key factors

for the realization of a CM circuit, this chapter introduces a new topology for nega-

tive grounded capacitance multiplier circuits. The proposed circuits utilize a CFOA,

one capacitor, and two resistors. The ability to achieve negative capacitance multi-

plication by varying the resistance values is discussed in Section 2.2.

2.2 The Proposed Negative Grounded Capacitance

Multiplier Circuits

In this section, three negative grounded capacitance multiplier configurations are

presented. The proposed circuits employ only a single current feedback operational
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(a) (b)

(c)

Figure 2.5: Proposed negative grounded capacitance multiplier circuits employing
grounded capacitor

amplifier (CFOA), two resistors and one capacitor which are displayed in Fig.2.51.

The circuits shown in Fig. 2.5(a) and Fig. 2.5(c) have been designed, using a

methodology similar to the one proposed in [146] for the design of a positive grounded

capacitance multiplier circuit, as shown in Fig. 2.6(a) whereas the NGCM circuit

proposed in Fig. 2.5(b) is designed using an approach similar to the one proposed

in [147] as given in Fig. 2.6(b). Topologically, the circuit of Fig. 2.5(b) is similar to

the circuit presented in[121]where an inverting CFOA (ICFOA) is used as an active

element for realization of a positive CM circuit. Assuming ideal CFOA conditions:

1A. Raj, D. R. Bhaskar, M. Shrivastava, and P. Kumar, “New negative-grounded capacitance
multiplier circuits,” International Journal of Circuit Theory and Applications, vol. 51, no. 3, pp.
1476–1491, 2023.
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(a)

(b)

Figure 2.6: Approaches used for the realization of NGCM (a) current mode approach
[146] (b) voltage mode approach [147]

Iy = 0, Vx = Vy, Vw = Vz and Iz = Ix, a routine circuit analysis of the circuits of

Fig. 2.5 yields the input impedance of the first two proposed circuits (Fig. 2.5 (a)

and Fig. 2.5 (b)) as:

Vin

Iin
= Zin =

−1

sC0

(
1 + Ra

Rb

) =
−1

sCeq1

(2.1)
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while for the third proposed circuit (Fig.2.5(c)), the input impedance is expressed

as:

Vin

Iin
= Zin =

−Rb

2sC0Ra

=
−1

sCeq2

(2.2)

where

Ceq1 = C0

(
1 +

Ra

Rb

)
and Ceq2 = 2C0

Ra

Rb

(2.3)

The input impedances obtained from equations (2.1) and (2.2) yield negative ca-

pacitance whose multiplication factors may be adjusted by varying the resistances

Ra and Rb. For such realizations, no matching constraints have been required and

also the proposed circuits utilize grounded capacitor which is beneficial from the

view point of IC fabrication and parasitic absorption. A notable feature has been

observed from the circuit of Fig. 2.5(b) that the multiplication factor of the pro-

posed capacitance multiplier may be controlled electronically for which the tuning

grounded resistor Rb can be replaced by a voltage controlled resistor.

2.2.1 Non-ideal Analysis

To analyse the effects of parasitic resistances and capacitances available at the input

and output ports of CFOA, non-ideal analysis has been carried out for which a

resistance rx available at the X-terminal of CFOA is taken into account and at

terminal-Z, a parallel combination of RP and 1/sCP has been considered. Complete

non-ideal capacitance multiplier circuits of Fig. 2.5 are shown in Fig. 2.7.

Reanalysis of the circuits of Fig. 2.7 yield the following non-ideal impedances:

Zin1 =
s2(C0CpRarxRb) + sRbrx(Cp + C0(1 +

Ra

Rp
)) + ( rxRb

Rp
−Rb)

s2C0CpRa(Rb + rx) + s{Rb(Cp + C0) + C0Ra(1 +
Rb

Rp
) + C0rx(1 +

Ra

Rp
) + Cprx}+ Rb+rx

Rp

(2.4)
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(a) (b)

(c)

Figure 2.7: Complete proposed NGCMs with parasitic elements of CFOA

Zin2 =
srx{Rb(Cp + C0) +RaC0 +

RaRbCp

Rp
}+ rx(

Rb+Ra

Rp
)−Rb

s{Rb(Cp + C0) +Ra(Cp + C0)}+ Rb+Ra

Rp

(2.5)

Zin3 =
s2C0CpRaRbrx + srx(CpRa + C0Rb +

C0RaRb

Rp
) + rx(1 +

Rarx
Rp

)−Ra

s2RbC0Cp(rx +Ra) + s(Cprx +
C0Rbrx+CpRaRb+C0RaRb

Rp
+ 2C0Rb) +

rx+Ra

Rp

(2.6)

From equations (2.4) − (2.6) , it may be noted that the parasitic elements of the

CFOA (rx = 50Ω, Rp = 3x106Ω and Cp = 4.5x10-12 F) affect the input impedances

of the proposed NGCMs. These effects can be minimized with the proper selection

of the external passive components (Ra, Rb ≫ rx, Ra, Rb ≪ Rp and C0 ≫ Cp).

Taking these considerations into account, the non-ideal impedances may turn into
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their ideal values as given in equations (2.1) and (2.2).

2.2.2 Simulation results

The functionality of the proposed circuits of Fig. 2.5 has been validated using

macro model of AD844 in PSPICE simulator. The DC power supplies of value ±

12V were used to bias AD844. In simulation results, the variations in impedance

and phase of the proposed NGCMs with frequency have been demonstrated. For the

justification of robustness of the proposed NGCM circuits, Monte-Carlo simulations

and temperature analysis have also been carried out. Noise analysis and power

supply rejection ratio (PSRR) analysis have also been carried out for all the presented

circuits.

2.2.2.1 Frequency responses

Frequency responses of the proposed circuits of Fig. 2.5 have been shown in Fig. 2.8

for which the passive components were chosen as: Rb = 1 kΩ, C0 = 100 pF and Ra =

10 kΩ, 30kΩ, 50kΩ, 70kΩ, 90kΩ resulting Ceq = 1.1nF, 3.1nF, 5.1nF, 7.1nF, 9.1nF

for Fig. 2.5(a) and Fig. 2.5(b) respectively whereas for Fig. 2.5(c), the component

values were selected as: Rb = 10kΩ, C0 = 100pF and Ra = 10kΩ, 30kΩ, 50kΩ, 70kΩ,

90kΩ resulting Ceq = 0.2nF, 0.6nF, 1nF, 1.4nF, 1.8nF respectively. The theoretical

(dashed lines) and simulated (coloured lines) impedances and their phases have been

demonstrated in Fig. 2.8, Fig. 2.9 and Fig. 2.10 for the circuits of Fig. 2.5(a), Fig.

2.5(b) and Fig. 2.5(c) respectively.

From Fig. 2.8 - Fig. 2.10, it is observed that the magnitudes of impedance of all

the proposed circuits are in good agreement with theoretical ones. The phases of

the impedance of Fig. 2.5(a) and Fig. 2.5(c) are very close to their corresponding

7
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(a) (b)

Figure 2.8: Frequency responses of (a) impedance and (b) phase of proposed capacitance
multiplier of Fig. 2.5(a)

(a) (b)

Figure 2.9: Frequency responses of (a) impedance and (b) phase of proposed capacitance
multiplier of Fig. 2.5(b)

(a) (b)

Figure 2.10: Frequency responses of (a) impedance and (b) phase of proposed capaci-
tance multiplier of Fig. 2.5(c)
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(a) (b)

(c)

Figure 2.11: Variation of multiplication factor for different values of tuning resistor (a)
Fig. 2.5 a (b) Fig. 2.5 b (c) Fig. 2.5 c

theoretical value i.e. 90° within the frequency range of 4kHz – 1MHz while for the

circuit of Fig. 2.5(b), the phases are slightly deviates with its ideal value.

For the variation in capacitance value, resistor Ra was varied during simulations from

100kΩ to 1000kΩ for the circuits of Fig. 2.5(a), Fig. 2.5(c) and for the circuit of Fig.

2.5(b), Ra was varied from 10kΩ to 200kΩ. The results of simulated multiplication

factor with their corresponding theoretical values have been displayed in Fig. 2.11.

From Fig. 2.11, it is seen that the variation in multiplication factor with the

variation of resistor Ra for the circuits of Fig. 2.5(a) and Fig. 2.5(c) are in good

agreement with their corresponding theoretical values with maximum percentage

error of 3% while in the case of Fig. 2.5(b), for lower value of capacitance, the

performance of the circuit is in good agreement with their theoretical ones. A

sample frequency response of capacitance of the circuit of Fig. 2.5(a) has also been

5

43
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displayed in Fig. 2.12 for which the passive component values were chosen as Rb =

0.5kΩ, C0 = 100pF and Ra was varied from 200kΩ – 2000kΩ.

Figure 2.12: Variation in capacitance with frequency by varying resistor Ra of Fig.
2.5(a)

From Fig. 2.12, it is observed that the maximum value of capacitance for the circuit

of Fig. 2.5(a) obtained through simulations is around 195.16nF which is close to

their corresponding theoretical value of 200.1nF with a percentage error of 2.46%.

2.2.2.2 Temperature variation analysis

The proposed circuits were also simulated at different temperatures for testing the

performance of the robustness and validated by varying the temperature from -

25°C to 50°C. The frequency responses of the impedance and phase for different

temperatures of the circuits of Fig. 2.5(a-c) have been displayed in Fig. 2.13, Fig.

2.14 and Fig. 2.15 respectively.

From the results displayed in Fig. 2.13 - Fig. 2.15, it can be seen that the effect of

temperature on the impedance and phase of the proposed NGCMs are insignificant

and thus, the proposed NGCM circuits are insensitive with the temperature.

15
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(a) (b)

Figure 2.13: Frequency responses of impedance and phase of capacitance multipliers at
different temperatures for Fig. 2.5(a)

(a) (b)

Figure 2.14: Frequency responses of impedance and phase of capacitance multipliers at
different temperatures for Fig. 2.5(b)

(a) (b)

Figure 2.15: Frequency responses of impedance and phase of capacitance multipliers at
different temperatures for Fig. 2.5(c)
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2.2.2.3 Monte-Carlo simulations

The robustness of the proposed capacitance multipliers has also been tested using

Monte-Carlo simulations for which the circuits were run for 100 samples with 10%

tolerance in resistors and the capacitor. The resulting histograms for the variation

in maximum capacitance due to these tolerances have been displayed in Fig. 2.16 -

Fig. 2.18. In Fig. 2.16 (a-c), the changes in maximum capacitance due to variations

in Ra, Rb and C0 for the circuit of Fig. 2.5(a) have been demonstrated. Similarly,

the histograms of maximum capacitance with the variation in Ra, Rb and C0 for the

circuits of Fig. 2.5(b) and Fig. 2.5(c) have been displayed in Fig. 2.17 (a-c) and

Fig. 2.18 (a-c) respectively.

The histogram results shown in Fig. 2.16 - Fig. 2.18 obtained from Monte-Carlo

simulations have been concluded in Table 2.1 in which the maximum and minimum

capacitance value have been provided for the theoretical value of 1nF.

Table 2.1: Statistical data obtained from Monte-Carlo simulations

Variation Variation Variation
in capacitance in capacitance in capacitance
due to Ra due to Rb due to C0

Max Min Sig Max Min Sig Max Min Sig
(nF) (nF) (nF) (nF) (nF) (nF) (nF) (nF) (nF)

Fig. 1.08549 0.908069 0.0494 1.09357 0.91663 0.049 1.09478 0.898864 0.054
2.7a
Fig. 1.29382 1.083 0.05877 1.30517 1.09197 0.05913 1.2774 1.1011 0.049
2.7b
Fig. 1.13547 0.92794 0.05755 1.12464 0.91895 0.05735 1.12048 0.92313 0.05
2.7c

From Table 2.1, it is concluded that the deviation in capacitance (maximum and

minimum) value due to variations in resistors (Ra and Rb) and capacitor (C0) has

been found insignificant.

12
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(a)

(b)

(c)

Figure 2.16: Histograms of the circuits of Fig. 2.5(a) obtained through Monte-Carlo
simulations
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(a)

(b)

(c)

Figure 2.17: Histograms of the circuits of Fig. 2.5(b) obtained through Monte-Carlo
simulations
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(a)

(b)

(c)

Figure 2.18: Histograms of the circuits of Fig. 2.5(c) obtained through Monte-Carlo
simulations
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(a) (b)

(c)

Figure 2.19: Effect of noise on proposed NGCM circuits for different values of resistors
Ra for (a) Fig. 2.5(a), (b) Fig. 2.5(b), (c) Fig. 2.5(c)

2.2.2.4 Noise and power supply rejection ratio analysis

To observe the effect of noise on MF of NGCM circuits, we have carried out noise

analysis in PSPICE by varying the resistors Ra used in the circuits of Fig. 2.5. For

such analysis, resistor Ra was varied from 50kΩ – 200kΩ. The resulting input noise

(in µV
√
Hz) for all three circuits presented in Fig. 2.5 have been displayed in Fig.

2.19(a-c).

We have also simulated the power supply rejection ratio (PSRR) for the proposed

NGCM circuits for which a voltage of magnitude 0.5V was superimposed on the

nominal DC power supply voltage (alternately with both positive and negative bias)

and PSRR was measured at input node of the simulate NGCMs. AC responses of

the PSRR in the working range of the proposed NGCM circuits (1kHz – 1MHz) is

shown in Fig. 2.20(a-c).

5
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(a) (b)

(c)

Figure 2.20: Simulated PSRR of the proposed NGCM circuits for (a) Fig. 2.5(a), (b)
Fig. 2.5(b) (c) Fig. 2.5(c)

From Fig. 2.19(a-c), it is noted that the maximum input noises observed in the

presented circuits of Fig. 2.5 are below to 100µV
√
Hz for Fig. 2.5(a) and Fig. 2.5(c)

while for Fig. 2.5(b), it is below to 0.35µV
√
Hz . From Fig. 2.20, the minimum

value of PSRR for the proposed NGCM circuits were obtained as -66.14dB (251kHz),

-79.53dB (79.43kHz) and -66.25dB (323.2kHz) for Fig. 2.5(a), Fig. 2.5(b) and Fig.

2.5(c) respectively.

2.2.3 Experimental results

To test the performance of the proposed circuits experimentally, the circuits of Fig.

2.5 were bread-boarded with commercially available IC AD844 type CFOA using 5%

5

46

Page 79 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 79 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



45

Figure 2.21: Complete circuit realization of current excited negative capacitance mul-
tiplier circuit of Fig. 2.28(a)

tolerance resistors and 10% tolerance capacitor. For the validation of time responses

of the given NGCM circuits, the NGCM circuits were driven by a sinusoidal current

(obtained by a V-I converter as shown in Fig. 2.21) and the corresponding voltage

responses were obtained to determine the corresponding capacitance and multiplica-

tion factors. The complete circuit realization of one of the proposed circuits has been

displayed in Fig. 2.21 based on which the experimental results were performed. A

sinusoidal input voltage with amplitude 6V peak-peak was taken and the frequency

was set at 10 kHz for generating an input current (Iin) of amplitude 1.2mA peak

–peak by choosing the value of resistor R = 5 kΩ. The experimental set-up of the

circuit of Fig. 2.5(a) has also been demonstrated in Fig. 2.22. The power supply

voltages used for the biasing of AD844s were selected as ±12V. The circuit of Fig.

2.5(a) was tested experimentally for different values of multiplication factor (MF)

for which the passive components used were: Rb = 1kΩ, C0 = 100pF and Ra = 10kΩ,

100kΩ, 563kΩ and 1000kΩ corresponding to the MF equal to 11, 101, 564 and 1001

respectively. The experimental input voltage supplied to the circuit (corresponding

to the input current) and the input voltage applied to NGCM of the circuit of Fig.

2.5 for different values of MF have been displayed in Fig. 2.23.
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Figure 2.22: Experimental setup of circuit of Fig. 2.5(a)

(a) (b)

(c) (d)

Figure 2.23: Time domain input and output waveforms of the proposed circuit of Fig.
2.5(a) for different values of MFs
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From Fig. 2.23, the magnitude of impedance of the Fig. 2.5(a) has been calculated

from which the equivalent capacitance values, and therefrom the corresponding MFs

have been evaluated. From the results of Fig. 2.23, the experimental capacitance

values are obtained as 1.122nF, 9.937nF, 56.118nF and 95.398 corresponding to the-

oretical values of 1.1nF, 10.1nF, 56.4nF and 100.1nF for different values of Ra =

10kΩ, 100kΩ, 564kΩ and 1000kΩ respectively. The multiplication factors have been

evaluated therefrom which are 11.22, 99.375, 561.18 and 953.9 for the designed val-

ues of 11, 101, 564 and 1001 with maximum percentage error of 4.6%. The phase

between Vm and Vin (shown in Fig. 2.21) have also been recorded experimentally

and found to be -91.2°, -93°, -90.4° and -91.9° which are very close to their corre-

sponding ideal value -90°.

Similarly, the sample results of time domain responses of the circuits of Fig. 2.5(b)

and Fig. 2.5(c) have also been shown in Fig. 2.24 using the following passive compo-

nents: Ra = 100kΩ, Rb = 1kΩ and C0 = 100pF and correspondingly the MFs yield

to be 101 and 200 respectively. The experimentally obtained capacitance values are

9.937nF and 21.8nF and the MFs of both the circuits have been evaluated as 99.37

and 218 which are in close proximity with the theoretical values (101 and 200) with

maximum percentage error of 9%.

The phase difference between input and output waveforms of the results shown in

Fig. 2.24 have been obtained experimentally and are found to be -87°, and -90°

respectively which are very close with the theoretical values. The Experimental

verification of capacitance values of the proposed NGCM circuits for different mul-

tiplication factors have also been carried out. Theoretical and experimental results

of capacitance with multiplication factors for the circuits displayed in Fig. 2.5 have

been shown in Fig. 2.25. From Fig. 2.25, it is seen that the experimentally obtained

value of capacitance of circuit of Fig. 2.5(a) for different values of MF (upto 1000)

matches well with its theoretical value while experimentally obtained capacitance of
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(a) (b)

Figure 2.24: Time domain waveforms for the circuits (a) Fig. 2.5(b) (b) Fig. 2.5(c)

(a) (b)

(c)

Figure 2.25: Variation in capacitance value for different multiplication factors
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circuit of Fig. 2.5(b) and Fig. 2.5(c) matched well with their theoretical counter-

parts for MF upto 120 and 300 respectively. Thus, the simulated and experimental

results demonstrated in Fig. 2.8 – Fig. 2.25 validate the feasibility of the proposed

NGCM circuits.

2.3 Floating immittance simulator circuits using

CFOAs

Floating immittance simulators are circuits that are designed to simulate passive

components—resistors, capacitors , and inductors in a floating configuration, mean-

ing they are not directly grounded. These simulators are especially beneficial in inte-

grated circuit (IC) design, where the incorporation of actual inductors is frequently

unfeasible due to spatial limits and other limitations. CFOA is widely used in the

design of various structures of immittance simulators due to its significant advan-

tageous features of offering very high slew rate (2000V/µs for AD844 type CFOA),

elimination of the gain-bandwidth conflict, having accessibility of compensation pin

(TZ) that provides additional flexibility in analog circuit design as compared to con-

ventional op-amp. Various research groups around the world have reported different

configurations of floating immittance simulators i.e., floating series/parallel R-L and

R-C circuits, as well as floating FDNR, floating lossless inductor, and floating ca-

pacitance multiplier circuits using CFOAs [148].

The work presented in this chapter pertains to floating-type lossless inductor, paral-

lel/series R-L, parallel/series R-C, parallel/series C-D, floating lossless capacitance

36
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multiplier circuits and floating FDNR, a brief review of previously reported CFOA-

based floating immittance simulators are included to put the presented work in

proper perspective.

In [125], a floating generalized impedance converter using four CFOAs and five

impedances (Fig. 2.26) has been reported. The presented circuit can provide floating

FDNR, floating inductance, and floating capacitor using appropriate choice(s) of

impedances.

Figure 2.26: Generalized impedance converter circuit proposed in
[125],Z1−2=Z2Z3Z4/Z1Z5

A lossy/lossless synthetic floating inductance simulator, which employs two CFOAs,

two capacitors, and three resistors shown in Fig. 2.27, has been presented in [126].

The circuit presented in [126] lacks independent tunability features for inductance.
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Figure 2.27: Floating inductor proposed in [126], Y1−2 = (R2-R1/R1R2)+1/sC1R1R2

In [127], a floating series R-L simulator circuit has been reported using two CFOAs,

two resistors and one capacitor. This circuit allow independent tunability of induc-

tance using a single resistor without requiring any matching constraints.

Furthermore, a floating lossless inductor realization, derived from a filter configura-

tion reported in [128], is presented in [129]. This circuit employs three CFOAs, one

grounded capacitor, and two resistors (one of which is replaced by an array of resis-

tors and a controlled NMOS for digital tuning), providing independent tunability.

Additionally, two configurations of series R-L (Fig. 2.28(a)) and parallel R-L (Fig.

2.28(b)) simulators employing two CFOAs, two resistors and one capacitor have

been presented in [130]. Both circuits possess independent tunability features of

inductance and do not require any component matching constraints.

A lossless negative immittance emulator using three CFOAs and three impedances

has been presented in [131]. This emulator discusses floating negative lossless

inductance, resistance, and capacitance multipliers, with the proper choice(s) of

impedances, all of which have independent controllability.

In [132], four floating immittance simulator circuits (positive/negative) are pre-

sented. Three of these circuits utilize three CFOAs and three impedances, while

the fourth circuit employs two CFOAs and three impedances. These emulators are
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(a) Y1−2=1/sR1R2C0

(b) Y1−2= (1/R1)+(1/sR1R2C0)

Figure 2.28: (a) Floating simulator (b) Floating inductor simulator proposed in [130]

capable of realizing both lossy and lossless inductance and capacitance multiplier

circuits, depending on the appropriate selection(s) of impedances.

Additionally, [133] reports seven configurations of floating immittance realization

circuits, using two CFOAs along with three to four impedances. These configura-

tions enable the realization of various lossy/lossless and positive/negative impedance

functions by appropriately selecting the impedances.

In [134], a unified configuration of an immittance simulator circuit has been reported.

This circuit employs three CFOAs to provide floating frequency-dependent resistor

and floating capacitance multiplier functions, achieved by properly selecting three

admittances as displayed in Fig. 2.29(a) . The derived circuits possess independent
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(a) Y1−2=y1y2/y3

(b) Y1−2=1/R1(sCR2R3+R2-R3)

Figure 2.29: (a) Floating simulator (b) Floating inductor simulator proposed in [134]

tunability features and do not necessitate any matching constraints. A simulated

floating inductor (SFI) has also been presented as shown in Fig. 2.29(b). The SFI

design includes three resistors and a grounded capacitor, with only one resistive

matching condition.

In [135], a lossless floating immittance simulator (FIS) based on an inverting CFOA

has been presented. The proposed FIS can achieve a floating capacitance multiplier

(FCM), a simulated floating inductor (SFI), and a floating frequency-dependent

16
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negative resistor (FFDNR) by selecting appropriate passive elements. The design is

implemented with a minimal number of passive components and does not require

any resistor or capacitor matching conditions, although all the passive elements are

chosen to be floating.

From the preceding descriptions, it is clear that, despite the existence of a number

of floating lossy/lossless parallel R-L, parallel R-C, parallel C-D, and capacitance

multiplier circuit realizations using various active building blocks, research on novel

realizations of these circuits is still on-going. To the best of our knowledge, no

existing floating immittance simulator circuit based on CFOA has been reported

that is capable of offering four distinct functions: floating parallel R-L, parallel R-

C, parallel C-D, and lossless floating capacitance multiplier circuits. Hence, in this

chapter, we present a new floating immittance simulator circuit employing three

CFOAs, capable of producing parallel R-L, parallel R-C, parallel C-D, and lossless

floating capacitance multiplier circuits through appropriate selection of three passive

elements. The presented floating parallel simulator circuit can be also modified as

floating lossless immittance simulator and floating series immittance simulator, as

discussed in Section 2.4, Section 2.5 and Section 2.6.

2.4 Floating parallel immittance simulator

In this section, a new configuration of a floating parallel immittance simulator em-

ploying CFOAs has been presented.The proposed generalized topology for realizing

parallel R-L, parallel R-C, parallel C-D, and lossless floating CM (with appropriate

choice(s) of branch impedances), employing three CFOAs and three impedances is

depicted in Fig. 2.302.

2D. R. Bhaskar, M. Shrivastava, A. Raj, and P. Kumar, “Floating parallel lossy inductance,
parallel lossy capacitance, parallel C-D, and lossless capacitance multiplier circuits using current

2

2

16
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Figure 2.30: Proposed floating immittance simulator circuit

A routine analysis of the circuit of Fig. 2.30, using the voltage current relationships

of CFOA, yields the following matrix equation:

I1
I2

 =
1

Z1

[
1 +

Z3

Z2

] 1 −1

−1 1


V1

V2

 = Yin

 1 −1

−1 1


V1

V2

 (2.7)

where

Yin =
1

Z1

[
1 +

Z3

Z2

]
(2.8)

Appropriate choice(s) of impedances Z1, Z2 and Z3 obtained in equation (2.7) yield

different types of immittance simulator circuits like floating parallel R-L, floating

parallel R-C, floating parallel C-D and lossless floating capacitance multiplier. The

realizations of these circuits are described here.

Case I: To simulate a floating parallel R-L impedance using equation (2.7), one must

select specific impedances: Z1 = R1, Z2 = R2, and Z3 = 1/sC. The matrix equation

that describes the parallel R-L circuit is:

I1
I2

 =

[
1

R1

+
1

sR1R2

] 1 −1

−1 1


V1

V2

 (2.9)

feedback operational amplifiers,” International Journal of Circuit Theory and Applications, vol.
52, no. 3, pp. 1489–1517, 2024.
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Case II: If the impedances of equation (2.7) are chosen as: Z1 = R1, Z2 = 1/sC and

Z3 = R2, then the circuit of Fig. 2.30 yields a floating parallel R-C simulator whose

matrix equation can be obtained as:

I1
I2

 =

[
1

R1

+
sCR2

R1

] 1 −1

−1 1


V1

V2

 (2.10)

Case III: If we select Z1 = 1/sC1, Z2 = 1/sC2, and Z3 = R3, the circuit depicted

in Fig. 2.30 will simulate a floating parallel C-D simulator, and its matrix equation

can be expressed as:

I1
I2

 = (sC1 + s2C1C2R3)

 1 −1

−1 1


V1

V2

 (2.11)

Case IV: A lossless FCM can be simulated with Z1 = 1/sC1, Z2 = R2, and Z3 = R3.

I1
I2

 = sC1

[
1 +

R3

R2

] 1 −1

−1 1


V1

V2

 = sCeq

 1 −1

−1 1


V1

V2

 (2.12)

From equations (2.9) – (2.12), it can be observed that the circuit presented in Fig.

2.30 can provide four different types of floating immittance simulator circuits. The

first and second realizations are floating parallel R-L and floating parallel R-C type

simulator circuits in which inductance and capacitance can be independently con-

trolled through resistor R2 whereas in the parallel C-D simulator circuit, the value

of D can be independently varied through resistor R3. Lastly, from equation (2.12),

when the circuit of Fig. 2.30 simulates a lossless floating capacitance multiplier, the

value of equivalent capacitance Ceq has two degrees of freedom and can be indepen-

dently controlled through resistors R2 and/or R3.

Page 91 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 91 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



57

2.4.1 Non-Idealities of CFOAs on the proposed immittance

simulator circuit

The effect of non-ideal gains of the CFOA on the proposed circuit has been evaluated

using the terminal characteristic equations represented by VX = βVY , IZ = αIX and

VW = γVZ , resulting into the non-ideal short circuit admittance matrix:

I1
I2

 =
1

Z1

 γ1β2Z2+γ2β1β2Z3

γ1β2Z2
−Z3+Z2

γ1β2Z2

−γ1β2Z2+γ2β1β2Z3

γ1β2Z2

Z3+Z2

γ1β2Z2


V1

V2

 (2.13)

where αi, βi, and γi (i→1-3) are the non-ideal gains of CFOA and are ideally equal

to 1. From equation (2.13), it is noted that the effect of non-ideal gains on the

impedance values is insignificant and the expressions approach the ideal expressions

when the values of these gains approach 1.

The influences of parasitic resistances and capacitances present at the terminals of

CFOAs X and Z have been considered in order to analyze the non-ideal impedance.

The complete non-ideal floating immittance simulator circuit of Fig. 2.30 , incor-

porating the parasitic elements of CFOAs, is depicted in Fig. 2.31. Upon closer

examination of Fig. 2.31, it becomes evident that the parasitic capacitances and

resistances at the terminals of CFOA1 and CFOA3 can be combined. Reanalysing

the circuit depicted in Fig. 2.31 leads to the derivation of the subsequent expression

for the non-ideal impedance. Assuming that all the resistors at terminal ‘X’ are

equal (RX1 = RX2 = RX3 = RX), and similarly, all the resistors and capacitors

connected to terminal ‘Z’ are identical (RZ1 = RZ2 = RZ3 = RZ , and CZ1 = CZ2 =
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Figure 2.31: Complete proposed immittance simulator circuit with parasitic elements
of CFOAs

CZ3= CZ), the non-ideal impedance can be formulated as:

(
V1 − V2

I1
)′ =

(
Z1Z2

Z2 + Z3

)[
1 +RX(sCZ + 1

RZ
)(1 + Z3

Z2
+ RX

Z1
) + RX

Z1
(1 + Z3

Z2
)

1− (sCZ + 1
RZ

)( RXZ3

Z2+Z3
)

]
(2.14)

Based on equation (2.14), it is evident that the impedance of the proposed circuit is

influenced by the parasitic effects of the CFOAs, especially at lower frequencies. This

influence can be alleviated through the appropriate selection of external components

(as elaborated in the Simulation section), while considering the parasitic element

values of the CFOAs (e.g., RX = 50Ω, RZ = 3MΩ, and CZ = 4.5pF).

2.4.2 Prominent Application Examples of Proposed Simu-

lator Circuits

The various application examples of the proposed simulator circuits discussed in

Section 2.4 are presented here.
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2.4.2.1 Lag Compensator

A lag compensator has been designed to demonstrate the usability of the proposed

parallel R-L simulator circuit. Fig. 2.32 shows the circuit model of the lag compen-

sator, where the floating R-L simulator is terminated with a resistor. The transfer

Figure 2.32: Circuit model for the design of lag compensator

function of the circuit shown in Fig. 2.32 can be expressed as:

Vout(s)

Vin(s)
=

1

β

(
s+ 1

τ1

s+ 1
βτ1

)
(2.15)

where

τ1 =
Leq

Req

andβ =

(
1 +

Req

R

)
> 1 (2.16)

The circuit shown in Fig. 2.32 has been implemented using the proposed parallel

R-L circuit simulator as shown in Fig. 2.30.

The transfer function of lag compensator can be written as:

Vout(s)

Vin(s)
=

R

R1 +R

(
s+ 1

CR2

s+ R
CR2(R1+R)

)
(2.17)

30
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Figure 2.33: CFOA-based lag compensator using proposed floating parallel R-L simu-
lator circuit

Comparing equations (2.15) and (2.17), the time constant τ1 and β1 can be obtained

as:

τ1 =
1

CR2

andβ =

(
1 +

R1

R

)
(2.18)

The parameters of lag compensator obtained in (2.18) can be controlled indepen-

dently using different resistors.

2.4.2.2 Lead Compensator

The prominent application of the proposed floating parallel R-C circuit described in

section 2.4 is a lead compensator, and its circuit model is shown in Fig. 2.34. Circuit

analysis of Fig. 2.34 yields the following transfer function for lead compensator:

Vout(s)

Vin(s)
=

(
s+ 1

τ2

s+ 1
ατ2

)
(2.19)
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Figure 2.34: Circuit model of the lead compensator using parallel floating R-C simulator
circuit

where

τ2 =
1

ReqCeq

andα =

(
R

R +Req

)
< 1 (2.20)

The CFOA-based lead compensator using the model shown in Fig. 2.34 is demon-

strated in Fig. 2.35.

Figure 2.35: Lead compensator using proposed floating parallel R-C simulator circuit

The analysis of the circuit shown in Fig. 2.35 (assuming ideal CFOAs) yields the
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following expression:

Vout(s)

Vin(s)
=

 s+ 1
CR2

s+ 1
CR2

R
R+R1

 (2.21)

The values of τ2 and α of the lead compensator can be obtained by comparing

equations (2.19) and (2.21) , as:

τ2 =
1

CR2

andα =

(
R

R +R1

)
(2.22)

By examining equations (2.21) and (2.22), it can be observed that the zero of the

lead compensator is located closer to the origin compared to the pole of the lead

compensator.

2.4.2.3 First-Order High-pass Filter

An application example of the lossless FCM circuit as a first order high-pass filter

is shown in Fig. 2.36. The transfer function of the high pass filter (HPF) shown in

Figure 2.36: Circuit model for the realization of first-order HPF
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Fig. 2.36 can be expressed as:

Vout(s)

Vin(s)
=

(
sRCeq

1 + sRCeq

)
(2.23)

The circuit shown in Fig. 2.36 has been implemented using the proposed lossless

FCM simulator as shown in Fig. 2.37.

Figure 2.37: First-order high-pass filter circuit as an application example of proposed
lossless FCM simulator circuit

Assuming ideal CFOAs, the transfer function of the circuit of Fig. 2.37 can be

written as:

Vout(s)

Vin(s)
=

sRC
(
1 + R2

R1

)
1 + SRC

(
1 + R2

R1

) (2.24)

From equation (2.24), the cut-off frequency of the HPF can be obtained as:

WHPF = R

(
1 +

R2

R1

)
C (2.25)

The application examples presented here demonstrate the practical usability of the

proposed circuits in both control systems and analog signal processing.
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2.4.2.4 Realization of 4th order Butterworth LPF

An application example of the floating parallel RL, parallel RC, and parallel CD

circuits as a 4th order Butterworth filter which is based on the normalized passive

RLC prototype illustrated in Fig. 2.38 and utilizes transformation T2 [130], [149].

The resulting transformed circuit is depicted in Fig. 2.39. The passive realization of

Figure 2.38: Normalized fourth-order Butterworth filter

Figure 2.39: Transformation of the passive RLC circuit of 4th order Butterworth Filter
shown in Fig. 2.38

the Butterworth circuit shown in Fig. 2.39 has been incorporated with the suggested

parallel RL, parallel RC, and parallel CD configurations, and the complete circuit

is illustrated in Fig. 2.40.

The filter circuit has been designed for a nominal frequency of 100 kHz, and the

values of the passive components used are displayed in Fig. 2.40. The frequency
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Figure 2.40: 4th order Butterworth LPF circuit using parallel RL, parallel RC and
parallel CD circuits [130]

responses of the circuit implemented in Fig. 2.40 have been discussed in Simulation

results section.

2.4.3 Simulation results

To validate the different functionalities derived from the circuit shown in Fig. 2.30,

macro model of AD844-type CFOA is used. For the biasing of CFOA, DC power sup-

ply voltages of value ±10V were used. Various simulation results such as frequency

responses, transient responses, Monte-Carlo analysis, and temperature analysis are

performed for different circuit realizations as discussed in Section 2.4. The simula-

tion results of various functions have been provided in consecutive sections.

2.4.3.1 Results for parallel R-L circuit

To simulate the floating parallel R-L circuit, we used passive components, such as

R1 = 1kΩ, R2 = 10kΩ, and C3 = 100pF. Fig. 2.41 demonstrates the simulated

frequency responses of the impedance and phase of the simulator, along with the-

oretical evaluations. The variations in inductance value of the parallel R-L circuit

17
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(a) (b)

Figure 2.41: Frequency responses of impedance and phase of the circuit of Fig. 2.30

(a) (b)

Figure 2.42: Frequency responses of parallel R-L simulator showing tunability of (a)
magnitude (b) phase

have been displayed in Fig. 2.42 by changing the value of resistor R2 from 1kΩ to

10kΩ. The transient responses of input voltage and current for a sinusoidal voltage

with amplitude of 0.1V and a frequency of 100 kHz are displayed in Fig. 2.43

From Fig. 2.41 and Fig. 2.42, it is evident that the simulated results of floating

parallel R-L circuit are in proper accordance with the theoretical evaluations up to

a frequency range of 10kHz – 1MHz. The proposed parallel R-L circuit was also

simulated for Monte-Carlo and temperature analyses. In the Monte-Carlo analysis,

a 5% tolerance was applied to resistor R1, and the resulting magnitude and phase

results are displayed in Fig. 2.44. For the temperature analysis, the circuit was

simulated at temperatures ranging from -50°C to 50°C in increments of 25°C, and
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Figure 2.43: Transient responses of input voltage and current for parallel R-L simulator
circuit

(a) (b)

Figure 2.44: Monte-Carlo results with 5% Gaussian distribution in R deviation (a)
magnitude responses (b) Phase responses

the corresponding results are presented in Fig. 2.45.

From Fig. 2.44, the simulated magnitude response of the impedance obtained

from Monte-Carlo simulations shows slight effects in the frequency range of 3kHz

to 200kHz. Additionally, from Fig. 2.45, the phase of the impedance exhibits sig-

nificant temperature variations below 40kHz, whereas the impedance of the parallel

R-L circuit demonstrates insignificant changes when temperature changes between

-50°C to 50°C.
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(a) (b)

Figure 2.45: Frequency responses of impedance for variation in temperature (a) mag-
nitude (b) phase

(a) (b)

Figure 2.46: Frequency responses of impedance for parallel R-C simulator circuit (a)
Magnitude and (b) phase

2.4.3.2 Results for parallel R-C circuit

Simulations similar to those conducted for a parallel R-L circuit have been carried

out for the proposed floating parallel R-C simulator circuit. The passive component

values used in the simulations were R1 = 1kΩ, R2 = 10kΩ, and C = 100pF, resulting

in Req and Ceq values of 1kΩ and 1.1nF, respectively. A sinusoidal input voltage

with a magnitude of 100mV and a frequency of 100kHz was applied to analyze the

effect of time-domain analysis. Various simulation results related to the parallel R-C

simulator have been shown in Fig. 2.46 to Fig. 2.50.

Page 103 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 103 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



69

(a) (b)

Figure 2.47: Frequency responses showing tunability in (a) magnitude and (b) phase

Figure 2.48: Input voltage and current of the impedance of parallel R-C simulator
circuit

From Fig. 2.46, it can be observed that the simulated magnitude and phase re-

sponses of the parallel R-C circuit match well with the theoretical evaluations over a

wide range of frequencies. Specifically, the impedance magnitude matches the theo-

retical values within the frequency range of 1kHz to 6MHz, while the phase matches

between 1kHz to 300kHz. It can be observed from the simulated results presented

in Fig. 2.49 that the magnitude and phase of the impedance of the parallel R-C

simulator circuit are not significantly affected over a wide frequency range within

the tolerance provided for resistor R2. Furthermore, the temperature analysis results

suggest that the proposed parallel R-C circuit simulator is less sensitive to changes

in temperature.
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(a) (b)

Figure 2.49: Monte-Carlo results of (a) magnitude (b) phase with 10% deviations in
resistor

(a) (b)

Figure 2.50: Magnitude and phase responses of parallel R-C circuit for different tem-
perature (a) magnitude (b) phase

2.4.3.3 Results for parallel C-D configuration

To validate the functionality of the proposed parallel C-D simulator circuit, the

frequency responses of magnitude and phase of impedance, variations in magnitude

and phase of impedance for different values of R3, and transient responses of input

voltage and current are presented. For the simulation purpose, the values of passive

components were used as: C1 = 100pF, C2 = 100pF, and R3 = 10kΩ. To show

the transient responses of input voltage and current, a sinusoidal input voltage of

magnitude of 50mV at a frequency of 200kHz was applied. The corresponding results

are displayed in Fig. 2.51 – Fig. 2.53.
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(a) (b)

Figure 2.51: Frequency responses of (a) magnitude and (b) phase of parallel C-D circuit

(a) (b)

Figure 2.52: Frequency responses of impedance of parallel C-D simulator (a) magnitude
and (b) phase

Monte-Carlo and temperature analyses have also been carried out and the corre-

sponding results are shown in Fig. 2.54 and Fig. 2.55 respectively.

Fig. 2.54 and Fig. 2.55 show that the proposed parallel C-D simulator has insignif-

icant deviations, even when a 10% Gaussian deviation is applied to resistor R3, and

when there are changes in temperature from -50°C to 50°C. From the results shown

in Fig. 2.51 – Fig. 2.55, it is observed that the simulation results obtained for

parallel C-D simulator circuit match with the theoretical evaluations.
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Figure 2.53: Transient responses of input voltage and current of parallel C-D simulator
circuit

(a) (b)

Figure 2.54: Monte-Carlo simulations results for 10% Gaussian deviation in resistor R3

2.4.3.4 Results for floating capacitance multiplier circuit

Frequency analyses of the proposed floating lossless capacitance multiplier circuit

derived from Fig. 2.30 have been demonstrated by selecting passive component

values as: C1 = 100pF and R2 = 1kΩ and R3 =10kΩ, 30kΩ and 50kΩ. The respective

magnitude and phase responses of impedance of FCM have been shown in Fig. 2.56.

Equivalent capacitance for different values of resistance for the lossless FCM circuit

has been carried out and the results have been displayed in Fig. 2.57(a) for which
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(a) (b)

Figure 2.55: Frequency responses of impedance of parallel C-D simulator showing vari-
ation in temperature (a) magnitude and (b) phase

(a) (b)

Figure 2.56: Frequency responses of the proposed floating capacitance multiplier (a)
magnitude and (b) phase

resistor R3 has been varied with the values 10kΩ, 50kΩ, 100kΩ, 150kΩ, 200kΩ R2

= 1 kΩ and C = 100pF resulting in Ceq as 1.1nF, 5.1nF, 10.1nF 15.1nF and 20nF

respectively. We have also shown the multiplication factors of the capacitor with

their corresponding theoretical values as displayed in Fig. 2.57(b) for which resistor

R3 was varied during simulations from 10kΩ to 200kΩ.

From Fig. 2.57(b), it is seen that the variation in multiplication factor of lossless

FCM with the variation of resistor R3 are in good agreement with their correspond-

ing theoretical values with maximum percentage error of 1.5%. Time-domain anal-

ysis has been performed for the proposed FCM circuit for which a sinusoidal input

voltage of magnitude 50mV at 10 kHz has been applied. The simulated transient
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(a) (b)

Figure 2.57: (a) Variations in capacitance with frequency by varying resistor R3 of Fig.
2.30 (b) Variation of multiplication factor for different values of tuning resistor R3

responses of input voltage and input current of the proposed lossless FCM have been

shown in Fig. 2.58. Monte-Carlo simulations have been performed for the FCM with

Figure 2.58: Time responses of input voltage and current of FCM

100 runs. The results have been shown in Fig. 2.59 in which the passive component

values deviate uniformly with 10%. The robustness of the simulated capacitance

has also been tested using Monte-Carlo simulations for which the circuits were run

for 100 samples with 10% tolerance in resistors and capacitor. The corresponding

Monte-Carlo results for the variation in maximum capacitance due to these toler-

ances have been displayed in Fig. 2.60. In Fig. 2.60(a-c), the changes in maximum

capacitance due to variations in R2, R3 and C have been demonstrated in which the

maximum and minimum capacitance values have been provided for the theoretical
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(a) (b)

Figure 2.59: Monte-Carlo simulation results of the proposed FCM (a) magnitude (b)
phase

value of 1.1nF by selecting resistors (R3=10kΩ and R2 = 1 kΩ) and capacitor C1 =

100pF. The proposed circuit was also simulated at different temperatures for testing

the performance of the robustness and validated by varying the temperature from

-50°C to 100°C. The frequency responses of the impedance and phase for different

temperatures of the lossless FCM circuit have been displayed in Fig. 2.61(a) and

2.61(b) respectively.

The application example of FCM as a first order high pass filter has also been simu-

lated for a nominal frequency of 159kHz and the corresponding frequency responses

are demonstrated in Fig. 2.62. The variation of Total Harmonic Distortion (THD)

with respect to input voltages has also been conducted for both the FCM circuit and

the first-order HPF using the PSPICE simulation tool. The corresponding results

are shown in Fig. 2.63. The input voltage has been ranged from 10mV to 100mV

for both circuits, operating at a frequency of 100kHz.

To validate the performance of the 4th order Butterworth filter illustrated in Fig.

2.40, the circuit is configured for a nominal frequency of 100 kHz. The simulated

frequency responses are presented in Fig. 2.64. The frequency obtained through

simulations is approximately 93 kHz, which closely aligns with the theoretical value.

From the above simulation results shown in Fig. 2.41 – Fig. 2.64, it is seen that the
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(a) (b)

(c)

Figure 2.60: Histograms obtained through Monte-Carlo simulations for circuit of Fig.
2.30

(a) (b)

Figure 2.61: Frequency responses of (a) impedance and (b) phase of FCM at different
temperatures
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Figure 2.62: Frequency responses of first order HPF circuit

(a) (b)

Figure 2.63: THD variation with respect to input voltages of the (a) FCM and (b) HPF

Figure 2.64: Frequency responses of 4th order Butterworth filter shown in Fig. 2.40
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proposed floating immittance simulator circuits work properly and the results also

match with the theoretical evaluations.

2.4.4 Experimental Results

The functions derived from the proposed circuit depicted in Fig. 2.30 were sub-

jected to experimental testing. This experimentation involved the use of commer-

cially available off-the-shelf IC AD844 type CFOAs, 5% tolerance resistors, and 10%

tolerance capacitors. In order to conduct these tests across all circuits, a voltage-

to-current converter [150] was employed to drive the circuits. Subsequently, the

input impedance and phase measurements were obtained from port 1 with port 2

grounded, and vice-versa. To conserve space, we have herein presented the experi-

mental findings alongside simulation results and theoretical assessments performed

using a parallel RL simulator. For this purpose, passive components were chosen

with values used in the simulations. The experimental input impedance and phase

characteristics observed at both port 1 and port 2 are graphically depicted in Fig.

2.65. We have also experimentally tested the proposed lossless FCM circuit as an

integrator using the test circuit shown in Fig. 2.66 using commercially available IC

AD844 type CFOA. The experimental set-up of the FCM has been demonstrated

in Fig. 2.67 and the corresponding experimental transient results are shown in Fig.

2.68.

From Fig. 2.68, it is observed that the voltage across capacitor (VO) is approximately

90◦ apart with the applied voltage (Vm) that validates the performance of integrator

circuit.
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Figure 2.65: Frequency response of input impedance and phase seen from (a-b) port 1
(c-d) port 2

Figure 2.66: Experimental test circuit for the FCM

The proposed circuit has also been experimentally verified by providing experimental

results of the applications of the different functions obtained from the circuit of Fig.

2.30. The commercially available ICs AD844 with 5% tolerance in resistors and 10%

Page 114 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 114 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



80

Figure 2.67: Experimental test circuit for the FCM

Figure 2.68: The input and output voltages of the test circuit shown in Fig. 2.66

tolerance in capacitors were used. The power supply voltages used for the biasing

of AD844s were selected as ±15V. For all the application examples, the sinusoidal

input voltage signal with 4V peak-peak was applied.

2.4.4.1 Lag compensator

To verify the performance of application example of parallel R-L circuit experimen-

tally as lag compensator (Fig. 2.33), the following values of passive components
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(a) (b)

(c)

Figure 2.69: (a and b) Frequency responses of magnitude and phase (c) Input and
output voltages of lag compensator

were used: R1 = 1kΩ, R2 = 10kΩ, R = 10kΩ and C = 100pF. The experimental

frequency responses of magnitude and phase of lag compensator along with simu-

lated results and theoretical evaluations are shown in Fig. 2.69(a) and Fig. 2.69(b)

respectively, whereas Fig. 2.69(c) shows the transient input and output voltages of

the lag compensator.

From Fig. 2.69(b), it is observed that the maximum phase lag of the compensator

is 56◦ at 42.6kHz and it can also be verified by the transient responses of input and

output voltage where output voltage is lagging with the input voltage.

2.4.4.2 Lead compensator

To test the workability of lead compensator shown in Fig. 2.35 experimentally, the

passive components used were R1 = 1kΩ, R2 = 10kΩ, R = 10kΩ and C = 100pF. The
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(a) (b)

(c)

Figure 2.70: (a and b) Frequency responses of magnitude and phase (c) Input and
output voltages of lead compensator

frequency responses of magnitude and phase of the lead compensator are displayed

in Fig. 2.70 (a-b). The time-domain responses of input and output voltages of the

lead compensator at the maximum phase lead are shown in Fig. 2.70 (c) for which

an input sinusoidal signal of amplitude 4V peak to peak at a frequency 490kHz was

applied.

From Fig. 2.70 (b), it is observed that the maximum phase for the lead compen-

sator is 59.24 ◦ at a frequency of 489.8kHz. Fig. 2.70 (c) shows that the output

voltage is leading with the input voltage which validates the functionality of the lead

compensator.
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(a) (b)

(c)

Figure 2.71: (a and b) Experimental frequency responses and (c) transient responses of
first-order high-pass filter

2.4.4.3 First-order high pass filter

To verify the performance of first-order high-pass filter shown in Fig. 2.37, the

filter circuit was bread boarded for a nominal frequency of 159kHz using following

passive component values: R1 = 1kΩ, R2 = 10kΩ, R = 10kΩ, and C = 100pF.

Fig. 2.71 shows the experimental frequency responses of magnitude and phase along

with simulation results and theoretical evaluations, as well as the input and output

transient voltages.

2.5 Floating lossless immittance simulator

A simple artifice in the circuit presented in Fig. 2.30 allows the same circuit to func-

tion as a floating lossless immittance simulator whose circuit (Fig. 2.72) description
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and function realizations are discussed below. A routine analysis of the circuit of Fig.

Figure 2.72: Modified floating lossless immittance simulator circuit

2.72, using the voltage-current relationships of CFOA, yields the following matrix

equation:

V1

V2

 =
Z1Z2

Z3

 1 −1

−1 1


I1
I2

 = Zin

 1 −1

−1 1


I1
I2

 (2.26)

where

Zin =
Z1Z2

Z3

(2.27)

Proper choice(s) of impedances Z1, Z2 and Z3 of Fig. 2.72 obtained in equation

(2.26) yield different types of immittance simulator circuits i.e., lossless floating

inductance simulator, lossless floating capacitance multiplier and floating FDNR.

The realizations of these circuits are described here.

Case I: Z1 = R1, Z2 = R2, and Z3 = 1/sC3. The matrix equation that describes the

floating inductance simulator is:

V1

V2

 = sR1R2C3

 1 −1

−1 1


I1
I2

 (2.28)
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Case II: Z1 = 1/sC1 , Z2 = R2 and Z3 = R3, then the circuit of Fig. 2.72 yields a

floating capacitance multiplier whose matrix equation can be obtained as:

V1

V2

 =
R2

sC1R3

 1 −1

−1 1


I1
I2

 (2.29)

Case III: If we select Z1 = R1, Z2 = 1/sC2, and Z3 = R3, the circuit depicted in Fig.

2.72 will simulate a floating capacitance multiplier, and its matrix equation can be

expressed as:

V1

V2

 =
R1

sC2R3

 1 −1

−1 1


I1
I2

 (2.30)

Case IV: A floating FDNR can be simulated with Z1 = 1/sC1, Z2 = 1/sC2, and Z3

= R3. V1

V2

 =
1

s2C1C2R3

 1 −1

−1 1


I1
I2

 (2.31)

From equations (2.28) − (2.31), it can be noticed that the circuit depicted in Fig.

2.72 is capable of realizing floating lossless inductor, floating capacitor, and floating

FDNR circuits. A noteworthy feature of these circuits is their independent tunabil-

ity, which can be achieved through resistor(s).

2.5.1 Simulation results

To verify the various functionalities derived from the circuit depicted in Fig. 2.72, a

macro model of the AD844-type CFOA was utilized. The CFOA was biased using

DC power supply voltages of ±10V. Different simulation results, including frequency
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(a) (b)

Figure 2.73: Frequency responses of (a) impedance and (b) phase of proposed lossless
floating inductor of Fig. 2.72

responses, transient responses, Monte Carlo analysis, and temperature analysis, were

conducted for various circuit realizations as discussed above. The simulation results

for these various functions are presented in the following sections.

2.5.1.1 Results for floating inductance simulator

To simulate the floating inductance simulator,passive components were used, such as

R1 = 1kΩ, R2 = 4kΩ, and C3 = 100pF provides Leq=400uH. Fig. 2.73 illustrates the

simulated frequency responses of the impedance and phase of the simulator, along

with theoretical evaluations. The variations in inductance value of floating inductor

simulator have been displayed in Fig. 2.74 by changing the value of resistor R2

(10kΩ, 30kΩ, 50kΩ).

Figures 2.73 and 2.74 show that the simulated results of the floating inductor sim-

ulator align well with theoretical evaluations within the frequency range of 1kHz to

5MHz. The proposed inductor simulator was also simulated for Monte-Carlo analy-

sis. In the Monte-Carlo analysis, a 5% tolerance was applied to resistor R1, and the

resulting magnitude and phase results are displayed in Fig. 2.75. From Fig. 2.75, the

17
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(a) (b)

Figure 2.74: Frequency responses of floating inductor simulator showing tunability of
(a) magnitude (b) phase

(a) (b)

Figure 2.75: Monte-Carlo results with 5% Gaussian distribution in R deviation (a)
magnitude responses (b) Phase responses

simulated magnitude response of the impedance obtained from Monte-Carlo simula-

tions shows slight effects in the frequency range of 1kHz to 10MHz. An application

in Fig. 2.76 demonstrates the effectiveness of the floating inductor, providing both

the outputs of a voltage mode(VM) notch filter (NF) and a low-pass filter (LPF).

Transfer function of the NF and LPF are demonstrated as follows:

V1(s)

Vin(s)
=

s2LeqC + 1

s2LeqC + sRC + 1
(2.32)

V2(s)

Vin(s)
=

1

s2LeqC + sRC + 1
(2.33)
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Figure 2.76: NF and LPF as an application example of floating inductor simulator

(a) (b)

Figure 2.77: Frequency responses of NF (a) gain (b) phase

From equations (2.32) and (2.33), the cut-off frequency of the NF and LPF can be

obtained as:

F =
1

2π
√

LeqC
(2.34)

The introduced floating inductor has also been evaluated in the VM filter application

shown in Fig. 2.76. The component values selected for the floating inductor are C3

= 100 pF, R1 = 500Ω, and R2= 4kΩ, resulting in an equivalent inductance, Leq, of

200 µH. Additionally, for the VM filter in Fig. 2.76, passive components were chosen

as C = 50 pF and R = 2 kΩ. Consequently, the center frequency F is approximately

1.59 MHz. The AC gain and phase responses for the NF and LPF outputs of the

VM filter are illustrated in Fig. 2.77 and Fig. 2.78 respectively.
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(a) (b)

Figure 2.78: Frequency responses of LPF (a) gain (b) phase

(a) (b)

Figure 2.79: Frequency responses of FCM-1 circuit (a) magnitude and (b) phase

2.5.1.2 Results for capacitance multiplier circuits

The passive component values used in the simulations of floating capacitance mul-

tiplier circuits, FCM-1 and FCM-2 of Fig. 2.72 were selected as: R2 = 100Ω, R3

= 2kΩ, and C1 = 100pF( for FCM-1;R1 = 100Ω, R3 = 2kΩ, and C2 = 100pF(for

FCM-2) and the corresponding results have been shown in Fig. 2.79 and Fig. 2.80

respectively.

Frequency responses of magnitude and phase of FCM-1 for different value of resistor

R3( 10kΩ, 30kΩ, 50kΩ), R2 = 1kΩ and C1 = 100pF have been shown in Fig. 2.81

Similarly, for FCM-2 value of resistor R3 were 10kΩ, 30kΩ, 50kΩ, R1 = 1kΩ and

C2 = 100pF and results have been shown in Fig. 2.82 A sinusoidal input voltage
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(a) (b)

Figure 2.80: Frequency responses of FCM-2 circuit (a) magnitude and (b) phase

(a) (b)

Figure 2.81: Frequency responses of FCM-1 circuit at different values of resistor R3 (a)
Magnitude and (b) phase

(a) (b)

Figure 2.82: Frequency responses of FCM-2 circuit at different values of resistor R3 (a)
Magnitude and (b) phase
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(a) (b)

Figure 2.83: Transient responses of (a) FCM-1 circuit (b) FCM-2 circuit

(a) (b)

Figure 2.84: Monte-Carlo simulations results of FCM-1 for 10% Gaussian deviation in
resistor R3

with a magnitude of 100mV and a frequency of 100kHz was applied to analyze

the effect of time-domain analysis on both FCM circuits (FCM-1 and FCM-2). The

corresponding waveforms of input voltage and input current have been shown in Fig.

2.83. Monte-Carlo simulations have been performed for the FCM-1 and FCM-2 with

100 runs. The results have been shown in Fig. 2.84 and 2.85 respectively, in which

the passive component values deviate uniformly with 10%. The FCM-1 and FCM-2

circuits were also simulated across a range of temperatures to evaluate its robustness,

with tests conducted from -50°C to 100°C. The frequency responses of impedance

and phase for the FCM-1 circuit and FCM-2 circuit at various temperatures are

shown in Fig. 2.86 and 2.87, respectively.

From Fig. 2.79 and 2.80, it can be observed that the simulated magnitude and phase
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(a) (b)

Figure 2.85: Monte-Carlo simulations results of FCM-2 for 10% Gaussian deviation in
resistor R3

(a) (b)

Figure 2.86: Frequency responses of (a) impedance and (b) phase of FCM-1 at different
temperatures

(a) (b)

Figure 2.87: Frequency responses of (a) impedance and (b) phase of FCM-2 at different
temperatures
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responses of the FCM-1 and FCM-2 match well with the theoretical evaluations

over a wide range of frequencies. Specifically, the impedance magnitude matches

the theoretical values within the frequency range of 1kHz to 5MHz, while the phase

matches between 1kHz to 800kHz for FCM-1 and between 10kHz to 500kHz for

FCM-2.

The simulated results in Fig. 2.84 and Fig. 2.85 indicate that the magnitude and

phase of the impedance in the FCM-1 and FCM-2 circuits remain relatively stable

across a broad frequency range, even with 10% variations in resistor R3. Addition-

ally, the temperature analysis suggests that the proposed FCM-1 and FCM-2 circuits

exhibit low sensitivity to temperature changes.

2.5.1.3 Results for FFDNR

To validate the functionality of the proposed floating FDNR circuit, the frequency

responses of magnitude and phase of impedance, variations in magnitude and phase

of impedance for different values of R3, and transient responses of input voltage and

current are presented. For the simulation purpose, the values of passive components

were used as: C1 = 100pF, C2 = 100pF, and R3 = 1kΩ. The corresponding results

are displayed in Fig. 2.88 – Fig. 2.89.

Monte-Carlo and temperature analyses have also been carried out and the corre-

sponding results are shown in Fig. 2.90 and Fig. 2.91 respectively.

From the results shown in Fig. 2.88 – Fig. 2.91, it is observed that the simulation

results obtained for floating FDNR circuit match with the theoretical evaluations.

In order to verify the performance of the FFDNR, a band pass filter (BPF) circuit

has been design using proposed FFDNR denoted in Fig. 2.92 Transfer function of
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(a) (b)

Figure 2.88: Frequency responses of (a) magnitude and (b) phase of floating FDNR
circuit

(a) (b)

Figure 2.89: Frequency responses of impedance of floating FDNR (a) magnitude and
(b) phase

(a) (b)

Figure 2.90: Monte-Carlo simulations results for 10% Gaussian deviation in resistor R3
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(a) (b)

Figure 2.91: Frequency responses of impedance of floating FDNR showing variation in
temperature (a) magnitude and (b) phase

Figure 2.92: BPF as an application example of FFDNR

the BPF is demonstrated as follows:

Vout(s)

Vin(s)
=

sDeq

s2RCDeq + sDeqC + C
(2.35)

From equation (2.35), the cut-off frequency of the BPF can be obtained as:

FBPF =
1

2π
√

RDeq

(2.36)

For the pole frequency of 503.1kHz, passive components for realizing the BPF are

selected as C1 = C2 = 100pF, R3 = 1kΩ, R = 10kΩ. The corresponding magnitude

and phase responses of BPF shown in Fig. 2.93
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(a) (b)

Figure 2.93: (a) Magnitude (b) phase response of BPF

2.6 Floating Series immittance simulator

The proposed floating parallel simulator circuit can be also modified as floating lossy

series immittance simulator whose circuit realization in shown in Fig. 2.94. Circuit

Figure 2.94: Floating series-type lossy immittance simulator circuit

analysis of Fig. 2.94 yields the following impedance matrix as:

V1

V2

 = Z1

[
1 +

Z2

Z3

] 1 −1

−1 1


I1
I2

 = Zeq

 1 −1

−1 1


I1
I2

 (2.37)

Page 131 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 131 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



97

where

Zeq = Z1

[
1 +

Z2

Z3

]
(2.38)

Proper choice(s) of impedances Z1, Z2 and Z3 of Fig. 2.94 obtained in equation

(2.37) yield different types of immittance simulator circuits like floating series R-

L, floating series R-C, floating series C-D, and floating capacitance divider. The

realizations of these circuits are described here.

Case I: To design a floating series R-L simulator using equation (2.37), one must

select specific impedances: Z1 = R1, Z2 = R2, and Z3 = 1/sC3. The matrix equation

that describes the series R-L circuit is:V1

V2

 = (R1 + sR1R2C3)

 1 −1

−1 1


I1
I2

 (2.39)

Case II: If the impedances of equation (2.37) are chosen as follows: Z1 = R1 , Z2

= 1/sC2 and Z3 = R3, then the circuit of Fig. 2.94 yields a floating series R-C

simulator whose matrix equation can be obtained as:

V1

V2

 =

[
R1 +

R1

sC2R3

] 1 −1

−1 1


I1
I2

 (2.40)

Case III: If we select Z1 = 1/sC1, Z2 =1/sC2 , and Z3 = R3, the circuit depicted in

Fig. 2.94 will produce a floating series C-D simulator, and its matrix equation can

be expressed as:

V1

V2

 =

[
1

sC1

+
1

s2C1C2R3

] 1 −1

−1 1


I1
I2

 (2.41)

Case IV: A floating capacitance divider can also be simulated with the following

selection of impedances Z1 = 1/sC1, Z2 = R2, and Z3 = R3.Z1 = 1/sC1, Z2 = R2,
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and Z3 = R3. V1

V2

 =
1

sC1

[
1 +

R2

R3

] 1 −1

−1 1


I1
I2

 (2.42)

From equations (2.39) – (2.42), it is observed that the circuit shown in Fig. 2.94 can

provide four different series type impedance simulators with the proper selection of

impedances.

2.6.1 Simulation results

The simulation results of the proposed floating series type immittance simulator cir-

cuit of Fig. 2.94 were performed using macro model of AD844 type CFOA in PSPICE

simulator. The DC supply voltage of value ±15V were used to bias AD844. Vari-

ous analyses such as frequency responses, transient responses, Monte-Carlo analysis,

temperature analysis are performed for different circuit realizations.

2.6.1.1 Results for series R-L circuits

For the simulation of floating series R-L circuits derived from Fig. 2.94, resistors

(R1 = 1kΩ, R2 = 10kΩ), capacitor (C3 = 100pF) are selected, resulting Req and

Leq values are 1kΩ and 1mH respectively. The simulated frequency responses of the

impedance and phase with theoretical values have been displayed in Fig. 2.95. The

variations of impedance and phase of the series R-L circuits have been displayed in

Fig. 2.96 by selecting the value of resistor R2 = 10kΩ, 30kΩ, 50kΩ. The transient

responses of input voltage and current for a sinusoidal voltage with amplitude of

50mV and a frequency of 200 kHz are displayed in Fig. 2.97.

Page 133 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 133 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



99

(a) (b)

Figure 2.95: Frequency responses of floating series R-L circuit (a) magnitude and (b)
phase

(a) (b)

Figure 2.96: Frequency responses of floating series R-L circuit at different values of
resistor R2 (a) magnitude and (b) phase

Figure 2.97: Time responses of floating series R-L circuit

From Fig. 2.95, the simulated frequency response of impedance and phase of floating

series RL circuit are in proper accordance with the theoretical propositions up to a

45
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(a) (b)

Figure 2.98: Monte-Carlo simulations results for 10% Gaussian deviation in resistor R2

(a) (b)

Figure 2.99: Frequency responses of floating series R-L showing variation in temperature
(a) magnitude and (b) phase

frequency range of 100Hz — 4MHz for impedance response and 100Hz — 500kHz

for phase response. The proposed series R-L circuits were also simulated for Monte-

Carlo and temperature analyses. In the Monte-Carlo analysis, a 10% tolerance was

applied to resistor R2, and the resulting magnitude and phase results are displayed in

Fig. 2.98. For the temperature analysis, the circuits were simulated at temperatures

ranging from -50°C to 50°C in increments of 25°C, and the corresponding results are

presented in Fig. 2.99.
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(a) (b)

Figure 2.100: Frequency responses of series R-C circuit (a) magnitude and (b) phase

(a) (b)

Figure 2.101: Frequency responses of series R-C circuit at different values of resistor
R3 (a) magnitude and (b) phase

2.6.1.2 Results for series R-C circuit

Simulation of the series R-C circuit of has been performed by selecting passive

component values : R1 = 1kΩ, R3 = 10kΩ, and C2 = 100pF, resulting in Req and

Ceq values of 1kΩ and 1nF, respectively. The magnitude and phase responses of series

R-C have been shown in Fig. 2.100. Variation of impedance and phase responses

for different value of resistor R3= 10kΩ, 30kΩ, 50kΩ have been shown in Fig. 2.101.

A sinusoidal input voltage with a magnitude of 50mV and a frequency of 100kHz

was used for time-domain analysis displayed in Fig. 2.102.

From Fig. 2.100, it can be observed that the simulated impedance matches the

theoretical values within the frequency range of 1kHz to 9.3MHz, while the phase
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Figure 2.102: Time responses of series R-C circuit

(a) (b)

Figure 2.103: Monte-Carlo simulations results for 10% Gaussian deviation in resistor
R3

matches between 9kHz to 1.5MHz. Monte-Carlo and temperature analyses have

also been simulated and the corresponding results are shown in Fig. 2.103 and Fig.

2.104 respectively. The simulated magnitude and phase responses of the impedance

obtained from Monte-Carlo simulation results displayed in Fig. 2.103 shows less

effects in the frequency range of 100Hz to 160kHz and 33kHz to 670kHz respectively.

Furthermore, the temperature analysis results presented in Fig. 2.104 suggest that

the proposed series RC circuits is less sensitive to changes in temperature.
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(a) (b)

Figure 2.104: Frequency responses of floating series R-C showing variation in temper-
ature (a) magnitude and (b) phase

(a) (b)

Figure 2.105: Frequency responses of series C-D circuit (a) magnitude and (b) phase

2.6.1.3 Results for series C-D configurations

To verify the functionality of the proposed series C-D circuit of Fig. 2.94, the

frequency responses of magnitude and phase of impedance performed using C1 =

100pF, C2 = 100pF, and R3 = 10kΩ have been shown in Fig. 2.105, variations in

magnitude and phase of impedance for different values of resistor R3 (10kΩ, 30kΩ,

50kΩ) have been displayed in Fig. 2.106, and transient responses of input voltage

and current are performed for a sinusoidal input voltage of magnitude 50mV at a

frequency of 100kHz by selecting C1 = 100pF, C2 = 100pF, and R3 = 10kΩ have

been shown in Fig. 2.107. From the results shown in Fig. 2.105, it is observed

that the simulation results obtained for series C-D circuit match with the theoretical
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(a) (b)

Figure 2.106: Frequency responses of series C-D circuit at different values of resistor
R2 (a) magnitude and (b) phase

Figure 2.107: Time responses of series C-D circuit

propositions. Monte-Carlo and temperature analyses have also been simulated and

the corresponding results are shown in Fig. 2.108 and Fig. 2.109 respectively. Fig.

2.108 and Fig. 2.109 show that the proposed series C-D simulator has insignificant

changes, even when a 10% tolerance is applied to resistor R3, and when there are

changes in temperature from -50°C to 50°C.

2.6.1.4 Results for floating capacitance divider circuit

Frequency analyses of the proposed floating capacitance divider circuit derived from

Fig. 2.94 have been simulated by selecting passive component values as: C1 = 100pF

and R2 = 1kΩ and R3 =10kΩ resulting in Ceq = 90.9pF and the respective magnitude
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(a) (b)

Figure 2.108: Monte-Carlo simulations results for 10% Gaussian deviation in resistor
R3

(a) (b)

Figure 2.109: Frequency responses of floating series C-D showing variation in temper-
ature (a) magnitude and (b) phase

and phase responses of impedance with their theoretical values have been shown in

Fig. 2.110. AC Monte-Carlo simulations for Fig. 2.94 have been performed with 100

runs have with 10% tolerance in resistor R3 displayed in Fig. 2.111. Time-domain

analysis has been performed using a sinusoidal input voltage of magnitude 50mV at

100 kHz. The simulated transient responses of input voltage and input current of

the proposed floating capacitance divider circuits have been shown in Fig. 2.112.

The proposed circuits of Fig. 2.94 were also simulated at different temperatures

for testing the performance and validated by varying the temperature from -50°C to

50°C. The frequency responses of the impedance and phase for different temperatures

have been displayed in Fig. 2.113.
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(a) (b)

Figure 2.110: Magnitude and phase responses of the proposed floating capacitance
divider circuit

(a) (b)

Figure 2.111: AC Monte-Carlo simulation results of magnitude and phase of proposed
floating Capacitance divider circuit

Figure 2.112: Time responses of input voltage and current of floating capacitance
divider circuit
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(a) (b)

Figure 2.113: Impedance and phase responses of Floating capacitance divider circuit
at different temperatures
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2.7 Concluding remarks

In this chapter, we have presented three new configurations of negative grounded

capacitance multipliers employing single CFOA. The proposed circuits are char-

acterized by the following advantageous features simultaneously: (i) use of single

ABB, (ii) no passive component matching constraints required, (iii) use of only sin-

gle grounded capacitor (iv) high multiplication factor and (v) use of off-the-shelf

available components only. The maximum multiplication factors of the proposed

NGCMs have been obtained as 2001, 201 and 400 respectively. Various simulation

results viz. frequency responses, transient responses, Monte-Carlo analysis, temper-

ature analysis, noise analysis and PSRR analysis using PSPICE simulations have

been included. The impedance and phase of the presented circuits have found to be

insensitive with the changes in temperature. Sample experimental results employing

AD844 type CFOA have also been included to validate the theoretical propositions.

Additionally,three floating immittance simulator circuits based on three CFOAs and

three impedances have also been presented in this chapter. The proposed circuit can

be configured as a floating parallel/series R-L, floating parallel/series R-C, floating

parallel/series C-D, an floating lossless capacitance multiplier simulator, floating

lossless inductor simulator, floating FDNR circuits depending on the choice(s) of

branch impedances. In all the presented simulator circuits, the value of L, C, D

and lossless capacitance can be independently controlled through a single resistor

without requiring any matching constraint of passive elements. Various application

examples of the proposed circuits are presented to justify the theoretical analy-

sis. The validation of the presented simulator circuits has been verified through

several simulations using the macro model of AD844 type CFOA, which includes

frequency responses, transient responses, Monte-Carlo analysis, and temperature

analysis. Experimental results demonstrating the applications of proposed floating
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simulator circuits have also been included using AD844 type CFOAs to validate the

theoretical propositions.
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Chapter 3

Single CFDITA based Grounded

Capacitance Multiplier Circuits

3.1 Introduction

In chapter 2, we have presented several grounded and floating immittance simula-

tor circuits using CFOA. In the present chapter we have proposed two grounded

lossy/lossless capacitance multiplier circuits using CFDITA.

Different types of transconductance amplifiers have also been used in previous re-

search works to design CMs, including operational transconductance amplifiers, volt-

age differencing transconductance amplifiers, and current follower transconductance

amplifiers including CFDITA. Lossy and lossless grounded capacitance multipliers

have been previously reported in various research papers, whose aim is to increase

the value of a capacitor without introducing any loss or degradation in the circuit’s

performance. By providing a brief overview of these previously reported single ABB

110
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based lossy and lossless GCMs, the proposed work can be better understood and

contextualized.

3.1.1 Lossy capacitance multiplier

In [66], a lossy capacitance multiplier has been presented using a single voltage differ-

encing transconductance amplifier (VDTA) and one capacitor, with an electronically

tunable multiplication factor falling in the range of 115 to 150.

In [70], three CM circuits have been implemented using a single VDTA (two of them

are lossless employing one VDTA, one grounded resistor and a floating capacitor)

while the third is a lossy grounded capacitance multiplier implemented with one

grounded resistor and one floating capacitor with a tunable multiplication factor

remaining constant from 10 kHz to 1 MHz. The VDTA in all these circuits is

implemented with Arbel-Goldminz cell (one half of complete VDTA configuration).

In [151], two immittance simulator (series RC and parallel RC) circuits have been

implemented using a single voltage difference transconductance amplifier (VDTA)

and one grounded capacitor, with electronically tunable multiplication factors with-

out passive component matching requirements.

In [97], two grounded immittance simulator circuits (one series RC and one parallel

RC) have been presented, using a single VDTA, one grounded resistor, and one

grounded capacitor. The multiplication factor of these circuits can also be controlled

electronically without requiring any passive component matching conditions.

In [152], a grounded parallel-type RC simulator circuit has been presented using two

differential voltage to current converters (DVTC), two resistors, and one capacitor

with adjustable equivalent capacitance.
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In [153], a grounded RC impedance simulator employing two DVTC, two resistors

and one capacitor has been reported with independently controllable equivalent ca-

pacitance.

A differential voltage buffer (DVB), electronically controllable CCII (ECCII-) and

a single- capacitor based capacitance multiplier has been presented in [154]. The

reported circuit can also be used as lossy capacitance multiplier while considering

the output resistance of DVB and input resistance at input terminal of ECCII-.

In [155], a lossy capacitance multiplier circuit has been realized using a dual output

operational transconductance amplifier (DO-OTA) with sink current, source current

and a grounded capacitor.

Two lossy capacitance multipliers were implemented in [19], one using two single-

output operational transconductance amplifiers (SO-OTA) and a floating capacitor,

and another using a dual output operational transconductance amplifier (DO-OTA)

and a floating capacitor. The third circuit was a DO-OTA-based three-stage capac-

itance multiplier consisting of three DO-OTAs and one capacitor.

A lossy capacitance multiplier circuit based on a single VDTA and one capacitor was

reported in [156]. In this circuit, electronic control of capacitance is not possible,

but resistance can be adjusted electronically.

From above description, it is seen that there have been limited number of designs

of lossy capacitance multipliers in the open literature using various ABBs. No sin-

gle CFDITA based lossy capacitance multiplier circuit has been proposed yet. A

circuit with parallel immittance simulator having negative resistance and positive

capacitance is useful in oscillator design and only one circuit, using two CFOAs, two

resistors and one capacitor, has been reported in [115]. Therefore, in this chapter,
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a new lossy capacitance multiplier circuit is proposed using a single CFDITA, one

resistor and one capacitor has been discussed in Section 3.2.

3.1.2 Lossless capacitance multiplier

Op-amp based capacitance multiplier circuit has been reported in [1] employ a Op-

amp in the unity gain connection, two resistors and a grounded capacitor.

In [27], three circuit configurations for the component multiplier using IC AD844,

configured as a CCII+ with a buffer, have been proposed.

A translinear loop consisting of four transistors has been utilized in [157] to imple-

ment a CM circuit, incorporating impedance and four current sources. The circuit’s

multiplication factor can be adjusted by varying two currents, and the maximum

achievable multiplication factor is 300. References [114], [115] and [117] describe

CM circuits that utilize two CFOAs along with one capacitor and a minimum of

two resistors to attain a positive MF.

Reference [26] discusses two distinct CM circuits. The first circuit employs a single

current gain CCII- and one capacitor, while the other circuit utilizes one CCII+, one

CCII-, two resistors, and one capacitor to realize a positive CM circuit. .Another

CCII- based capacitance multiplier circuit has been reported in [158].

Reference [159] reports a CM circuit based on a DXCCII, two MOS resistors, and

one capacitor, with a maximum achievable capacitance MF of 50.

A grounded capacitance multiplier circuit, based on a single TFTFN and one ca-

pacitor, is discussed in Ref. [160] Additionally, the article discusses the conversion

of a grounded-type CM circuit into its floating counterparts.
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In [155], both lossy and lossless common-mode circuits have been documented, em-

ploying operational transconductance amplifiers (OTA). These circuits allow for a

maximum achievable scale factor of 10.

Another noteworthy circuit, utilizing OTA and CCII, is presented in [103]. It facili-

tates both positive and negative impedance multiplier circuits with a maximum MF

of up to 400.

In [70], two circuits have been implemented and both of these circuits use a resistor

and one capacitor to realize the CM circuit. The maximum achievable MF for these

circuits is up to 20. In contrast, the circuit described in reference [65] does not

necessitate a resistor for such implementation, and the maximum MF achievable is

up to 115.

References [161] and [162] employ only one capacitor alongside active devices to

achieve the function of impedance multiplication/CM. The maximum MF of capac-

itance obtained in [161] is 315, while in [162] this value is 25.

Reference [156] introduces a VDTA-based lossy capacitance and inductance simula-

tor employing a single VDTA and one capacitor, without any matching constraints

on passive components. In reference [64] , an electronically controllable CM circuit

is discussed, employing a third-generation current conveyor transconductance am-

plifier (CCIIITA) along with one capacitor, capable of achieving an MF value of

50.

Reference [154] explores the use of a differential buffer and a current conveyor-based

CM circuit, discussing both lossy and lossless structures.

Reference [68] presents two lossless positive/negative grounded capacitance multi-

pliers, utilizing a current follower transconductance amplifier (CFTA), one resistor,

and one capacitor. Using these circuits, an MF value of 10 can be achieved.
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Reference [163] discusses the existence of two CFTAs, two resistors, and one ca-

pacitor, employed in two distinct grounded positive/negative capacitance multiplier

circuit configurations. These circuits were verified to attain a maximum MF of 10

in both modes.

In [164], a capacitance multiplier utilizing a differential input buffered transconduc-

tance amplifier (DBTA) has been introduced. This circuit incorporates one DBTA,

one grounded resistor, and one grounded capacitor. Notably, the MF of this circuit

can be electronically adjusted via the transconductance of the DBTA.

Additionally, [165] employs a combination of a translinear stage and OTA stage to

design a capacitance multiplier circuit, suitable for low frequency applications.

In [69], a capacitance multiplier circuit has been detailed, utilizing a single opera-

tional transresistance amplifier, one unity gain voltage buffer, three resistors, and one

capacitor, for both positive and negative applications. Notably, electronic control is

facilitated by substituting the resistors in the circuit with their MOS counterparts.

Reference [147] discusses a capacitance multiplier circuit based on a single current

differencing transconductance amplifier (CDTA), incorporating one resistor and one

capacitor. Moreover, the paper introduces an approach to convert grounded capac-

itance multiplier circuit into its floating counterpart.

A positive grounded capacitance multiplier has been reported in [67] employing one

CCCDTA and one capacitor. The multiplication factor of the reported circuit can

be enhanced upto 150.

In [166], a capacitance multiplier circuit was proposed employing a single active

element MO-VDTA based on Arbel-Goldminz cells where large capacitance values

and small chip areas are needed, such as in biomedical applications. This circuit was

39
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implemented on the basis of current mode design. The multiplication factor can be

tuned between 120 and 750 according to the input bias currents.

Another MO-VDTA based capacitance multiplier built by employing DTMOS tran-

sistors has been reported in [167].

Recently, interesting circuits of grounded capacitance multiplier circuits using CFDI-

TAs have been reported in the literature [136]–[138]

A grounded capacitance multiplier was reported in [136] using CFDITA, two resistors

and one capacitor providing multiplication factor upto 30 (Fig 3.1). The transpose

of this circuit has also been introduced using one VDBA, two resistors and one

capacitor.

Figure 3.1: Capacitance multiplier circuit proposed in [136]

,
Ceq = C(1 + gmR1)

In [137], a grounded capacitance multiplier circuit has been presented employing

one current follower differential input transconductance amplifier(CFDITA), three

resistors and one capacitor which is shown Fig. 3.2.

Conversely, the circuit detailed in [138] utilized three CFDITAs in conjunction with

two capacitors has been shown in Fig. 3.3.
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Figure 3.2: Grounded capacitance multiplier circuit proposed in [137]

,

Ceq = C

(
1 +

gmR1R2

R1 +R2 +R3

)

Figure 3.3: Capacitance multiplier circuit proposed in [138]

Ceq =
gm11C
gm32

; gm11 =
√
knIB1, gm32 =

√
knIB3

From the aforementioned descriptions of the lossless CM circuits, it can be observed

that there is no reported circuit using CFDITA as of yet that offers electronically

controllable capacitance utilizing a single CFDITA along with canonic number of

one resistor and capacitor with a high MF value of up to 9202. In this chapter, new

capacitance multiplier and parallel RL simulator circuits capable of both positive

and negative multiplication factors are introduced. These circuits utilize a single

CFDITA as the ABB in combination with one resistor and one capacitor. The pro-

posed CM circuit can significantly boost the equivalent capacitance, up to 9202 times

its original value, by adjusting the resistor. Furthermore, it can be electronically

tuned, achieving up to 1800 times enhancement, by varying the transconductance
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of the CFDITA, as discussed in Section 3.3.

3.2 Grounded Lossy Capacitance Multiplier

The proposed lossy capacitance multiplier circuit is shown in Fig. 3.4(a)1 which

employs a single CFDITA, one resistor and one virtually grounded capacitor and its

equivalent circuit is displayed in Fig. 3.4(b). The input admittance of the proposed

circuit of Fig. 3.4 (a) is obtained using ideal terminal equations of CFDITA (IV =

0, IZ = IF , IO = gm (VZ - VV ) and VF = 0) and is found to be:

Iin
Vin

= Yin = sC(2 + gmR)− gm = sCeq −
1

Req

(3.1)

where

Ceq = C(2 + gmR) and Req =
1

gm
(3.2)

From equation (3.1), it is noted that the input admittance seen into terminal ‘A’

yields a grounded lossy capacitance i.e., a negative resistance in parallel with a posi-

tive capacitance. From the expression of Ceq, it can be observed that the multiplica-

tion factor of the capacitance can be adjusted independently through the resistance

R.

3.2.1 Non-ideal Analysis

The proposed circuit has been analysed using non-ideal model of CFDITA as shown

in Fig. 3.5. where RF is the parasitic resistance at terminal-F, ZZ = (RZ ∥ 1/sCZ),

1M. Shrivastava, P. Kumar, A. Raj, and D. R. Bhaskar, “Single current follower differential input
transconductance amplifier based grounded lossy capacitance multiplier with large multiplication
factor,” International Journal of Numerical Modelling: Electronic Networks, Devices and Fields,
vol. 37, no. 1, e3139, 2024.

4
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(a)

(b)

Figure 3.4: (a) Proposed lossy grounded capacitance multiplier circuit (b) Equivalent
circuit

Figure 3.5: Non-ideal model of CFDITA including parasitic elements
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Figure 3.6: Proposed capacitance multiplier circuit including CFDITA parasitic

ZO = (RO ∥ 1/sCO) and ZV = (RV ∥ 1/sCV ) are the parasitic available at terminals

Z, O and V respectively. The values of different parasitic resistances and capac-

itances of CFDITA at different terminals have been quantitatively evaluated and

provided in Table 3.1.

Table 3.1: Parasitic resistances and capacitances values of CFDITA

Parameter Values
RF 139.243 nΩ
RV 64.91 GΩ
RZ 311.86 GΩ
RO 108.271 GΩ
CV 1. 55 fF
CZ 3.25 fF
CO 0.000029 fF

The complete structure of proposed capacitance multiplier including CFDITA par-

asitic is shown in Fig. 3.6. Considering the non-ideal effects of CFDITA, a routine

circuit analysis of the circuit in Fig. 3.6 yields the expression for the non-ideal input

admittance as:

Y ′
in =

1

( 1
sC

+RF )
[1− (

1
sC

+RF −R

1 + R
RZ

+ sCZR
)(gm +

1

R
)] + (

1

R
+

1

RO

+ sCO) (3.3)

35
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Equation (3.3) highlights the significant influence of the parasitic resistances and

capacitances of CFDITA on the proposed circuit and provides approximate equations

to limit the lower (fL) and higher (fH) operating frequencies of the proposed circuit.

f ≫ fL ∼=
1

2π

{
gmR + 1

CR + CR2

RZ
+ C(gmR + 1)(RZ −R)

}

f ≪ fH ∼=
1

2π

 1

CRF + CZ

(
RRZ

R+RZ

)


Substituting the values of parasitic resistances and capacitances from Table 3.1 into

equation (3.3) reveals that the effect of parasitic on the CM circuit is reduced. Fur-

thermore, this effect can be minimized through the appropriate selection of external

passive components, such as ensuring that 1/sC is much greater than RF and R is

much smaller than RZ and RO. The simulation results demonstrate the effectiveness

of these measures and have been discussed in simulation results section.

3.2.2 SPICE Simulation Results

The proposed lossy capacitance multiplier circuit has been validated using CMOS

CFDITA, and its workability has been established through its implementation in

0.18µm CMOS technology using CFDITA, as shown in Fig. 3.7. Table 3.2 lists the

aspect ratios of the transistors employed in the implementation.

For simulation results, the supply voltages and bias voltages used were VDD = -VSS =

1.32V VBias = 0.78V and VBB= -0.7V respectively. The transconductance (gm) was

calculated as 4.6mS for the selected bias voltage. The passive component values used
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Figure 3.7: Proposed CMOS realization of CFDITA

Table 3.2: Aspect ratios of the MOSFETs used in 3.7

MOS transistors W(µm) L(µm)
M1, M2 0.36 0.18
M3, M4 1.44 0.18
M5, M6 3.6 0.18

M7, M8, M9 16.2 0.18
M10, M13 2.88 0.36

M11, M12, M16, M18 1.44 0.36
M14, M15 3.6 0.36

M17 5.44 0.36

for the simulation were taken as R = 100kΩ and C = 10pF. The magnitude and phase

frequency responses of the proposed circuit, along with the corresponding theoretical

evaluations, are illustrated in Fig. 3.8. Based on the observations made in Fig. 3.8,

it can be concluded that the simulated impedance magnitude is consistent with

the theoretical calculations over a frequency range spanning from 1Hz to 40MHz.

Furthermore, the simulated phase of the lossy capacitance multiplier agrees with the

theoretical value up to a frequency range of 1Hz to 3MHz. Additionally, the circuit’s

frequency analyses were conducted for various values of the controlling resistor (R =

8
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(a) (b)

Figure 3.8: (a) Magnitude and (b) phase responses of proposed circuit

(a) (b)

Figure 3.9: Frequency responses of the proposed lossy capacitance multiplier (a) mag-
nitude and (b) phase

100kΩ, 300kΩ, 500kΩ, 700kΩ, 1000kΩ, and 2000kΩ) while maintaining C at 10pF.

The impedance’s magnitude and phase frequency responses are presented in Fig.

3.9.

Observing Fig. 3.9, it can be concluded that changing resistor R results in a

change in capacitance value while maintaining a constant impedance resistance of

281.2Ω, close to the ideal value of 282Ω. In Fig. 3.10(a) and Fig. 3.10(b), the

analysis of the equivalent capacitance and the variations of the MF with resistance

R are presented. The resistor R was varied from 100kΩ – 2MΩ in steps of 100kΩ,

300kΩ, 500kΩ, 700kΩ, 1MΩ and 2MΩ, while keeping gm = 3.55mS and C = 10pF,

resulting in Ceq values of 3.57nF, 10.67nF, 17.77nF, 24.87nF, 35.52nF and 71.02nF

respectively.
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(a) (b)

Figure 3.10: (a) Variation in capacitance by varying resistor R of the circuit of Fig. 3.4
and (b) Variation of multiplication factor for different values of R of the circuit of Fig.

3.4

Figure 3.11: Simulated transient responses of input voltage and input current

The results depicted in Fig. 3.10(a) demonstrates that the simulated equivalent

capacitances correspond closely with the theoretical values. Additionally, the MF

is found to vary from 357 to 9202 as the resistance R is varied from 100k Ω to

2M Ω, which is consistent with the theoretical outcomes. Time-domain analysis

has also been performed on the proposed circuit using a sinusoidal input voltage

of 100mV magnitude at a frequency of 500 kHz. The resulting transient responses

of the input voltage and input current of the proposed impedance are shown in

Fig. 3.11. The proposed circuit has also been tested for robustness by performing

temperature analysis, Monte-Carlo analysis and noise analysis. For temperature

analysis, proposed circuit has been simulated for different temperatures varying

from -50◦ C to 25◦ C and the corresponding results of magnitude and phase of the
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(a) (b)

Figure 3.12: Frequency responses of proposed circuit for temperature variation (a)
impedance and (b) phase

(a) (b)

Figure 3.13: Monte Carlo simulations with 5% Gaussian distribution in R deviation (a)
magnitude responses (b) phase responses

impedance have been demonstrated in Fig. 3.12. For Monte-Carlo simulations, a

tolerance of 5% has been provided in resistor and the proposed circuit simulated for

200 runs and the results have been shown in Fig. 3.13 (a) and (b). Noise is produced

by both resistors and semiconductor devices, with its magnitude varying based on

the frequency. To observe the effect of noise on multiplication factor of proposed

circuit, noise analysis has been performed using different values of resistor R (100k

Ω, 500k Ω, 1000k Ω) and C = 10pF and the corresponding result has been shown in

Fig. 3.14.

The responses of Fig. 3.12 show that the magnitude of the impedance of the proposed

circuit is affected by temperature changes from -50°C – 25°C due to the dependence
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Figure 3.14: Simulated noise analysis responses

of transconductor, while the phase of the impedance remains largely unchanged

across different temperatures. Fig. 3.13(a) and(b) display the Monte-Carlo results

indicating that the proposed circuit’s impedance and phase exhibit lower variability

even in the presence of tuning resistor deviations. Fig. 3.14 indicates that the

proposed circuit is relatively unaffected by noise, and that the input noise remains

constant regardless of the value of the resistor R.

3.2.3 Layout Simulation Results

To validate the feasibility of the proposed capacitance multiplier circuit, pre-layout

and post-layout simulations were conducted using the Cadence Virtuoso simulation

tool. The layout of the proposed CMOS CFDITA is depicted in Fig. 3.15 and is

designed using 0.18µm technology parameters. The MOSFET’s width and length

values were kept the same as those listed in Table 3.2. The power supply voltages,

VDD and VSS, were set to 0.9V, while the bias voltage, VBias, was set to 0.4V. To

confirm the feasibility of the proposed circuit, the layout of the CM circuit passed all

physical verification checks, including design rule check (DRC), layout and schematic

extraction (LVS), and RC extraction. The pre-layout and post-layout impedance and

phase of the lossy capacitance multiplier are depicted in Fig. 3.16.

12
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Figure 3.15: Layout of CFDITA

(a) (b)

Figure 3.16: Pre and post layout frequency responses of (a) impedance and (b) phase
of the proposed CM circuit

From Fig. 3.16, it can be concluded that the pre-layout simulated magnitude and

phase responses closely align with the post-layout results over a broad frequency

range, spanning from approximately 1 Hz to 100 MHz. Thus, these results confirm

the validity of the proposed configuration.
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Figure 3.17: Implementation of CFDITA using commercially available ICs

Figure 3.18: Schematic arrangement of proposed lossy capacitance multiplier using
available off-the-shelf ICs

3.2.4 Experimental Results

The proposed circuit has also been verified experimentally using CFDITA imple-

mented with commercially available ICs AD844 and LM13700 (Fig. 3.17) whose

circuit realization has been demonstrated in Fig. 3.18. The schematic diagram of

the proposed circuit (using Fig. 3.17) has been displayed in Fig. 3.18.

From Fig. 3.18, the frequency responses of magnitude and phase of the impedance

of the proposed circuit can be obtained by evaluating the ratio of Vin and Vm, (Vm

= Iin x RB) which is proportional to Vin and Iin. A snapshot of experimental setup

for the circuit in Fig. 3.4 is shown in Fig. 3.19, where both the ICs used were biased
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Figure 3.19: Snapshot of experimental setup of the lossy capacitance multiplier circuit
of Fig. 3.4

using DC power supplies with a voltage of ±15V. Transconductance of LM13700 in

Fig. 3.17 was set to 5.55mS by using equation (2.11) with RBias = 100kΩ, VT =

26mV and VBE = 0.7V.

gm =
IBias

2VT

;whereIBias =
2VCC − VBE

RBias

(3.4)

The passive components used for the experimental verification are R = 10kΩ and

C = 100pF, resulting in an equivalent capacitance of Ceq = 5750pF. The frequency

responses of the magnitude and phase responses between Vm and Vin of the exper-

imental setup, as shown in Fig. 3.19, are displayed in Fig. 3.20. The experimental

transient responses of Vm and Vin for the proposed circuit, with an input voltage

of magnitude 4V at different frequencies (100 kHz and 150 kHz), are shown in Fig.

3.21.
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Figure 3.20: Frequency responses (a) magnitude (b) phase of the experimental setup
shown in Fig. 3.18

(a) (b)

Figure 3.21: Experimental transient responses of proposed circuit at (a) 100kHz and
(b) 150kHz
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3.3 Grounded Lossless Capacitance Multiplier Cir-

cuit

The proposed lossless positive and negative grounded capacitance multiplier circuits

are shown in Fig. 3.232 which utilize only one CFDITA, in conjunction with only

one resistor and one virtually grounded capacitor.

In the literature, various topologies have been reported for implementing positive

capacitance multipliers [141], [147], [146]. Most of these circuits utilize voltage

feedback mode and current feedback mode approaches, as illustrated in [146]. In

this section, we present a circuit model depicted in Fig. 3.22 , which is employed

for designing new CM circuits.

Figure 3.22: Approach to implement of CM circuits

The circuit analysis of Fig. 3.23, assuming an ideal CFDITA yields the expressions

of the impedance of both the circuits as follows:

Vin

Ii

∣∣∣∣
Fig 3(a)

= Zin|(a) =
1

sC(2 + gmR)
=

1

sCeq1

(3.5)

Vin

Ii

∣∣∣∣
Fig 3(b)

= Zin|(b) =
1

sC(2− gmR)
=

−1

sCeq2

(3.6)

2A. Raj, M. Shrivastava, D. R. Bhaskar, and P. Kumar, “Enhancement of multiplication factor of
capacitor using single current follower differential input transconductance amplifier,” International
Journal of Numerical Modelling: Electronic Networks, Devices and Fields, vol. 37, no. 4, e3279,
2024.
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(a)

(b)

Figure 3.23: Proposed lossless grounded capacitance multiplier circuits

where

Ceq1 = C(2 + gmR) and Ceq2 = C(2− gmR) (3.7)

From equation (3.5), we can conclude that the equivalent capacitance (Ceq1) of the

circuit in Fig. 3.23 (a) yields a positive capacitance multiplication factor (MF) of (2

+ gmR). Similarly, equation (3.6) demonstrates that the MF for the circuit in Fig.

3.23 (b) can be either positive or negative. It can provide a positive multiplication

factor of up to 2 and a negative MF if the value of gmR greatly exceeds 2. In both

the circuits, the MF can be independently and electronically adjusted using the

transconductor of the CFDITA and by varying resistor R, within the constraints of

the CFDITA. A notable feature of the circuits in Fig. 3.23 is its ability to function

as a parallel RL simulator circuits when the passive components are interchanged
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(a)

(b)

Figure 3.24: Proposed lossy parallel-type RL simulator circuits

using RC:CR transformation. The modified circuit’s implementation is depicted in

Fig. 3.24. Assuming ideal CFDITA, routine analysis of parallel lossy RL circuits of

Fig. 3.24 yield the following input admittance:

Iin
Vin

∣∣∣∣
Fig 4(a)

= Yin =
1

Zin

=
2

R
+

gm
sCR

=
1

Req

+
1

sLeq

(3.8)

Iin
Vin

∣∣∣∣
Fig 4(b)

= Yin =
1

Zin

=

(
2

R
− gm

sCR

)
=

1

Req

− 1

sLeq

(3.9)

The expressions for admittance obtained in equations (3.8) and (3.9), it is worth

noting that the inductance achieved in the proposed lossy inductance simulator

circuits is independently tunable through the transconductance of the CFDITA.

This tunability can be further controlled electronically by adjusting the bias current.
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Additionally, the resistor employed in both circuits is effectively grounded, given that

the voltage at terminal F of the CFDITA is zero. This can be further replaced with

its MOS counterparts, making it highly suitable for IC integration.

3.3.1 Non-ideal Analysis

The non-ideal gains of the CFDITA are considered, and the terminal characteristics

are modified as provided in equation (3.10) for the evaluation of the input impedance

of the proposed circuits.



Ir

Iz

VF

Io


=



0 0 0 0

0 0 α 0

0 0 0 0

−βgm βgm 0 0





Vr

Vz

IF

Vo


(3.10)

where α and β are non-ideal current and transconductance gains.

The input impedance of the circuits shown in Fig. 3.23 and Fig. 3.24, accounting

for non-ideal gains, can be expressed as:

(
Vin

Iin

)′∣∣∣∣
Fig 3.23 (a)

=
1

sC(1 + α + αβgmR)
(3.11)

(
Vin

Iin

)′∣∣∣∣
Fig 3.23 (b)

=
1

sC(1 + α− αβgmR)
(3.12)

(
Iin
Vin

)′∣∣∣∣
Fig 3.24 (a)

=
α + 1

R
+

gmαβ

sCR
(3.13)

(
Iin
Vin

)′∣∣∣∣
Fig 3.24 (b)

=
α + 1

R
− gmαβ

sCR
(3.14)
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It is noteworthy from equations (3.11) to (3.14) that the non-ideal gain significantly

impacts the impedance and admittance of both the GCM and parallel inductance

simulator circuits, leading to deviations from unity, especially at higher frequencies.

Consequently, the equivalent and inductance values experience notable alterations in

the higher frequency range. We quantitatively assessed these changes, deriving ap-

proximate values for α and β as 0.96 and 0.98, respectively. Upon substituting these

values into equations (3.11) to (3.14), we observed that the non-ideal expressions

closely approximate the ideal values.

3.3.2 Simulation Results

To validate the performances of the proposed capacitance multiplier and lossy par-

allel RL simulator circuits, CMOS CFDITA shown in Fig. 3.7 has been used. D.C.

power supply voltages for the CFDITA were chosen as VDD = -VSS = 1.32V and the

bias voltage VBIAS was set to -0.7V. The bias voltages VBIAS and VBB were set to

-0.78V and 0.7V respectively to ensure that the transconductance of CFDITA would

be 4.6mS. Simulation results have been provided to analyze frequency and phase re-

sponses, time responses of input voltage and current, Monte-Carlo simulation results,

and process-corner-voltage-temperature effects. The simulated frequency responses

of magnitude and phase of the lossless capacitance circuit alongwith the theoretical

evaluations are demonstrated in Fig. 3.25 for which gm was set to 4.6mS and that

includes a capacitor and resistor of values 10pF and 100kΩ respectively.

The results depicted in Fig. 3.25 clearly demonstrate that the impedance and phase

characteristics of the proposed CM closely align with the theoretical values across a

broad frequency range spanning from 0.1 Hz to 100 MHz and 1Hz to 2MHz respec-

tively. The transient responses of input voltage and current are demonstrated in Fig.
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(a)

(b)

Figure 3.25: Simulated magnitude and phase of the impedance of CM circuit along with
theoretical evaluations

Figure 3.26: Transient input voltage and current of CM circuit at 100kHz

3.26 for which a sinusoidal input voltage of magnitude 100mV at 100 kHz is applied.

The variation in capacitance of the circuits shown in Fig. 3.23 was also examined

by repeatedly measuring transient and frequency responses. The value of resistor

R was altered from 100kΩ to 2MΩ and this adjustment resulted in capacitance val-

ues ranging from 4.6nF to 92.02nF while maintaining a constant gm of 4.6mS. The
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(a)

(b)

Figure 3.27: (a) Variation in capacitance with Resistor R (b) Variation in MF with
IBias

frequency responses of capacitance have been shown in Fig. 3.27 (a). Furthermore,

with variation in transconductance (gm) of the CFDITA results into variation in

MF upto 1800 and the corresponding results are illustrated in Fig. 3.27 (b). The

results shown in Fig. 3.27 indicate that the simulated capacitance obtained through

the proposed circuit is in good agreement with the theoretical values. Monte-Carlo

simulations were performed on the proposed capacitance multiplier circuits to test

their robustness. The simulations involved applying uniform deviations of 10% in

resistance with 200 samples. The frequency responses of magnitude and phase and

histogram results of maximum capacitance by varying resistor R are displayed in Fig.

3.28(a) – Fig. 3.28(c) respectively. Temperature analysis has also been performed

on the proposed circuit to assess its performance under different temperature condi-

tions. The simulation results of magnitude and phase under different temperatures
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(a)

(b)

(c)

Figure 3.28: Monte-Carlo results (a) Magnitude (b) Phase (c) Histogram

are shown in Fig. 3.29 .

Based on the results depicted in Fig. 3.29 , it is apparent that the magnitude and

phase of the impedance have a negligible impact upto 100°C temperature. Similar

analyses were conducted for the proposed lossy parallel simulator circuit, and the

4
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(a)

(b)

Figure 3.29: Simulated (a) magnitude and (b) phase responses of CM circuit under
different temperatures

corresponding results are showcased in Fig. 3.30 . The transconductance gm was set

to 4.56mS and the passive elements selected for the results were R = 10kΩ and C =

100pF. For the obtainment of transient responses, a sinusoidal voltage of magnitude

100mV at a frequency of 100kHz was applied to the input of the circuit and the

simulated input voltage and current are displayed in Fig. 3.30(c). From the results

shown in Fig. 3.30(a) and (b), it is observed that the magnitude of the parallel

RL circuit closely matches the theoretical predictions within the frequency range of

8 kHz to 100 MHz whereas the phase of the simulator is in good agreement with

the theoretical values in the frequency range of 1kHz – 10MHz. To evaluate and

compare the overall performance of the proposed GCM circuit, the figure of merit

(FoM) for the GCMs is expressed as in [168]:
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(a)

(b)

(c)

Figure 3.30: Simulated frequency and transient responses of the proposed parallel RL
circuit (a) Magnitude responses (b) Phase responses (c) Input voltage and current
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Figure 3.31: Variation in THD with input voltage

FoMGCM =
K ·BW

Pdis

=
K(f2 − f1)

Pdis

(3.15)

where = Total quiescent power dissipation of the circuit, K = Multiplication factor

and BW = Bandwidth over which the quality factor of capacitor has a value |Q|>

10. The FoM for the GCM circuit was evaluated with C = 10pF, K = 9202, BW

approximately equal to 1MHz, and the value was found to be 147kHz/µW. The

simulations were also conducted to analyze the total harmonic distortions of the

proposed circuit, and the variation of THD with input voltage has been depicted

in Fig. 3.31. From Fig. 3.31, it is observed that the maximum THD is 4% when

the input voltage varies between 10mV and 100mV. The simulations results shown

in Fig. 3.25 to Fig. 3.31 validate the performance of the proposed capacitance

multiplier and lossy inductance simulator circuits and demonstrate their robustness

under varying conditions.

3.3.3 Experimental Results

The workability of the presented CM circuits has also been validated experimentally

using CFDITA implemented with off-the-shelf ICs AD844 and LM13700. The com-

plete structure of experimental schematic of the circuit of Fig. 3.23(a) using AD844
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Figure 3.32: Schematic of proposed CM circuit using off-the-shelf ICs

and LM13700 is presented in Fig. 3.32. The ICs AD844 and LM13700 used in Fig.

3.32 were biased with power supply voltages of ± 12V. The passive components in the

experimental verification circuit were selected as R = 10kΩ, C = 1nF, RB = 2.2kΩ

and the value of transconductance gm was set to 5.5mS (for RBias = 100kΩ) using

the formula given in [169] resulting an equivalent capacitance value of 57nF. The ex-

perimental frequency responses of magnitude and phase of the proposed circuit are

shown in Fig. 3.33(a-b), while the transient responses to a sinusoidal input voltage

of 1V peak-to-peak at 1.5 kHz are displayed in Fig. 3.33(c). From Fig. 3.33(a), it is

seen that the experimental magnitude response of the capacitance multiplier aligns

with the simulated and theoretical responses within the frequency range of 1kHz to

100kHz. Fig. 3.33(c) illustrates that the phase difference between input and output

voltages is approximately 90 degrees, characteristic of a capacitor. The derived par-

allel RL circuit was tested experimentally using passive component values of R =

10kΩ, RBias = 100kΩ, and C = 1nF. The obtained frequency responses of impedance

and phase, as well as the macro model of AD844 and theoretical evaluations, are

illustrated in Fig. 3.34(a)–(b). Additionally, Fig. 3.34(c) showcases time-domain

results with a sinusoidal input voltage of magnitude 2V at a frequency of 100kHz

for further validation. The experimental results depicted in Fig. 3.34(a) indicate

that the experimentally obtained frequency responses of the magnitude of the lossy

inductor align with the simulated and theoretical results within the frequency range
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(a)

(b)

(c)

Figure 3.33: Experimentally obtained magnitude, phase and time domain results for
CM circuit
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(a)

(b)

(c)

Figure 3.34: Experimentally obtained frequency and transient responses of parallel RL
simulator
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(a)

(b)

Figure 3.35: Application example of proposed capacitance multiplier as first order low
pass filter (a) circuit model (b) Implementation using CFDITA

of 5kHz to 300kHz. From the results illustrated in Fig. 3.34(c), it is seen that the

phase between input and output voltages is approximately 44.4°.

3.3.4 Application examples

As an application, the proposed positive capacitance multiplier and parallel RL sim-

ulator were used to design first-order low-pass filter and second-order high-pass filter

respectively whose circuit models and their active realizations using the proposed

simulators are illustrated in Fig. 3.35 amd Fig. 3.36 respectively.

Assuming ideal CFDITA, the transfer functions of the circuits shown in Fig. 3.35

and Fig. 3.36 can be expressed as:
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(a)

(b)

Figure 3.36: Application example of proposed capacitance multiplier as second order
high pass filter (a) circuit model (b) Realization using CFDITA

LPF:

Vout(s)

Vin(s)
=

1

1 + sCeqRA

=
1

1 + sC(2 + gmR)RA

(3.16)

HPF:

Vout(s)

Vin(s)
=

s2LeqReqCA

s2LeqReqCA + sLeq +Req

=
s2CCAR

2

s2CCAR2 + 2sCR + gmR
(3.17)

The performances of the derived low-pass and high-pass filters were experimentally

validated for a nominal frequency of 110kHz using the following passive component

values: For LPF: R = 2.2kΩ, C = 100pF, RA=1kΩ, RBias = 100kΩ for gm=5.6mS For

HPF: R = 1MΩ, C = CA = 100pF, RBias = 100kΩ for gm=5.6mS The experimentally
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Figure 3.37: Experimentally obtained frequency response of first order LPF shown in
Fig.3.35

Figure 3.38: Experimentally obtained frequency response of second order HPF shown
in Fig. 3.36

obtained frequency responses of gain and phase of the LPF and HPF are displayed

in Fig. 3.37 and Fig. 3.38respectively.

The simulation and experimental results shown in Fig. 3.25 – Fig. 3.38, thus,

validate the effectiveness of the proposed capacitance multiplier and parallel lossy

RL simulator circuits.

4
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3.4 Concluding remarks

A lossy capacitance multiplier circuit using a CFDITA, one resistor and one capac-

itor (virtually grounded) has been presented in this chapter. The proposed circuit

offers independent control over the multiplication factor (up to 7102) without re-

quiring passive component matching. Non-ideal analysis of the presented circuit has

been carried out using non-ideal model of CFDITA. The performance of the pro-

posed circuit has been verified through simulations results using a 0.18µm TSMC

technology CMOS CFDITA. Pre-layout and post-layout results have also been ap-

pended. The results were further validated through experiments with commercially

available ICs AD844 and LM13700.

Two novel capacitance multiplier circuits capable of providing positive and nega-

tive multiplication factors have been presented in this chapter. Both the circuits

utilize a single CFDITA, one resistor, and one virtually grounded capacitor. These

circuits enable electronic enhancement of the capacitor’s value by up to 1800 times

its original magnitude. Additionally, the capacitance multiplication factor can be

independently adjusted to reach values of up to 9202 by manipulating the resistor

independently. Furthermore, the adaptability of these circuits extends to the imple-

mentation of parallel RL simulators, allowing for independent control of inductance

in the derived circuits. The chapter also includes practical application examples that

highlight the versatility of these proposed circuits. To validate their performance,

SPICE simulations and experimental tests were conducted, both of which exhibited

good agreement with the theoretical predictions.

4
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Chapter 4

VCII-based Immittance Simulator

Circuits

4.1 Introduction

This chapter deals with realisation of immittance simulator circuits using second gen-

eration voltage conveyor (VCII). VCII based series and parallel immittance simulator

circuits have been proposed in this chapter. Synthetic series and parallel immittance

simulators are vital for designing and synthesizing active networks, playing a crucial

role in tasks such as active ladder design and filter realization. These simulators are

essential for tasks like active filters, sinusoidal oscillators, parasitic cancellation, com-

pensators, and impedance matching circuits [170]. Consequently, various approaches

for active simulation of immittances have been suggested in the literature. These

simulators can be implemented as grounded and floating types, incorporating both

lossless and lossy configurations. The circuits simulated by grounded immittance

149
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can offer a range of functions, including lossless inductor and capacitor circuits, se-

ries/parallel RL, series/parallel RC circuits, frequency-dependent positive/negative

resistors, as well as series/parallel CD circuits.

VCII has recently gained significant attention from researchers owing to its straight-

forward circuit-level integration, higher operating frequency range, minimal power

consumption, compact chip area, and the presence of both high as well as low-

impedance current output/voltage input terminals. VCIIs emerge as optimal se-

lections for circuits featuring voltage-derived outputs. The ease with which VCII

facilitates the subtraction and addition of current signals is attributed to its low-

impedance input terminal [56]. As this chapter focuses on VCII based grounded

immittance simulator circuits realised with two VCIIs, it is beneficial to provide

a brief overview of previously reported grounded immittance simulator circuits de-

signed with VCIIs.

Several VCII-based grounded capacitance multipliers [139] [140][141] [142] [143]

[145], grounded inductor simulator [57], floating inductance simulator [144], grounded

frequency dependent negative resistance (FDNR)/ frequency dependent negative

conductance (FDNC) and series RL/ parallel RL [56] have been presented.

In [139], three positive and one negative lossless grounded capacitance multipliers

(GCMs) were presented as shown in Fig. 4.1 All of these GCMs were constructed

utilizing two VCIIs, one capacitor, and two resistors. Passive component matching

was unnecessary for the implementation of a GCM. The multiplication factor of

GCMs can be adjusted by altering the values of two resistances as needed.

A single EVCII+ based positive CM circuit has been presented in [140] wherein only

one passive component has been used which is a floating capacitor as displayed in

Fig. 4.2. The same circuit can provide negative multiplication factor by replacing

EVCII+ with EVCII-.

9
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(a) Ceq = C R1
R2

(b) Ceq = −C R1
R2

(c) Ceq = C(1 + R2
R1

) (d) Ceq = C R1
R2

Figure 4.1: Lossless grounded capacitance multiplier circuits proposed in[139]

Figure 4.2: VCII based grounded CM circuit with positive multiplication factor, Ceq =
KC

In [141], a novel implementation of a grounded capacitance multiplier employing

two VCIIs, two resistors, and one grounded capacitor has been proposed as shown

in Fig. 4.3. This circuit can generate multiplication factors ranging from -50 to

+50.

Resistor-free floating positive/negative capacitance multiplier circuits design em-

ploys one dual-output VCII and one electronically adjustable differential voltage

current conveyor (E-DVCC) as active building blocks (ABBs), together with a sin-

gle grounded capacitor have been reported in [142] shown in Fig. 4.4 The simulated
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(a) Ceq = C(1 + R1
R2

) (b) Ceq = C(1− R1
R2

)

Figure 4.3: VCII-based grounded capacitive multiplier circuit proposed in [141] with
(a) positive multiplication factor (b) negative multiplication factor

(a) Ceq = KC (b) Ceq = −KC

Figure 4.4: (a) Floating positive capacitive multiplier circuit proposed in [142] (b)
Floating negative capacitive multiplier circuit proposed in [142]

capacitance value is regulated by a control voltage VC , which governs the current

gain between the X and Z terminals of the E-DVCC. The circuit does not consist of

any matching conditions.

In [143], a novel CMOS tunable active inductor simulator (AIS) for both positive

and negative configurations, together with a positive capacitance and resistance

multiplier and a negative capacitance and resistance simulator have been introduced.

The proposed designs employ a single modified VCII ±, one grounded capacitor, and

two resistors as shown in Fig. 4.5.

A grounded inductor simulator using the VCII has been proposed in [57]. The pro-

posed inductor simulator uses two VCIIs, two resistors, and one grounded capacitor,
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(a) Zin = Z1Z3
Z2

(b) Zin = −Z1Z3
Z2

Figure 4.5: (a) Positive impedance simulator circuit proposed in [143] (b) Negative
impedance simulator circuit proposed in [143]

making it ideal for integration. Importantly, this simulator lacks restrictive matching

constraints as shown in Fig. 4.6

Figure 4.6: VCII-based simulated grounded inductor proposed in [57], Leq = CR1R2

An electronically tunable resistor-less floating inductance simulator implemented

using VCII has been proposed in [144]. The proposed circuit utilizing the intrinsic

resistors at the Y terminals of the VCIIs has three VCIIs and a grounded capac-

itor. A control current is used to adjust the simulated inductance by varying the

impedance at the Y terminal of the VCII. In [56],a grounded frequency-dependent

negative resistor (FDNR) and a frequency-dependent negative conductance (FDNC)

have been proposed as shown in Fig. 4.7 Furthermore, two lossy parallel and series

R-L inductor simulators have been developed. The FDNR necessitates two VCII, two

capacitors, and one grounded resistor. FDNC is executed utilizing three VCII, three

resistors, and two grounded capacitors. The R-L inductor emulators necessitate

two VCII, two resistors, and one grounded capacitor. All the exhibited immittance

11
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(a) Zin = 1
s2C1C2R1

(b) Zin = s2C1C2R1R2R3

(c) Yin = 1
SC1R1R2

+ 1
R1

(d) Zin = sC1R1R2 +R1

Figure 4.7: (a) FDNR (b) FDNC (c) Parallel R-L (d) Series R-L proposed in [56]

simulators do not necessitate any form of passive component matching. In view of

the above literature, it appears that no two-VCII-based immittance simulator cir-

cuit has been presented (employing intrinsic property of VCII) yet that can provide

series/parallel RL, series/parallel RC, series/parallel CD and capacitance divider/-

multiplier using three passive elements without any passive component matching

condition(s). To address this research gap, this chapter introduces four novel gen-

eralized topologies for grounded series/parallel immittance simulator circuits that

utilize only two VCIIs and three impedances, all without requiring any matching

conditions to realize series/parallel RL, series/parallel RC, series/parallel CD, and

capacitance divider/multiplier configurations.

4.2 Grounded series type immittance simulators

using VCII

In this section, four generalized configurations of grounded series-type immittance

simulators are proposed. The presented circuits realize series R-L, series R-C, and
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(a) (b)

(c) (d)

Figure 4.8: Proposed generalized grounded series immittance simulators

series C-D simulators using only two second-generation voltage conveyors (VCII±)

as active elements in conjunction with three impedances, without requiring any

matching conditions which are displayed in Fig. 4.81.

The relationships between port currents and voltages of VCII± are given by: Ix=

±Iy, Vz = Vx and Vy=0, a routine analysis of the circuits of Fig. 4.8 using the port

voltage-current relationships of VCII, yields the following impedance equations:

Circuit 1:
Vin

Iin
= Zin = Z1

(
1 +

Z2

Z3

)
(4.1)

Circuit 2:
Vin

Iin
= Zin = Z1

(
1− Z2

Z3

)
(4.2)

Circuit 3:
Vin

Iin
= Zin = −Z1

(
1 +

Z2

Z3

)
(4.3)

Circuit 4:
Vin

Iin
= Zin = −Z1

(
1− Z2

Z3

)
(4.4)

Proper choices of impedances, Z1, Z2, and Z3 substituted into equations (4.1) – (4.4),

lead to various types of series immittance simulators, including grounded series R-L,

1M. Shrivastava, D. R. Bhaskar, and P. Kumar, ”VCII-Based Generalized Configurations for
Grounded Series-type Immittance Simulators,” Journal of Circuits, Systems and Computers, 2025.

2
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grounded series R-C and grounded series C-D. The realizations of these circuits are

detailed in Table 4.1. From Table 4.1, it is noted that the proposed circuits are

Table 4.1: Generalized Table for Circuits and Realization Types

Circuit Impedance Input Realization
Choices Impedance (Zin) Type

1

Z1 = R1, Z2 = R2, Z3 = 1/sC3 R1 + sR1R2C3 = Req + sLeq Series
R-L

Z1 = R1, Z2 = 1/sC2, Z3 = R3 R1 +
R1

sC2R3
= Req +

1
sCeq

Series

R-C
Z1 =

1
sC1

, Z2 =
1

sC2
, Z3 = R3

1
sC1

+ 1
s2C1C2R3

= 1
sCeq

+ 1
s2Deq

Series

C-D

Z1 =
1

sC1
, Z2 = R2, Z3 = R3

1
sC1

(
1 + R2

R3

)
= 1

sCeq
Cap. divider

2

Z1 = R1, Z2 = R2, Z3 = 1/sC3 R1 − sR1R2C3 = Req − sLeq Series
R-(-L)

Z1 = R1, Z2 = 1/sC2, Z3 = R3 R1 − R1

sC2R3
= Req − 1

sCeq
Series

R-(-C)
Z1 =

1
sC1

, Z2 =
1

sC2
, Z3 = R3

1
sC1

- 1
s2C1C2R3

= 1
sCeq

- 1
s2Deq

Series

C-(-D)

3

Z1 = R1, Z2 = R2, Z3 = 1/sC3 −R1 − sR1R2C3 = −Req − sLeq Series
(-R)-(-L)

Z1 = R1, Z2 = 1/sC2, Z3 = R3 −R1 − R1

sC2R3
= −Req − 1

sCeq
Series

(-R)-(-C)
Z1 =

1
sC1

, Z2 =
1

sC2
, Z3 = R3

1
sC1

- 1
s2C1C2R3

= − 1
sCeq

- 1
s2Deq

Series

(-C)-(-D)

4

Z1 = R1, Z2 = R2, Z3 = 1/sC3 −R1 + sR1R2C3 = −Req + sLeq Series
(-R)-L

Z1 = R1, Z2 = 1/sC2, Z3 = R3 −R1 +
R1

sC2R3
= −Req +

1
sCeq

Series

(-R)-C
Z1 =

1
sC1

, Z2 =
1

sC2
, Z3 = R3 − 1

sC1
+ 1

s2C1C2R3
= − 1

sCeq
+ 1

s2Deq
Series

(-C)-D

capable to provide various grounded impedance simulators such as series R-L, series

R-C, series C-D, and a capacitance divider with appropriate choices of impedances.
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4.2.1 Non-ideal analysis

The effect of the non-ideal gains of the VCIIs on the circuits presented in Fig. 4.8

has been assessed using the terminal characteristic equations: IX = ±βiIY , VZ =

αiVX , and VY = 0, where i = 1-2, indicates number of VCII±. The non-ideal voltage

and current gains cause changes in the realization of the immittance circuits. To

investigate the impact of tracking errors, a re-analysis of the proposed immittance

circuits has been conducted, and the modified impedance values are provided in

equations (4.5) – (4.8).

Circuit 1:
Vin

Iin
= Z1

(
1

β1α1α2

+
β2Z2

β1α1Z3

)
(4.5)

Circuit 2:
Vin

Iin
= Z1

(
1

β1α1α2

− β2Z2

β1α1Z3

)
(4.6)

Circuit 3:
Vin

Iin
= −Z1

(
1

β1α1α2

+
β2Z2

β1α1Z3

)
(4.7)

Circuit 4:
Vin

Iin
= −Z1

(
1

β1α1α2

− β2Z2

β1α1Z3

)
(4.8)

From equations (4.5) – (4.8), it is observed that the effect of non-ideal gains on the

impedance values is insignificant and the expressions approach the ideal expressions

when the values of these gains approach unity.

4.2.2 PSPICE simulation results using CMOS VCIIs

To verify the functionality of the proposed grounded series immittance simulator cir-

cuits, we utilized CMOS VCII+ and VCII-, implementing them with 0.18µm TSMC

technology parameters, as depicted in Fig. 4.9. The aspect ratios of the PMOS and

9
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(a)

(b)

Figure 4.9: CMOS structure [57] of (a) VCII+ and (b) VCII-

NMOS transistors used in Fig. 4.9 are 40.5µm/0.54µm and 13.5µm/0.54µm, respec-

tively. The DC power supply voltages used for biasing the VCII+ and VCII- were

±0.9V, and the biasing currents IB0 and IB1 were chosen as 25µA. The validation
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(a) (b)

Figure 4.10: Frequency responses of series R-L simulator (a) impedance and (b) phase

of all the proposed immittance simulator circuits shown in Fig. 4.8 included var-

ious analyses, such as magnitude and phase responses of impedance, time-domain

responses of input voltage and current, as well as Monte-Carlo analysis.

4.2.2.1 Results for Circuit-1

For the simulation of the series R-L simulator, we selected the following passive

component values: R1 = 1kΩ, R2 = 100kΩ, and capacitor C3 = 100pF. These

values resulted in equivalent resistance (Req) and equivalent inductance (Leq) values

of 1kΩ and 10mH, respectively. The simulated frequency responses of impedance

and phase, along with theoretical evaluations, are displayed in Fig. 4.10. To further

explore the characteristics of the series R-L circuits, we varied the value of resistor

R2, considering values of 100kΩ, 200kΩ, 300kΩ, and 400kΩ. The corresponding

variations in impedance and phase are presented in Fig. 4.11.

From Fig. 4.10, the simulated frequency response of impedance and phase of se-

ries RL circuit of Fig. 4.8(Circuit-1) are in proper accordance with the theoretical

propositions up to a frequency of 1MHz for both impedance and phase response. The

proposed series R-L simulator was also subjected to Monte-Carlo analysis. In this
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(a) (b)

Figure 4.11: Frequency responses of series R-L simulator for different values of R2 (a)
magnitude (b) phase

(a) (b)

Figure 4.12: AC Monte-Carlo results of series R-L simulator (a) magnitude responses
(b) Phase responses

analysis, a 10% deviation was introduced to resistor R2, and the resultant magni-

tude and phase results are depicted in Fig. 4.12. Additionally, Fig. 4.13 illustrates

the transient responses of input voltage and current for the series R-L simulator,

where a sinusoidal voltage with amplitude of 100mV and a frequency of 100 kHz

was applied.

Simulation results for the series R-C circuit in Fig. 4.8(Circuit-1) were conducted

using the following passive component values: R1 = 1kΩ, R3 = 100kΩ, and C2 =

100pF, which resulted in equivalent resistance and equivalent capacitance (Ceq) val-

ues of 1kΩ and 10nF, respectively. The magnitude and phase responses are displayed

4
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Figure 4.13: Transient responses of input voltage and current of series R-L simulator

(a) (b)

Figure 4.14: Frequency responses of series R-C simulator (a) impedance and (b) phase

in Fig. 4.14. To further explore the characteristics of the series R-C circuit, we var-

ied the value of resistor R3, considering values of 100kΩ, 200kΩ, 300kΩ, and 400kΩ.

The corresponding variations in impedance and phase responses are depicted in Fig.

4.15.

From Fig. 4.14, it can be observed that the simulated impedance and phase re-

sponses match the theoretical values upto 10MHz. The simulated magnitude and

phase responses of the series R-C simulator, as obtained from the Monte-Carlo anal-

ysis, are presented in Fig. 4.16. For the time-domain analysis, a sinusoidal input

voltage with a magnitude of 100mV and a frequency of 10kHz was applied, and the

corresponding input voltage and current waveforms are illustrated in Fig. 4.17.
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(a) (b)

Figure 4.15: Frequency responses of series R-C simulator for different value of resistors
(a) magnitude (b) phase

(a) (b)

Figure 4.16: AC Monte-Carlo results of series R-C simulator (a) magnitude responses
(b) Phase responses

Figure 4.17: Transient responses of input voltage and current for series R-C simulator

To validate the functionality of the proposed series C-D circuit of Fig. 4.8 (Circuit-

1), the frequency responses of impedance magnitude and phase were measured using
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(a) (b)

Figure 4.18: Frequency responses (a) impedance and (b) phase of the series C-D simu-
lator of Circuit-1

(a) (b)

Figure 4.19: Frequency responses of (a) magnitude (b) phase of series C-D simulator
at different value of resistors

C1 = 100pF, C2 = 100pF, and R3 = 100Ω. These responses are displayed in Fig.

4.18. Furthermore, variations in impedance magnitude and phase for different re-

sistor values (100Ω, 200Ω, 300Ω, 400Ω) are illustrated in Fig. 4.19. From Fig.

4.18, it can be observed that the simulated impedance matches with the theoreti-

cal values within the frequency range of 30kHz to 10MHz, while the phase matches

between 100Hz to 10MHz. Monte-Carlo analysis has also been performed and the

corresponding results are shown in Fig. 4.20. Transient responses of input voltage

and current are also performed for a sinusoidal input voltage of magnitude 10mV

at a frequency of 100kHz for C1 = 100pF, C2 = 100pF, and R3 = 100Ω has been

shown in Fig. 4.21.
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(a) (b)

Figure 4.20: AC Monte-Carlo results of series C-D simulator (a) magnitude responses
(b) Phase responses

Figure 4.21: Transient responses of input voltage and current for series C-D simulator
of Circuit-1

4.2.2.2 Results for Circuit-2

We choose the following values for the passive components in the series R-L simu-

lator of Fig. 4.8 (Circuit-2) simulation: R1 = 1kΩ, R2 = 100kΩ, and capacitor C3

= 100pF. Equivalent resistance (Req) and equivalent inductance (Leq) of 1kΩ and

10mH, respectively, were obtained from these values. Fig. 4.22 shows the simulated

impedance and phase frequency responses as well as theoretical analyses. In an ef-

fort to investigate the properties of the series R-L circuits even more, we tested the

resistor R2, taking values of 100kΩ, 200kΩ, 300kΩ, and 400kΩ into consideration.

Fig. 4.23 shows the associated changes in impedance and phase.
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(a) (b)

Figure 4.22: Frequency responses of series R-L simulator of Circuit-2 (a) impedance
and (b) phase

(a) (b)

Figure 4.23: Frequency responses of series R-L simulator of Circuit-2 for different values
of R2 (a) magnitude (b) phase

The simulated impedance and phase responses of the series RL circuit of Circuit-

2 shown in Fig. 4.22 are in good agreement with the theoretical values up to a

frequency of 1MHz for impedance response and 10MHz for phase response. Monte-

Carlo analysis has also been performed. The magnitude and phase findings of resistor

R2 after a 10% variation was applied in this analysis are shown in Fig. 4.24. Fur-

thermore, Fig. 4.25 shows the transient responses of the input voltage and current

for the series R-L simulator, to which a 100 kHz frequency and 100 mV amplitude

sinusoidal voltage were applied.

The simulation results for the series R-C circuit in Fig. 4.8 (Circuit-2) were obtained

using the following passive component values: R1 = 100kΩ, R3 = 100kΩ, and C2 =
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(a) (b)

Figure 4.24: AC Monte-Carlo results of series R-L simulator of Circuit-2 (a) magnitude
responses (b) Phase responses

Figure 4.25: Transient responses of input voltage and current of series R-L simulator
of Circuit-2

100pF. The magnitude and phase responses are shown in Fig. 4.26. To further ex-

amine the behavior of the series R-C circuit, we varied the value of resistor R3, using

values of 100kΩ, 200kΩ, 300kΩ, and 400kΩ. The resulting changes in impedance

and phase responses are illustrated in Fig. 4.27.

Fig. 4.26 shows that the simulated impedance and phase responses align with the

theoretical values up to 10 MHz for impedance and up to 10 kHz for phase. Fig.

4.28 shows the simulated magnitude and phase responses of the series R-C simulator

as determined by the Monte-Carlo analysis. The related input voltage and current

waveforms are shown in Fig. 4.29. A sinusoidal input voltage with a magnitude of

100 mV and a frequency of 10 kHz was applied for the time-domain analysis.

3
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(a) (b)

Figure 4.26: Frequency responses of series R-C simulator of Circuit-2 (a) impedance
and (b) phase

(a) (b)

Figure 4.27: Frequency responses of series R-C simulator of Circuit-2 for different value
of resistors (a) magnitude (b) phase

(a) (b)

Figure 4.28: AC Monte-Carlo results of series R-C simulator of Circuit-2 (a) magnitude
responses (b) Phase responses

Page 202 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 202 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



168

Figure 4.29: Transient responses of input voltage and current for series R-C simulator
of Circuit-2

(a) (b)

Figure 4.30: Frequency responses (a) impedance and (b) phase of the series C-D simu-
lator of Circuit-2

Using C1 = 100pF, C2 = 100pF, and R3 = 1kΩ, the frequency responses of the

impedance magnitude and phase were measured in order to verify the operation of

the proposed series C-D circuit of Fig. 4.8 (Circuit-2). The responses are displayed

in Fig. 4.30. Moreover, Fig. ?? shows variations in impedance magnitude and phase

for various resistor values (1kΩ, 2kΩ, 3kΩ, and 4kΩ). Monte-Carlo analysis has

also been performed and the corresponding results are shown in Fig. 4.32. Transient

responses of input voltage and current are performed for a sinusoidal input voltage

of magnitude 50mV at a frequency of 100kHz by selecting C1 = 1nF, C2 = 1nF, and

R3 = 10kΩ has been shown in Fig. 4.33.1
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(a) (b)

Figure 4.31: Frequency responses of (a) magnitude (b) phase of series C-D simulator
at different value of resistors

(a) (b)

Figure 4.32: AC Monte-Carlo results of series C-D simulator (a) magnitude responses
(b) Phase responses

Figure 4.33: Transient responses of input voltage and current for series C-D simulator
of Circuit-2
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(a) (b)

Figure 4.34: Frequency responses of series R-L simulator (a) impedance and (b) phase
of Circuit-3

(a) (b)

Figure 4.35: Frequency responses of series R-L simulator for different values of R2 (a)
magnitude (b) phase

4.2.2.3 Results for Circuit-3

The proposed series R-L circuit of Fig. 4.8(Circuit-3) has been tested by selecting

R1 = 1kΩ, R2 = 100 kΩ and C3 = 100pF. The theoretical and simulated impedance

and phase results have been shown in Fig. 4.34. The variation in impedance and

phase at different values of resistor R2 (100kΩ, 200kΩ, 300kΩ, 400kΩ) have been

depicted in Fig. 4.35.

From Fig. 4.34, the simulated frequency response of impedance and phase of series

RL circuit of Fig. 4.8 (Circuit-3) are in proper accordance with the theoretical

propositions up to a frequency range of 100Hz — 1MHz for impedance response and

100Hz — 10MHz for phase response. AC Monte-Carlo analysis has been carried out
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(a) (b)

Figure 4.36: AC Monte-Carlo results of series R-L simulator of Circuit-3 (a) magnitude
responses (b) Phase responses

to check the robustness for the series R-L circuit of Fig. 4.8(Circuit-3), when 10%

tolerance is applied to resistance R2. The simulated impedance phase of AC Monte-

Carlo analyses have been shown in Fig. 4.36. A sinusoidal input voltage signal with

100mV at 100kHz is applied. The input voltage and input current waveforms have

been displayed in Fig. 4.37.

Figure 4.37: Transient responses of input voltage and current of series R-L simulator
of Circuit-3

R1 = 1kΩ, C2 = 100pF and R3 =100kΩ are selected as the passive components

for series RC of Fig. 4.8(Circuit-3). AC magnitude and phase responses have been

illustrated in Fig. 4.38. Frequency responses of magnitude and phase at different

values of resistor R3 (100kΩ, 200kΩ, 300kΩ, 400kΩ) have been shown in Fig. 4.39.

From the results shown in Fig. 4.38, it is observed that the simulation results
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(a) (b)

Figure 4.38: Frequency responses of series R-C simulator (a) impedance and (b) phase

(a) (b)

Figure 4.39: Frequency responses of series R-C simulator for different value of resistors
(a) magnitude (b) phase

obtained for series R-C circuits of Fig. 4.8(Circuit-3) match with the theoretical

propositions. AC Monte- Carlo simulation results for the series RC with 100 runs

are given in Fig. 4.40 in which the resistor R3 value deviates uniformly with 10%. A

sinusoidal input voltage signal of amplitude 100mV at 10kHz is applied. Thus, the

applied input voltage and input current waveforms have been shown in Fig. 4.41.

The series C-D simulator of Fig. 4.8(Circuit-3) is tested by setting the passive

component values as C1 = C2 = 100pF and resistor R3 = 1kΩ. The simulated

magnitude and phase responses with theoretical values have been displayed in Fig.

4.42. The variation in magnitude and phase responses at different values of resistor

R3 (1kΩ, 2kΩ, 3kΩ, 4kΩ) have been displayed in Fig. 4.43. From Fig. 4.42(a)

and (b), it is evident that the simulated results of series C-D circuit are in proper

37
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(a) (b)

Figure 4.40: AC Monte-Carlo results of series R-C simulator (a) magnitude responses
(b) Phase responses

Figure 4.41: Transient responses of input voltage and current for series R-C simulator

accordance with the theoretical evaluations up to a frequency range of 1kHz – 10MHz

for impedance response and 100Hz—10MHz for phase response. The simulated

magnitude and phase of AC Monte-Carlo analysis have been shown in Fig. 4.44.

The transient responses of input voltage and input current have been displayed in

Fig. 4.45 when input voltage of amplitude 10mV at 100kHz is applied.

4.2.2.4 Results for Circuit-4

The proposed series R-L circuit, as shown in Fig. 4.8 (Circuit-4), was tested with

the following component values: R1 = 1 kΩ, R2 = 100 kΩ, and C3 = 100 pF. The

theoretical and simulated results for impedance and phase are presented in Fig.
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(a) (b)

Figure 4.42: Frequency responses (a) impedance and (b) phase of the series C-D simu-
lator of Circuit-3

(a) (b)

Figure 4.43: Frequency responses of (a) magnitude (b) phase of series C-D simulator
at different value of resistors

(a) (b)

Figure 4.44: AC Monte-Carlo results of series C-D simulator (a) magnitude responses
(b) Phase responses
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Figure 4.45: Transient responses of input voltage and current for series C-D simulator
of Circuit-3

(a) (b)

Figure 4.46: Frequency responses of series R-L simulator (a) impedance and (b) phase
of Circuit-4

4.46. Additionally, Fig. 4.47 illustrates how the impedance and phase change with

varying resistor values for R2 (100 kΩ, 200 kΩ, 300 kΩ, and 400 kΩ). According to

Fig. 4.46, the simulated frequency response of impedance and phase for the series

RL circuit (Fig. 4.8, Circuit-4) aligns well with the theoretical predictions, showing

consistency within the frequency range of 100 Hz to 1 MHz for impedance, and

100 Hz to 1 MHz for phase response. An AC Monte-Carlo analysis was performed

to evaluate the robustness of the series R-L circuit in Fig. 4.8 (Circuit-4) when a

10% tolerance is applied to the resistance R2. The simulated impedance and phase

results from the Monte-Carlo analysis are presented in Fig. 4.48. A sinusoidal input

voltage of 100 mV at 500 kHz was applied, and the corresponding input voltage and
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(a) (b)

Figure 4.47: Frequency responses of series R-L simulator for different values of R2 (a)
magnitude (b) phase

(a) (b)

Figure 4.48: AC Monte-Carlo results of series R-L simulator of Circuit-4 (a) magnitude
responses (b) Phase responses

current waveforms are shown in Fig. 4.49.

Figure 4.49: Transient responses of input voltage and current of series R-L simulator
of Circuit-4

For the series RC circuit in Fig. 4.8(Circuit-4), the passive components selected are
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(a) (b)

Figure 4.50: Frequency responses of series R-C simulator (a) impedance and (b) phase

(a) (b)

Figure 4.51: Frequency responses of series R-C simulator for different value of resistors
(a) magnitude (b) phase

R1 = 1 kΩ, C2 = 100 pF, and R3 = 100 kΩ. The AC magnitude and phase responses

are presented in Fig. 4.50. Additionally, Fig. 4.51 shows the frequency responses of

magnitude and phase for different values of the resistor R3 (100 kΩ, 200 kΩ, 300 kΩ

and 400 kΩ).

The results presented in Fig. 4.50 indicate that the simulation outcomes for the

series R-C circuits in Fig. 4.8 (Circuit-4) are in agreement with the theoretical

predictions. The AC Monte-Carlo simulation results for the series RC circuit, based

on 100 runs, are presented in Fig. 4.52. In this analysis, the value of resistor R3

varies uniformly by 10%. A sinusoidal input voltage of 100 mV amplitude at 10 kHz

is applied, and the corresponding input voltage and current waveforms are displayed

in Fig. 4.53.
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(a) (b)

Figure 4.52: AC Monte-Carlo results of series R-C simulator (a) magnitude responses
(b) Phase responses

Figure 4.53: Transient responses of input voltage and current for series R-C simulator

The series C-D circuit simulator in Fig. 4.8(Circuit-4) was tested with the passive

component values set to C1 = C2 = 100 pF andR3 = 100Ω. The simulated magnitude

and phase responses, along with the theoretical values, are shown in Fig. 4.54. Fig.

4.55 illustrates the variation in magnitude and phase responses for different values

of resistor R3 (100Ω, 200Ω, 300Ω, and 400Ω). As shown in Fig. 4.54, the simulated

results of the series C-D circuit align closely with the theoretical calculations within

the frequency range of 1 kHz to 10 MHz for the impedance response and 100 Hz to

10 MHz for the phase response. Fig. 4.56 shows the simulated magnitude and phase

from the Monte Carlo AC analysis. Furthermore, Fig. 4.57 illustrates the transient

responses of the input voltage and current when a 10 mV amplitude input voltage
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(a) (b)

Figure 4.54: Frequency responses (a) impedance and (b) phase of the series C-D simu-
lator of Circuit-4

(a) (b)

Figure 4.55: Frequency responses of (a) magnitude (b) phase of series C-D simulator
at different value of resistors

at 100 kHz is applied.

4.2.3 Pre and Post layout simulations

To further validate the workability of the proposed grounded series immittance cir-

cuits, pre-layout and post-layout simulations were conducted for Circuit-1 of Fig.

4.8 using the Cadence Virtuoso simulation tool. The layouts of the proposed CMOS

VCII+ and VCII- have been shown in Fig. 4.58.

The NMOS and PMOS width and length values were kept same as considered in

Fig. 4.9. The power supply voltages, VDD and VSS, were set to 0.9V, while the

bias currents, IB0 and IB1 were set to 25µA and the value of R1 = 1k, C2 = 10pF,
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(a) (b)

Figure 4.56: AC Monte-Carlo results of series C-D simulator (a) magnitude responses
(b) Phase responses

Figure 4.57: Transient responses of input voltage and current for series C-D simulator
of Circuit-4

R3 = 10kΩ are selected for series RC and R1 = 1kΩ, R2 = 10kΩ and C3 = 10pF

are selected for series RL. To confirm the feasibility of the proposed circuit, the

layout of the circuit of Fig. 4.8(Circuit-1) passed all physical verification checks,

including design rule check (DRC), layout and schematic extraction (LVS), and RC

extraction. The pre-layout and post-layout impedance and phase of the series RL,

series RC of Fig. 4.8(Circuit-1) are depicted in Fig. 4.59. From Fig. 4.59, it can

be concluded that the pre-layout simulated magnitude and phase responses closely

align with the post-layout results. Thus, these results confirm the validity of the

proposed configurations.

12
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(a)

(b)

Figure 4.58: Layout design of (a) VCII+ and (b) VCII-
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(a) (b)

(c) (d)

Figure 4.59: Frequency response of (a) magnitude of series R-L (b) phase of series R-L
(c) magnitude of series R-C (d) phase of series R-C

4.2.4 Experimental results

To experimentally evaluate the proposed immittance simulator circuits, VCII is im-

plemented using off-the-shelf commercially available IC AD844. One IC is necessary

for the implementation of VCII+ and two ICs are required for the implementation

of VCII-. Fig. 4.60 illustrates the AD844-based VCII+ and VCII- configurations.

The series RL simulator derived from Circuit-1 of Fig. 4.8 was experimentally

tested using the circuit shown in Fig. 4.61 by selecting R1 = 1kΩ, R2 = 100kΩ and

C3 = 100pF. To bias AD844s, the power supply voltages were set to ±15V. Passive

components with a 5% tolerance for resistors and a 10% tolerance for capacitors

were used. Fig. 4.62 illustrates the equivalent impedance and phase responses.
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(a)

(b)

Figure 4.60: AD844 implementation of (a) VCII+ (b) VCII- [57]

Figure 4.61: Complete circuit realization of series RL simulator of Circuit-1 of Fig. 4.8

The transfer function of second order low pass filter can be written as:

Vout

Vin

=
1

s2C1C2R3R + sC2R3 + 1
(4.9)
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(a)

(b)

Figure 4.62: Experimental results of series RL simulator for Circuit-1 of Fig. 4.8(a)
input impedance (b) phase

Figure 4.63: Second order low pass filter as an application example of series CD of
Circuit-1 of Fig. 4.8

The cut-off frequency obtained from the equation (4.9) is:

f0 =
1

2π
√
C1C2R3R

(4.10)
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(a)

(b)

Figure 4.64: (a) Experimentally obtained frequency responses and (b) transient re-
sponses of second-order low pass filter

The experimental results depicted in Fig. 4.62 indicate that the magnitude response

and phase response of the proposed series RL simulator closely correspond with the

simulated and theoretical outcomes across a frequency range of 100Hz to 60kHz.

To verify the usability of proposed immittance simulator circuits, an application

example of series CD of Circuit-1 of Fig. 4.8 has been used to design a second order

low pass filter as shown in Fig. 4.63. The transfer function and cut-off frequency

are given in equation (4.9) and (4.10) respectively. The passive component values
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selected as C1 = C2 = 100pF, R3 = 1kΩ and R = 1kΩ to obtain a cut-off frequency

of 1.59MHz. Fig. 4.64 shows the experimental frequency response of magnitude

and phase, also transient response of sinusoidal input voltage of 4V peak-peak at

100kHz.

The simulated and experimental results displayed in Fig. 4.10 – Fig. 4.64, thus,

validate the functionality of the proposed grounded series immittance simulator

circuits and their applications.

4.3 Grounded parallel type immittance simula-

tors using VCII

This section introduces four generalized configurations of grounded parallel-type im-

mittance simulators. The proposed circuits are capable of realizing parallel R-L, R-

C, C-D simulators and capacitance multiplier using only two second-generation volt-

age conveyors (VCII±) as active components, along with three passive impedances.

Notably, these designs do not require any impedance matching conditions. The pro-

posed generalized grounded parallel immittance simulator circuits employing two

VCIIs and three impedances are shown in Fig. 4.652.

Performing a standard analysis on the circuits depicted in Fig. 4.65, utilizing the

port voltage-current correlations (Ix= ±Iy, Vz = Vx and Vy=0), results in the fol-

lowing admittance equations:

Circuit 1 & Circuit 2 :
Iin
Vin

= Yin =
1

Z1

(
1 +

Z3

Z2

)
(4.11)

2M. Shrivastava, D. R. Bhaskar, and P. Kumar, “VCII-based immittance simulators: General-
ized parallel configurations,” International Journal of Circuit Theory and Applications, 2024.

2

15
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(a) (b)

(c) (d)

Figure 4.65: Proposed generalized grounded parallel immittance simulators (a) Circuit-
1 (b) Circuit-2 (c) Circuit-3 (d) Circuit-4

Circuit 3 & Circuit 4 :
Iin
Vin

= Yin =
1

Z1

(
1− Z3

Z2

)
(4.12)

By selecting appropriate impedances, Z1, Z2, and Z3, and substituting them into

equations (4.11)-(4.12), a range of immittance simulators can be achieved, such as

grounded parallel RL, parallel RC, parallel CD, and grounded capacitance multiplier

circuits. The implementations of these circuits are elaborated in Table 4.2.

Table 4.2: Immittance realizations obtained from the generalized circuit of Fig. 4.65

Circuits Impedance choices Input admittance (Yin) Realization type

Circuit 1
& Circuit 2

Z1 = R1, Z2 = R2, Z3 =
1

sC3

Yin = 1
R1

+ 1
sR1R2C3

= 1
Req

+ 1
sLeq

Parallel R-L

Z1 = R1, Z2 =
1

sC2

, Z3 = R3 Yin = 1
R1

+ sC2R3

R1
= 1

Req
+ sCeq Parallel R-C

Z1 =
1

sC1

, Z2 =
1

sC2

, Z3 = R3 Yin = sC1 + s2C1C2R3 = sCeq + s2Deq Parallel C-D

Z1 =
1

sC1

, Z2 = R2, Z3 = R3 Yin = sC1

(
1 +

R3

R2

)
= sCeq Positive Capacitance Multiplier

Circuit 3
& Circuit 4

Z1 = R1, Z2 = R2, Z3 =
1

sC3

Yin = 1
R1

− 1
sR1R2C3

= 1
Req

− 1
sLeq

Parallel R-(-L)

Z1 = R1, Z2 =
1

sC2

, Z3 = R3 Yin = 1
R1

− sC2R3

R1
= 1

Req
− sCeq Parallel R-(-C)

Z1 =
1

sC1

, Z2 =
1

sC2

, Z3 = R3 Yin = sC1 − s2C1C2R3 = sCeq − s2Deq Parallel C-(-D)

Z1 =
1

sC1

, Z2 = R2, Z3 = R3 Yin = sC1

(
1− R3

R2

)
= sCeq Positive/Negative Capacitance Multiplier

Table 4.2 highlights that the proposed circuits can realize grounded parallel RL,

parallel RC, parallel CD, as well as positive/negative capacitance multiplier func-

tionalities through judicious selection of impedances.

34
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4.3.1 Non-ideal and parasitic analyses

Considering the effect of the non-ideal gains of the VCIIs on the circuits presented

in Fig. 4.65 has been assessed using the terminal characteristic equations: IX =

±βiIY , VZ = αiVX and VY = 0, where i = 1-2, indicates number of VCII±, α and β

are voltage and current gain respectively. Changes in the realization of immittance

circuits are caused by non-ideal voltage and current gains. To investigate the im-

pact of tracking errors, a re-analysis of the proposed immittance circuits has been

conducted, and the modified admittance values are provided in equations (4.13) –

(4.14).

Circuit 1 & Circuit 2 :
Iin
Vin

=
1

Z1

(
1 +

β1α2Z3

Z2

)
(4.13)

Circuit 3 & Circuit 4 :
Iin
Vin

=
1

Z1

(
1− β1α2Z3

Z2

)
(4.14)

Observing equations (4.13) – (4.14), it becomes apparent that the influence of non-

ideal gains on the admittance values is negligible, with the equations approaching

ideal values as these gains approach unity. Fig. 4.66 illustrates the non-ideal model of

the VCII±, encompassing its parasitic elements. RY signifies the parasitic resistance

associated to the low-impedance current input terminal Y, whereasRZ represents the

parasitic resistance originating from the low-impedance voltage output terminal Z.

Ideally, both RY and RZ should be equate to zero. The parasitic resistance RX and

parasitic capacitance CX , linked in parallel, contribute to the parasitic effects of the

high-impedance current output terminal X, which ideally should possess an infinite

impedance. Fig. 4.67 depicts the complete circuits shown in Fig. 4.65, including the

parasitic resistors and capacitor of VCIIs shown in Fig. 4.66. Reanalyzing the circuit

shown in 4.67, the non-ideal admittance expressions for Circuit-1 and Circuit-2 and

Circuit-3 and Circuit-4, as given in equations (4.15) and (4.16), are derived under the

assumption that all resistors connected to terminal ’Y’ are equal (i.e.,RY 1 = RY 2 =

9

11
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Figure 4.66: Non-ideal model of VCII± with parasitic element

RY ), all resistors at terminal ’Z’ are equal (i.e.,RZ1 = RZ2 = RZ), and all resistors

and capacitors connected to terminal ’X’ are identical (i.e.,RX1 = RX2 = RX , and

CX1 = CX2 = CX).

Iin
Vin

=
(RZ + Z2 +RY )(RX + Z3 + sCXRXZ3)[RX + (RY + Z1)(1 + sCXRX)] + Z3R

2
X

RX(RY + Z1)(RZ + Z2 +RY )(RX + Z3 + sCXRXZ3)

(4.15)

Iin
Vin

=
(RZ + Z2 +RY )(RX + Z3 + sCXRXZ3)[RX + (RY + Z1)(1 + sCXRX)]− Z3R

2
X

RX(RY + Z1)(RZ + Z2 +RY )(RX + Z3 + sCXRXZ3)

(4.16)

The simplified non-ideal admittance in the form of parallel RL circuit(when Z1 = R1,

Z2 = R2, Z3 =
1

sC3

) for Circuit 1 & Circuit 2 and Circuit 3 & Circuit 4 are derived

in equation (4.15) and (4.16) can be formulated as:

Iin
Vin

=
RX + (RY +R1)(1 + sCXRX)

RX(RY +R1)
+

R2
X

sC3RX(RY +R1)(RZ +R2 +RY )
(
RX + 1+sCXRX

sC3

)
(4.17)

Iin
Vin

=
RX + (RY +R1)(1 + sCXRX)

RX(RY +R1)
− R2

X

sC3RX(RY +R1)(RZ +R2 +RY )
(
RX + 1+sCXRX

sC3

)
(4.18)
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(a)

(b)

(c)

(d)

Figure 4.67: Complete proposed generalized grounded parallel immittance simulators
with parasitic elements of VCII (a) Circuit-1 (b) Circuit-2 (c) Circuit-3 (d) Circuit-4
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Equations (4.17) and (4.18) reveal that the admittance of the proposed parallel

RL circuit is affected by the parasitic resistance and parasitic capacitance of the

VCIIs, particularly noticeable at lower frequencies. Mitigating this influence involves

selecting appropriate external components, as explained in the simulation section,

while taking into account the parasitic resistance and capacitance values of the VCIIs

(e.g., RX = 23.729MΩ, CX = 670pF, RY = 4.6Ω, and RZ = 4.4Ω).

4.3.2 Simulation results using CMOS VCII

To confirm the operational effectiveness of the proposed grounded parallel immit-

tance simulator circuits, we employed CMOS VCII+ and VCII- configurations, im-

plemented with 0.18µm TSMC technology specifications, as shown in Fig. 4.9. The

PMOS and NMOS transistor aspect ratios in Fig. 4.9 were set at 40.5µm/0.54µm and

13.5µm/0.54µm, respectively. The DC power supply voltages used to bias VCII+

and VCII- were ±0.9V, and the biasing currents IB0 and IB1 were both selected as

25µA. To confirm the effectiveness of all the immittance simulator circuits depicted

in Fig. 4.65, a comprehensive validation process was undertaken. This validation

encompassed multiple analyses, including assessments of impedance magnitude and

phase responses, evaluations of time-domain behaviors for input voltage and current,

and Monte-Carlo simulations.

4.3.2.1 Results for Circuit-1

To simulate the parallel RL immittance simulator, we opted for the following specific

values for the passive components: R1 = 1kΩ, R2 = 100kΩ, and C3 = 100pF. These

chosen values led to equivalent resistance (Req) and equivalent inductance (Leq)

values of 1kΩ and 10mH, respectively. Fig. 4.68 illustrates the theoretical and
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(a) (b)

Figure 4.68: Frequency responses of parallel RL simulator

(a) (b)

Figure 4.69: Frequency responses of parallel R-L simulator for different values of R2

simulated frequency responses of impedance and phase. To further investigate the

characteristics of the parallel R-L circuits, we introduced variations in the value of

resistor R2. We considered resistor values of 100kΩ, 200kΩ, 300kΩ, and 400kΩ. The

resulting variation in impedance and phase are showcased in Fig. 4.69. From Fig.

4.68, the simulated frequency responses for impedance and phase of the parallel RL

circuit of Fig. 4.65 (Circuit-1) align closely with the theoretical expectations within

a frequency range of 10kHz to 10MHz for impedance and 1Hz to 10kHz for phase

responses. Furthermore, the proposed parallel RL simulator underwent Monte-Carlo

analysis. This analysis involved introducing a 10% variation in resistor R2, and the

resulting variations in impedance and phase are depicted in Fig. 4.70. Additionally,

Fig. 4.71 shows the time-domain responses of both input current and voltage for
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(a) (b)

Figure 4.70: AC Monte-Carlo results of parallel RL simulator

the parallel RL simulator. In this evaluation, a sinusoidal input voltage with an

amplitude of 100mV and a frequency of 10kHz was applied.

Figure 4.71: Transient responses of parallel RL simulator

In order to analyze the parallel RC immittance simulator of Fig. 4.65 (Circuit-1),

simulations were carried out with specific passive component values: R1 = 1kΩ, R3

= 100kΩ, and capacitor C2 = 100pF. These choices resulted in equivalent resistance

(Req) and equivalent capacitance (Ceq) values of 1kΩ and 10nF, respectively. The

resultant magnitude and phase responses are presented in Fig. 4.72. For a more

comprehensive exploration of the parallel RC circuit, we performed variations in the

value of resistor R3. Specifically, we considered resistor values of 100kΩ, 200kΩ,
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(a) (b)

Figure 4.72: Theoretical and simulated frequency responses of parallel R-C simulator

(a) (b)

Figure 4.73: The change in (a) impedance and (b) phase of parallel RC simulator of
Circuit-1 for different value of R3

300kΩ, and 400kΩ. The corresponding variations in parallel RC circuit impedance

and phase responses are illustrated in Fig. 4.73. Observing Fig. 4.72, it is clear that

the simulated frequency responses of the parallel RC simulator circuit align with the

theoretical evaluations from 100Hz to 10MHz. Fig. 4.74 displays the simulation

results of impedance and phase of the parallel RC circuit, derived from the Monte-

Carlo analysis. In the time-domain analysis, an input voltage of sinusoidal form with

an amplitude of 100 mV and a frequency of 10 kHz was utilized, with the resulting

input voltage and current waveforms depicted in Fig. 4.75.

To verify the effectiveness of the proposed parallel CD circuit depicted in Fig. 4.65

(Circuit-1), the frequency responses of impedance magnitude and phase were mea-

sured using C1 = 100pF, C2 = 100pF, and R3 = 1kΩ. The obtained frequency
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(a) (b)

Figure 4.74: ACMonte-Carlo results of parallel RC simulator of Circuit-1 (a) magnitude
responses (b) Phase responses

Figure 4.75: Time-domain input voltage and current responses for a parallel RC simu-
lator

response is presented in Fig. 4.76. Additionally, Fig. 4.77 illustrates the variations

in impedance magnitude and phase, showcasing the impact of different resistor val-

ues (1kΩ, 2kΩ, 3kΩ, 4kΩ) on the Circuit-1 performance. Observing Fig. 4.76

reveals that the simulated impedance closely corresponds to the theoretical val-

ues throughout the frequency ranging from 100Hz to 10MHz. Moreover, the phase

closely matches between the frequencies of 1Hz to 500kHz. Monte Carlo analysis

was conducted, and the outcomes are depicted in Fig. 4.78. An input voltage of

sinusoidal form with an amplitude of 100 mV and a frequency of 100 kHz was em-

ployed to analyze the time-domain responses of the input current and voltage. The

corresponding results are illustrated in Fig. 4.79. Simulation

27

Page 230 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 230 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



196

(a) (b)

Figure 4.76: Frequency responses of the parallel CD simulator of Circuit-1

(a) (b)

Figure 4.77: Variation in frequency responses of parallel CD simulator

(a) (b)

Figure 4.78: AC Monte-Carlo results of parallel C-D simulator
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Figure 4.79: Transient responses for parallel C-D simulator of Circuit-1

(a) (b)

Figure 4.80: Frequency responses of capacitance multiplier circuit of Circuit-1 (a)
impedance and (b) phase

results for the capacitance multiplier circuit in Fig. 4.65 (Circuit-1) were conducted

using the following passive component values: C1 = 100pF, R2 = 1kΩ and R3 =

100kΩ which resulted in equivalent capacitance (Ceq=10.1nF). The impedance and

phase responses are displayed in Fig. 4.80. To further explore the workability of the

capacitance multiplier circuit, we varied the value of resistor R3, considering values

of 100kΩ, 200kΩ and 300kΩ. The corresponding variations in impedance and phase

responses are depicted in Fig. 4.81.

Observing Fig. 4.80, it is apparent that the simulation results of impedance and

phase closely correspond to the theoretical values across frequency ranges of 100Hz -

10MHz and 100Hz -1MHz, respectively. Fig. 4.82 presents the magnitude and phase
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(a) (b)

Figure 4.81: Frequency responses of capacitance multiplier circuit for different value of
resistors (a) magnitude (b) phase

(a) (b)

Figure 4.82: AC Monte-Carlo results of capacitance multiplier

responses of the capacitance multiplier, obtained through Monte Carlo analysis.

In Fig. 4.83(a), the equivalent capacitance for different resistance values in the

capacitance multiplier circuit is illustrated. Specifically, resistor R3 is varied across

values of 100kΩ, 200kΩ, and 300kΩ, while maintaining R2 at 1 kΩ and C1 at 100pF,

resulting in Ceq values of 10.1nF, 20.1nF, and 30.1nF respectively. An input voltage

of sinusoidal form with a frequency of 100kHz and an amplitude of 100mV was used

in the time-domain analysis. The resulting input voltage and current waveforms are

depicted in Fig. 4.83(b).
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(a) (b)

Figure 4.83: (a) Variations in capacitance of Fig. 4.65 (Circuit-1) (b) Transient re-
sponses of capacitance multiplier circuit

(a) (b)

Figure 4.84: Frequency responses of parallel RL simulator of Circuit-2

4.3.2.2 Results for Circuit 2

We employed passive components to simulate the parallel R-L circuit, specifically R1

= 1kΩ, R2 = 100kΩ, and C3 = 100pF. Fig. 4.84 illustrates the simulated frequency

responses of the impedance and phase of the simulator, accompanied by theoretical

assessments. Fig. 4.85 illustrates the fluctuations in impedance and phase values of

the parallel R-L circuit when the resistance R2 is altered from 100kΩ to 500kΩ. Fig.

4.86 illustrates the transient responses of input voltage and current for a sinusoidal

voltage with an amplitude of 50mV and a frequency of 10 kHz.

Fig. 4.84,demonstrate that the simulated outcomes of the parallel R-L circuit align

accurately with the theoretical assessments within the frequency range of 10kHz to
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(a) (b)

Figure 4.85: Frequency responses of parallel R-L simulator of Circuit-2 for different
values of R2

Figure 4.86: Transient responses for parallel RL simulator of Circuit-2

10MHz for impedance and 1Hz to 10kHz for phase response. The proposed parallel

R-L circuit was additionally simulated for Monte Carlo analysis. A 10% tolerance

was added to resistor R2 in the Monte-Carlo analysis, with the resultant magnitude

and phase depicted in Fig. 4.87. Simulations analogous to those performed for a

parallel R-L circuit have been executed for the proposed parallel R-C simulator of

Circuit-2. The passive component values utilized in the simulations were R1 = 1kΩ,

R3 = 100kΩ, and C2 = 100pF, yielding equivalent resistance (Req) and capacitance

(Ceq) values of 1kΩ and 10nF, respectively.Impedance and phase values change when

R3 is changed from 100kΩ to 500kΩ have been shown in Fig. 4.88 As seen in Fig.

4.88, the simulated frequency responses of the parallel RC simulator closely match
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(a) (b)

Figure 4.87: AC Monte-Carlo results of parallel RL of Circuit-2

(a) (b)

Figure 4.88: Theoretical and simulated frequency responses of parallel R-C simulator
of Circuit-2

(a) (b)

Figure 4.89: The change in (a) impedance and (b) phase of parallel RC simulator of
Circuit-2 for different value of R3
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(a) (b)

Figure 4.90: ACMonte-Carlo results of parallel RC simulator of Circuit-2 (a) magnitude
responses (b) Phase responses

the theoretical predictions, with good agreement observed from 1 Hz to 10 MHz for

impedance and from 1 Hz to 500 kHz for phase. Fig. 4.90 presents the simulation

results for the impedance and phase of the parallel RC circuit obtained through

Monte Carlo analysis. A sinusoidal input voltage of 10mV magnitude and 100kHz

frequency was applied to examine the impact of time-domain analysis shown in Fig.

4.91.

Figure 4.91: Time-domain input voltage and current responses for a parallel RC simu-
lator of Circuit-2

To verify the performance of the proposed parallel C-D simulator circuit, the fre-

quency responses of impedance magnitude and phase, the variations in impedance
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(a) (b)

Figure 4.92: Frequency responses of the parallel CD simulator of Circuit-2

(a) (b)

Figure 4.93: Variation in frequency responses of parallel CD simulator

magnitude and phase for different values of R3, the transient responses of input volt-

age and current and Monte-carlo analysis are presented. For simulation purposes,

the passive component values were set as C1 = 100 pF, C2 = 100 pF, and R3 = 100

kΩ. A sinusoidal input voltage with an amplitude of 10 mV at 200 kHz was applied

to observe the transient behavior. The corresponding results are shown in Fig. 4.92

to Fig. 4.95.

The frequency analysis of the proposed capacitance multiplier of Circuit-2, was

performed using passive component values of C1 = 100 pF, R2 = 1 kΩ, and R3 =

100 kΩ. The corresponding magnitude and phase responses of the FCM’s impedance

are illustrated in Fig. 4.96. The frequency response of variation in impedance and

phase for different value of resistor R3 (100kΩ, 200kΩ, 300kΩ, 400kΩ and 500kΩ)

3

38
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(a) (b)

Figure 4.94: AC Monte-Carlo results of parallel C-D simulator

Figure 4.95: Transient responses for parallel C-D simulator of Circuit-2

have been shown in Fig. 4.97. Monte-Carlo simulations have been performed for

the CM with 100 runs. The results have been shown in Fig. 4.98 in which the

passive component values deviate uniformly with 10%. The equivalent capacitance

for various resistance values was evaluated and is presented in Fig. 4.99(a), where

R3 was varied across 100 kΩ, 200 kΩ, 300 kΩ, 400 kΩ, and 500 kΩ, with R2 fixed

at 1 kΩ and C1 at 100 pF, resulting in equivalent capacitances of 10.1 nF, 20.1 nF,

30.1 nF, 40.1 nF, and 50.1 nF, respectively. Additionally, Fig. 4.99(b) shows the

time domain analysis for which a sinusoidal input voltage of magnitude 10mV at

100 kHz has been applied.
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(a) (b)

Figure 4.96: Frequency responses of capacitance multiplier circuit of Circuit-2 (a)
impedance and (b) phase

(a) (b)

Figure 4.97: Frequency responses of capacitance multiplier circuit for different value of
resistors (a) magnitude (b) phase

(a) (b)

Figure 4.98: AC Monte-Carlo results of capacitance multiplier
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(a) (b)

Figure 4.99: (a) Variations in capacitance of Fig. 4.65(Circuit-2) (b) Transient responses
of capacitance multiplier circuit

(a) (b)

Figure 4.100: Frequency responses of parallel RL simulator of Circuit-3

4.3.2.3 Results for Circuit-3

To simulate the parallel RL immittance simulator, we used R1 = 1kΩ, R2 = 10kΩ,

and C3 = 100pF for passive components. The selected values resulted in 1kΩ and

10mH equivalent resistance and inductance values. Fig. 4.100 shows theoretical

and simulated impedance and phase frequency responses. We changed resistor R2

to study parallel R-L circuits. We examined resistor values of 10kΩ, 20kΩ, 30kΩ,

and 40kΩ. Fig. 4.101 shows the impedance and phase variation. Fig. 4.100 shows

that the parallel RL circuit of Fig. 4.65 (Circuit-3) simulated frequency responses

for impedance and phase match theoretical predictions within a frequency range of

10kHz to 10MHz for impedance and 1Hz to 10kHz for phase. The suggested parallel
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(a) (b)

Figure 4.101: Frequency responses of parallel R-L simulator of Circuit-3 for different
values of R2 (a) magnitude (b) phase

(a) (b)

Figure 4.102: AC Monte-Carlo results of parallel R-L simulator of Circuit-3 (a) mag-
nitude responses (b) Phase responses

RL simulator was Monte-Carlo analyzed. Fig. 4.102 shows the impedance and phase

fluctuations caused by a 10% resistor R2 variation. Additionally, Fig. 4.103 displays

the parallel RL simulator’s input current and voltage time-domain responses. In

this evaluation, a 100mV sinusoidal input voltage was applied at 10kHz.

The parallel RC immittance simulator in Fig. 4.65 (Circuit-3) was analyzed using

particular passive component values: R1 = 1kΩ, R3 = 100kΩ, and C2 = 100pF.

Based on these options, the equivalent resistance (Req) and capacitance (Ceq) were

1kΩ and 10nF, respectively. Fig. 4.104 shows magnitude and phase responses. To

better understand the parallel RC circuit, we changed resistor R3. We examined

resistor values of 100kΩ, 200kΩ, 300kΩ, and 400kΩ. Fig. 4.105 shows parallel RC

circuit impedance and phase responses.
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Figure 4.103: Transient responses of input voltage and current of parallel R-L simulator

(a) (b)

Figure 4.104: Frequency responses of parallel RC simulator of Circuit-3

As shown in Fig. 4.104, the parallel RC simulator circuit’s simulated frequency

responses match theoretical values from 100Hz to 10MHz. The Monte-Carlo analysis

simulation results for parallel RC circuit impedance and phase are shown in Fig.

4.106. The time-domain analysis used a sinusoidal input voltage with an amplitude

of 100 mV and a frequency of 10 kHz, as shown in Fig. 4.107. To validate

the parallel CD circuit in Fig. 4.65 (Circuit-3), frequency responses of impedance

magnitude and phase were tested using C1 = 100pF, C2 = 100pF, and R3 = 10kΩ.

The frequency response is shown in Fig. 4.108. Fig. 4.109 shows how changing

resistor values (10kΩ, 20kΩ, 30kΩ, 40kΩ) affect Circuit-3 performance by varying

impedance magnitude and phase. Fig. 4.108 shows that the simulated impedance

matches theoretical values from 100Hz to 10MHz. Phase is also close between 1Hz

3
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(a) (b)

Figure 4.105: Frequency responses of parallel R-C simulator of Circuit-3 for different
values of R3 (a) magnitude (b) phase

(a) (b)

Figure 4.106: AC Monte-Carlo results of parallel R-C simulator of Circuit-3 (a) mag-
nitude responses (b) Phase responses

Figure 4.107: Transient responses of input voltage and current of parallel R-C simulator

and 500kHz. Monte Carlo results are shown in Fig. 4.110. An input voltage of

sinusoidal form with an amplitude of 100 mV and a frequency of 100 kHz was used
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(a) (b)

Figure 4.108: Frequency responses of parallel CD simulator of Circuit-3

(a) (b)

Figure 4.109: Frequency responses of parallel C-D simulator of Circuit-3 for different
values of R3 (a) magnitude (b) phase

to investigate the input current and voltage time-domain responses. Results are

shown in Fig. 4.111.

Simulation results for Fig. 4.65(Circuit-3) capacitance multiplier circuit simulations

used the following passive component values: Equivalent capacitance (Ceq=10.1nF)

was achieved with C1 = 100pF, R2 = 1kΩ, and R3 = 100kΩ. Fig. 4.112 shows phase

and impedance responses. To test the capacitance multiplier circuit, we explored

resistor R3 values of 100kΩ, 200kΩ, and 300kΩ. Fig. 4.113 shows impedance and

phase responses. In Fig. 4.112, the simulation findings of impedance and phase

match the theoretical values over 100Hz -10MHz and 100Hz -1MHz frequency ranges.

Monte Carlo analysis responses are shown in Fig. 4.114. Time-domain analysis

employed a sinusoidal input voltage with a frequency of 100kHz and magnitude of
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(a) (b)

Figure 4.110: AC Monte-Carlo results of parallel C-D simulator of Circuit-3 (a) mag-
nitude responses (b) Phase responses

Figure 4.111: Transient responses of input voltage and current of parallel C-D simulator

100mV. Fig. 4.115 shows the input voltage and current waveforms.

4.3.2.4 Results for Circuit-4

To simulate the parallel R-(-L) simulator of Circuit-4, we used passive component

values of R1 = 1kΩ, R2 = 10kΩ, and C3 = 100pF. The equivalent resistance (Req)

and equivalent inductance (Leq) values were 1kΩ and 1mH, respectively. Fig. 4.116

shows theoretical and simulated impedance and phase frequency responses. To ex-

amine the functioning of parallel R-(-L) circuit, we tested resistor R2 values of 10kΩ,

20kΩ, 30kΩ, and 40kΩ. Fig. 4.117 shows impedance and phase fluctuations.

Fig. 4.116 shows that the simulated frequency response of impedance and phase of
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(a) (b)

Figure 4.112: Frequency responses of capacitance multiplier of Circuit-3

(a) (b)

Figure 4.113: Frequency responses of capacitance multiplier of Circuit-3 for different
values of R3 (a) magnitude (b) phase

(a) (b)

Figure 4.114: AC Monte-Carlo results of capacitance multiplier of Circuit-3 (a) magni-
tude responses (b) Phase responses
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Figure 4.115: Transient responses of input voltage and current of capacitance multiplier
of Circuit-3

(a) (b)

Figure 4.116: Frequency responses of parallel R-(-L) simulator of Circuit-4

the parallel R-(-L) circuit of Fig. 4.65 (Circuit-4) matches theoretical predictions up

to 100Hz–10MHz for impedance and 1Hz-400kHz for phase. Monte-Carlo analysis

was performed on the proposed parallel R-(-L) simulator. This analysis used a 10%

resistor R2 variation, and Fig. 4.118 shows the magnitude and phase findings. In

addition, Fig. 4.119shows the parallel R-(-L) simulator’s transient input voltage and

current responses to a 1mV sinusoidal voltage at 100 kHz.

The simulation results for parallel R-(-C) of Fig. 4.65 (Circuit-4) show equiva-

lent resistance (Req) and capacitance (Ceq) values of 1kΩ and 10nF, respectively,

with passive component values of R1 = 1kΩ, R3 = 100kΩ, and C2 = 100pF. The

magnitude and phase responses are shown in Fig. 4.120. To analyze the parallel
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(a) (b)

Figure 4.117: Frequency responses of parallel R-(-L) simulator of Circuit-4 for different
values of R2 (a) magnitude (b) phase

(a) (b)

Figure 4.118: AC Monte-Carlo results of parallel R-(-L) simulator of Circuit-4 (a)
magnitude responses (b) Phase responses

Figure 4.119: Transient responses of input voltage and current of parallel R-(-L) simu-
lator

R-(-C) circuit, we tested resistor R3 values of 100kΩ, 200kΩ, 300kΩ, and 400kΩ and

impedance and phase variation responses shown in Fig. 4.121.
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(a) (b)

Figure 4.120: Frequency responses of parallel R-(-C) simulator of Circuit-4

(a) (b)

Figure 4.121: Frequency responses of parallel R-(-C) simulator of Circuit-4 for different
values of R3 (a) magnitude (b) phase

Fig. 4.120 shows that the simulated impedance and phase match theoretical values

from 100Hz to 10MHz (impedance) and 100Hz to 1MHz(phase). The magnitude and

phase responses of the parallel R-(-C) circuit, as determined from the Monte Carlo

simulation, are presented in Fig. 4.122. For the time-domain analysis, a sinusoidal

input signal with an amplitude of 50mV and a frequency of 100kHz was employed.

The corresponding input voltage and current waveforms are shown in Fig. 4.123.

In order to assess the effectiveness of the proposed parallel C-(-D) configuration il-

lustrated in Fig. 4.65(Circuit-4), the frequency responses of impedance magnitude

and phase were measured with C1 = 100pF, C2 = 100pF, and R3 = 100kΩ. The

corresponding results are displayed in Fig. 4.124. Frequency responses of parallel C-

(-D) simulator of Circuit-4 for different values of R2 ( 100kΩ, 200kΩ, 300kΩ, 400kΩ)
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(a) (b)

Figure 4.122: AC Monte-Carlo results of parallel R-(-C) simulator of Circuit-4 (a)
magnitude responses (b) Phase responses

Figure 4.123: Transient responses of input voltage and current of parallel R-(-C) sim-
ulator

have been displayed in 4.125

As observed from Fig. 4.124, the simulated impedance exhibits excellent correlation

with the theoretical values over the frequency range of 100 Hz to 10 MHz. Further-

more, the phase response closely matches the theoretical prediction between 1 kHz

and 10 MHz. Monte-Carlo analysis has also been performed and the corresponding

results are shown in Fig. 4.126. To examine the time-domain responses of the input

current and voltage, a 50 mV, 100 kHz sinusoidal input was utilized. The corre-

sponding results are shown in Fig. 4.127.

The simulation of the capacitance multiplier circuit shown in Fig. 4.65(Circuit-4)

was carried out using passive component values of C1 = 100 pF, R2 = 1 kΩ, and
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(a) (b)

Figure 4.124: Frequency responses of parallel C-(-D) simulator of Circuit-4

(a) (b)

Figure 4.125: Frequency responses of parallel C-(-D) simulator of Circuit-4 for different
values of R3 (a) magnitude (b) phase

(a) (b)

Figure 4.126: AC Monte-Carlo results of parallel C-(-D) simulator of Circuit-4 (a)
magnitude responses (b) Phase responses

Page 252 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 252 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



218

Figure 4.127: Transient responses of input voltage and current of parallel C-(-D) sim-
ulator

(a) (b)

Figure 4.128: Frequency responses of capacitance multiplier of Circuit-4

R3 = 100 kΩ. The corresponding impedance and phase responses are presented in

Fig. 4.128. The variation in magnitude and phase responses at different values of

resistor R3 (100kΩ, 200kΩ, 300kΩ, 400kΩ) have been displayed in Fig. 4.129. As

shown in Fig. 4.128, the simulation results for impedance and phase demonstrate

close conformity with theoretical values within the frequency intervals of 100 Hz

to 10 MHz and 100 Hz to 500 kHz, respectively. The AC Monte-Carlo simulated

magnitude and phase are shown in Fig. 4.130, while Fig. 4.131 depicts the transient

responses of the input voltage and current for a 100 mV, 100 kHz input signal.
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(a) (b)

Figure 4.129: Frequency responses of capacitance multiplier of Circuit-4 for different
values of R3 (a) magnitude (b) phase

(a) (b)

Figure 4.130: AC Monte-Carlo results of capacitance multiplier of Circuit-4 (a) magni-
tude responses (b) Phase responses

Figure 4.131: Transient responses of input voltage and current of capacitance multiplier
of Circuit-4
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4.3.3 Pre and Post layout simulations

To confirm the practicality of the proposed grounded parallel immittance circuits,

both pre-layout and post-layout simulations were executed for Circuit-1 as depicted

in Fig. 4.65, utilizing the Cadence Virtuoso simulation tool. The designs of the

CMOS VCII+ and VCII- proposed were represented in Fig. 4.58. For the capaci-

tance multiplier, the values chosen were R2 = 1kΩ, C1 = 100pF, and R3 = 100kΩ,

while for parallel RL, R1 = 10kΩ, R2 = 10kΩ, and C3 = 10nF were selected. The

Circuit-1 configuration shown in Fig. 4.65 successfully passed all physical valida-

tion assessments, encompassing the design rule check (DRC), layout and schematic

extraction (LVS), as well as RC extraction. Fig. 4.132 illustrates pre-layout and

post-layout impedance and phase data for both the capacitance multiplier and par-

allel RL of Circuit-1. The close alignment between pre-layout simulated responses

and post-layout results in Fig. 4.132 confirms the validity of the proposed configu-

rations.

4.3.4 Exemplary application of proposed parallel immittance

simulator circuits

The application of the proposed parallel RL and positive capacitance multiplier of

Fig. 4.65(Circuit-1) have also been validated by designing a second-order high pass

filter (HPF) and first-order low pass filter (LPF) respectively shown in Fig. 4.133.

Circuit analysis of Fig. 4.133 yields the transfer functions and cut-off frequencies as

shown in Table 4.3.

For a pole frequency nominally set at 159 kHz, the second order HPF circuit using

the parallel RL circuit presented in Fig. 4.133 (a), for which the passive components

2
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(a) (b)

(c) (d)

Figure 4.132: Frequency response of (a) magnitude of capacitance multiplier (b) phase
of capacitance multiplier (c) magnitude of parallel R-L (d) phase of parallel R-L

(a) (b)

Figure 4.133: Design of filters using parallel RL and capacitance multiplier circuit of
Fig. 4.65(Circuit-1)

32
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Table 4.3: Transfer functions and cut-off frequencies obtained from the circuits of Fig.
4.133

Filter Realization Transfer Function Cut-off Frequency

Second-order HPF Vo(s)
Vin(s)

= s2

s2+s
(

1
ReqC

)
+
(

1
LeqC

) where Req = R1, Leq = sC3R1R2 fo =
1

2π
√

LeqC
= 1

2π
√
R1R2C3C

First-order LPF Vo

Vin
= 1

sRCeq+1
where Ceq = C1

(
1 + R3

R2

)
fo =

1
2πRCeq

(a) (b)

Figure 4.134: Frequency response of (a) second order HPF using parallel RL circuit of
Fig. 4.65(Circuit-1) and (b) first order LPF using capacitance multiplier circuit of Fig.

4.65(Circuit-1)

C, C3, R1 and R2 were chosen to have values of 1nF, 1nF, 1kΩ and 1kΩ. Fig. 4.134

(a) illustrates the experimentally obtained second order HPF frequency response.

Similarly, the first order LPF circuit using the capacitance multiplier circuit pre-

sented in Fig. 4.133 (b), for which the passive components C1 = 1nF, R2 = R3 = 1

kΩ and R = 1kΩ were chosen to design a filter of pole frequency of 79.5kHz. Fig.

4.134 (b) illustrates the experimentally obtained LPF frequency response.

4.3.5 Experimental results

In order to conduct an experimental validation of the proposed parallel immit-

tance simulator circuits, VCII+ and VCII- are incorporated utilizing off-the-shelf

IC AD844 shown in Fig. 4.60. The parallel RL simulator derived from Circuit-1

of Fig. 4.65 was experimentally tested using the circuit shown in Fig. 4.135 (a)

by selecting R1 = 1kΩ, R2 = 100kΩ and C3 = 100pF. The biasing of AD844s was
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(a) (b)

Figure 4.135: Complete circuit realization of (a) parallel RL simulator (b) capacitance
multiplier of Circuit-1 of Fig. 4.65

(a) (b)

Figure 4.136: Experimental results of parallel RL simulator derived from Circuit-1 of
Fig. 4.65 (a) input impedance (b) phase

achieved using power supply voltages of ±15V. Passive components with a tolerance

of 5% for resistors and 10% for capacitors were utilized. The relevant experimental

impedance and phase responses are depicted in Fig. 4.136.

According to the experimental findings presented in Fig. 4.136, it is evident that

the impedance and phase responses of the proposed parallel RL simulator closely

align with both the simulated and theoretical outcomes within a frequency range

of 100Hz to 100kHz and 5kHz to 100kHz respectively. The capacitance multiplier

derived from Circuit-1 of Fig. 4.65 was experimentally tested using the circuit shown

in Fig. 4.135 (b) by selecting C1 = 100pF, R2 = 1kΩ and R3 = 100kΩ. The corre-

sponding impedance and phase responses of capacitance multiplier circuit have been

shown in Fig. 4.137. From the experimental findings displayed in Fig. 4.137, it is

evident that the impedance and phase characteristics of the proposed capacitance
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(a) (b)

Figure 4.137: Experimental results of capacitance multiplier derived from Circuit-1 of
Fig. 4.65 (a) input impedance (b) phase

multiplier closely correspond with both the simulated and theoretical results. This

alignment is particularly notable within the frequency ranges of 100 Hz to 100 kHz

for impedance and 500 Hz to 50 kHz for phase.

4.3.6 Concluding remarks

This chapter introduces four new generalized series and parallel grounded immit-

tance simulator circuits, each employing two VCIIs and three impedances using

intrinsic property of VCIIs. Depending on the selection of passive elements, these

proposed circuits can function as grounded series/parallel RL, grounded series/paral-

lel RC, grounded series/parallel CD simulators and capacitance multiplier. Notably,

the L, C and D of these derived simulators can be controlled independently, without

any matching constraints. An application example, as a second-order LPF, second

order HPF and first order LPF have also been discussed to validate the usability

of the proposed circuits. To validate the performance of the proposed circuits, ex-

tensive simulations were conducted using CMOS VCIIs. Pre/post layout results of

one of the circuits have also been appended and found to be consistent with the ex-

pected performance, validating the robustness and accuracy of the proposed design.
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Furthermore, the experimental results of the series RL simulator,parallel RL simu-

lator and capacitance multiplier circuit were carried out using VCIIs implemented

with commercially available AD844 ICs, thereby providing empirical support for the

theoretical propositions.
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Chapter 5

Conclusion and Future Scope of

Work

5.1 Conclusions

In Chapter 2, we have introduces three novel configurations of negative grounded

capacitance multipliers (NGCMs) with a single CFOA. The proposed circuits utilize

a single ABB, a single grounded capacitor, eliminate passive component match-

ing, achieve high multiplication factors (up to 2001). Their performance has been

corroborated using extensive PSPICE simulations encompassing frequency, tran-

sient, noise, Monte-Carlo, temperature, and PSRR evaluations, demonstrating sta-

ble impedance and phase characteristics over varying temperatures.

Furthermore, three floating immittance simulator circuits utilizing three CFOAs

and three impedances are introduced, capable of simulating various floating R-L,

R-C, C-D, FDNR, and lossless L/C configurations. These circuits provide individ-

ually adjustable immittance values through a single resistor, independent of passive

226
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matching limitations. Theoretical assertions are verified by both simulation and

experimental findings utilizing AD844-type CFOAs, illustrating practical feasibility

and application versatility.

Chapter 3 introduces a lossy capacitance multiplier circuit employing a CFDITA, a

single resistor, and a virtually grounded capacitor. The circuit enables independent

control of the multiplication factor (up to 7102) without necessitating passive com-

ponent matching. The performance is evaluated using a non-ideal CFDITA model

and corroborated through pre-layout and post-layout simulations utilizing 0.18µm

TSMC CMOS technology, as well as experimental verification using AD844 and

LM13700 ICs.

Additionally, two capacitance multiplier circuits able to provide both positive and

negative multiplication factors are introduced. Each configuration employs a single

CFDITA, one resistor, and one grounded capacitor, providing capacitance augmen-

tation of up to 1800 times, with tunable multiplication factors to 9202 via resistor

adjustment. These circuits can be modified to create parallel RL simulators with

separately adjustable inductance. Comprehensive SPICE simulations and experi-

mental findings validate the practical feasibility of the designs and corroborate the

theoretical analysis, illustrating the circuits adaptability and application potential.

Chapter 4 introduces four new generalized grounded immittance simulator circuits

comprising both series and parallel configurations each employing two VCIIs and

three impedances, using intrinsic property of VCIIs. By appropriate selection of

passive components, these circuits can implement grounded RL, RC, CD simulators,

and capacitance multipliers. An essential benefit is the independent adjustment of

L, C, and D values without necessitating passive component matching.
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Application example, including a second-order low-pass filter (LPF), a second-order

high-pass filter (HPF), and a first-order LPF, have been presented to illustrate the

circuits adaptability. The functionality and robustness of the proposed circuits have

been validated by CMOS VCII-based simulations, encompassing both pre- and post-

layout outcomes, which correspond closely with theoretical predictions. Additional

validation is obtained through experimental implementations of series and parallel

RL simulators and a capacitance multiplier utilizing AD844-based VCIIs, offering

empirical corroboration for the proposed circuits.

5.2 Future Scope

• Low-voltage and Low-power circuits: As integrated circuits progress to-

wards battery operated and portable devices, the development of low-voltage

and ultra-low-power immittance simulators utilizing ABBs is essential. Creat-

ing circuits that operate under sub-1V conditions can enhance their utility in

biomedical and IoT applications.

• Nano CMOS Implementation:These circuits can be implemented utilizing

modern CMOS technologies (65nm, 45nm, etc.) to evaluate area, power, and

speed trade-offs. VLSI integration will improve with layout-aware design and

device-level parasitic elimination.

• Digitally Programmable and Tunable Immittance Simulators: Digi-

tally tunable resistors/transconductances or bias-controlled ABBs can create

programmable and adaptive circuits for reconfigurable analog signal process-

ing, machine learning accelerators, and neuromorphic systems.
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• Fully Integrated Systems and ASIC Realization: A combination of im-

mittance simulators with signal processing components, including filters, oscil-

lators, and modulators, into a comprehensive analog front-end ASIC represents

a potential domain. This encompasses layout optimization, floor planning, and

fabrication viability.

• Fractional-Order Immittance Simulation: There is growing interest in

fractional-order elements for biomedical and control applications. Research

can enhance contemporary ABB-based systems to implement fractional-order

capacitors, inductors, and differentiators.

• Temperature Stability and Process variation Tolerance: Enhancing

temperature stability and process tolerance by adaptive biasing or compensa-

tion approaches would augment the reliability of these circuits under diverse

environmental conditions..

• Application of immittance simulator circuits in emerging areas such as sensor

interface design, analog signal conditioning, and edge analog computing.

• Machine Learning for Analog Design: Utilizing AI/ML algorithms to

optimize component values and performance measures (e.g., THD, bandwidth,

PSRR) may represent a future trend in the automated design of ABB-based

immittance simulators.
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5.3 Societal Impact

The implementation of simulated immittances through modern active building blocks

has important societal impacts by facilitating the development of small, energy-

efficient, and economical analog signal processing circuits. These circuits can sub-

stantially contribute to:

• Healthcare and Biomedical Instrumentation: Compact, low-power ana-

log front-ends for the capture of bio-signals, including ECG, EEG, and wear-

able health monitoring devices.

• Environmental Monitoring: Implementation of analog interfaces in eco-

nomical, battery-powered sensor nodes for the real-time assessment of air,

water, and soil quality.

• Education and Research: Providing accessible design solutions with com-

mercially available components for laboratory instruction, prototyping, and

creativity in resource-limited environments.

• Sustainable Electronics: The reduction in the necessity for large passive

components results in less material usage, hence promoting environmentally

friendly and sustainable hardware design.

• Technology Access: Facilitating the advancement of analog systems in re-

gions with restricted access to sophisticated digital technology by providing

feasible, cost-effective analog alternatives.
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5.3.1 Linking Research Objectives with SDGs for Societal

Impact

The Fig. 5.1 illustrates four research objectives in immittance simulation circuits us-

ing modern active building blocks, each of which significantly contributes to several

United Nations Sustainable Development Goals (SDGs) such as SDG 7 (Afford-

able and Clean Energy), SDG 9 (Industry, Innovation and Infrastructure), SDG 12

(Responsible Consumption and Production) and SDG 13 (Climate Action).

Figure 5.1: Incorporation of Sustainable Development Goals with the thesis objectives

19
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[115] Emre Özer, Muhammed Emin Başak, and Fırat Kaçar. Realizations of lossy

and lossless capacitance multiplier using CFOAs. AEU-International Journal

of Electronics and Communications, 127:153444, 2020.

[116] Mehmet Dogan and Erkan Yuce. CFOA based a new grounded inductor sim-

ulator and its applications. Microelectronics Journal, 90:297–305, 2019.

Page 283 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947

Page 283 of 292 - Integrity Submission Submission ID trn:oid:::27535:105410947



249

[117] Rakesh Verma, Neeta Pandey, and Rajeshwari Pandey. Novel CFOA based

capacitance multiplier and its application. AEU-International Journal of Elec-

tronics and Communications, 107:192–198, 2019.

[118] Abhirup Lahiri and Maneesha Gupta. Realizations of grounded negative ca-

pacitance using CFOAs. Circuits, Systems, and Signal Processing, 30:143–155,

2011.

[119] Mehmet Dogan and Erkan Yuce. Supplementary single active device based

grounded immittance function simulators. AEU-International Journal of Elec-

tronics and Communications, 94:311–321, 2018.
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