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ABSTRACT 

 

A new OTRA-based multifunction inverse filter configuration is presented 

which is capable of realizing inverse low pass, inverse high pass, inverse 

band pass and inverse band reject filters using only one OTRA and five to 

six passive elements. To the best knowledge of the authors, any inverse 

filter configuration using OTRA has not been reported in the literature 

earlier. The proposed inverse filters are meticulously validated through 

simulations in Cadence PSpice, implemented in TSMC 0.18µm CMOS 

technology. The theoretical frequency response characteristics of all the 

proposed configurations match very well with the simulated ones. The 

proposed circuits are the only ones, which provide simultaneously the 

following features : use of reasonable number of active elements (only 1), 

realizability of all the four basic inverse filter functions, employment of all 

virtually grounded resistors and capacitors and tunability of all filter 

parameters (except gain in case of inverse band reject filter). The effect of 

the major parasitics of the OTRA and their effect on the performance of the 

filter have been investigated and measured through simulation results and 

Monte-Carlo analysis. Layout of  the proposed CMOS OTRA has also 

been made using Layout XL Suite of Cadence Virtuoso using 180nm 

technology. Noise analysis as well as sensitivity analysis has also been 

studied. 

 

 

 

 

 

 

 

 

 



6 
 

TABLE OF CONTENTS 

Candidate’s Declaration i 

Certificate ii 

Acknowledgement iii 

Abstract                                                                                                                                                                                                           iv 

CHAPTER 1 - INTRODUCTION 

1.1 Analog Signal Processing 1 

1.2 Active Building Blocks (ABBs) 2 

1.3 Organization of thesis 8 

CHAPTER 2 - INVERSE ANALOG FILTERS 

2.1 Overview of Analog Inverse Filters 10 

2.2 Literature Review 12 

2.3 Objective and Scope of the Project 13 

CHAPTER 3 - OPERATIONAL TRANSRESISTANCE AMPLIFIER 

(OTRA) 

3.1 Basics of OTRA 14 

3.2 Single Pole Model of OTRA 14 

3.3 Existing OTRA based inverse filter 15 

CHAPTER 4 - PROPOSED CONFIGURATION 
4.1 Inverse Filter Configuration 19 

4.2 Non-ideal Analysis 22 

4.3 Error Analysis 24 

4.4 Sensitivity analysis 25 

CHAPTER 5 - SIMULATION RESULTS 

5.1 CMOS Realization of OTRA 26 

5.2 Responses obtained 27 

5.3 Noise Analysis 28 

5.4 Monte carlo analysis 30 

CHAPTER  6 - CONCLUSION AND FUTURE SCOPE 

6.1 Conclusion 32 

6.2 Future Scope 32 

REFERENCES                                                                                          33 



7 
 

List Of Figures 

Figure. 1.1 : Operational Amplifier 

Figure. 1.2 :Operational Transconductance Amplifier 

Figure. 1.3 : Current Feedback Opamp (CFOA) 

Figure. 1.4 : Current Conveyor 

Figure. 1.5 : Voltage Conveyor 

Figure. 1.6 : Operational Transresistance Amplifier (OTRA) 

Figure. 1.7 : Current Differencing Buffered Amplifier (CDBA) 

Figure. 1.8 : Current Differencing Transconductance Amplifier (CDTA) 

Figure. 1.9 : Voltage Differencing Transconductance Amplifier (VDTA) 

Figure. 1.10 : Voltage Differencing Current Conveyor (VDCC) 

Figure. 1.11 : Current Backward Transconductance Amplifier (CBTA) 

Figure. 1.12 : Current Follower Current Conveyor (CFCC) 

Figure. 1.13 : Current Follower Transconductance Amplifier (CFTA) 

Figure. 1.14 : Current Conveyor Transconductance Amplifier (CCTA) 

Figure. 1.15 : Multiple Output Current Follower Transconductance Amplifier  

(MO-CFTA) 

Figure. 1.16 : Voltage Differencing Buffered Amplifier (VDBA) 

Figure. 1.17 : Current Differencing Operational Amplifier (CDOA) 

Figure. 1.18 : Differential Difference Current Conveyor (DDCC) 

Figure. 2.1 : Response of ILPF 

Figure. 2.2 : Response of IHPF 

Figure. 2.3 : Response of IBPF 

Figure. 2.4 : Response of IBRF 

Figure. 3.1 : Representation of OTRA 

Figure. 3.2 : Non-ideal structure of OTRA 

Figure. 3.3 : Realization of Inverse Filters using two OTRA 



8 
 

Figure. 3.4 : Frequency response plot for ILPF 

Figure. 3.5 : Frequency response plot for IHPF 

Figure. 3.6 : Frequency response plot for IBPF 

Figure. 4.1 : Proposed structure for realizing inverse filters 

Figure. 5.1 : CMOS realization of OTRA 

Figure. 5.2 : Layout of the OTRA 

Figure. 5.3 : Frequency response plot for ILPF 

Figure. 5.4 : Frequency response plot for IHPF 

Figure. 5.5 : Frequency response plot for IBPF 

Figure. 5.6 : Frequency response plot for IBRF 

Figure. 5.7 : Noise Analysis for ILPF 

Figure. 5.8 : Noise Analysis for IHPF 

Figure. 5.9 : Noise Analysis for IBPF 

Figure. 5.10 : Noise Analysis for IBRF 

Figure. 5.11 : Monte Carlo analysis for inverse low pass filter 

Figure. 5.12 : Monte Carlo analysis for inverse high pass filter 

Figure. 5.13 : Monte Carlo analysis for inverse band pass filter 

Figure. 5.14 : Monte Carlo analysis for inverse band reject filter 

 

 

 

 

 

 

 

 



9 
 

List of Tables 

Table 4.1 : Error in value of gain for inverse filters 

Table 4.2 : Sensitivity Analysis 

Table 5.1 : W/L ratio of all transistors 

Table 5.2 : Values of passive components 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

List of Abbreviations 

CMOS : Complemetary Metal Oxide Semiconductor 

ABB : Active Building Block 

SPICE : Simulation Program with Integrated Circuit Emphasis 

FTFN : Four Terminal Floating Nullor 

Op-AMP : Operational Amplifier 

OTA : Operational Transconductance Amplifier 

CFOA : Current Feedback Operational Amplifier 

CC : Current Conveyor 

VC : Voltage Conveyor 

OTRA : Operational Transresistance Amplifier  

CDBA : Current Differencing Buffered Amplifier  

CDTA : Current Differencing Transconductance Amplifier 

VDTA : Voltage Differencing Transconductance Amplifier  

VDCC : Voltage Differencing Current Conveyor  

CBTA : Current Backward Transconductance Amplifier  

CFCC : Current Follower Current Conveyor  

CFTA : Current Follower Transconductance Amplifier  

CCTA : Current Conveyor Transconductance Amplifier  

MO-CFTA : Multiple Output Current Follower Transconductance Amplifier  

VDBA : Voltage Differencing Buffered Amplifier  

CDOA : Current Differencing Operational Amplifier  

DDCC : Differential Difference Current Conveyor  

ILPF : Inverse Low Pass Filter 

IHPF : Inverse High Pass Filter 

IBPF : Inverse Band Pass Filter 

IBRF : Inverse Band Reject Filter 



11 
 

CHAPTER 1 

 

INTRODUCTION 

 

1.1 Analog Signal Processing 

An electrical or electromagnetic current that spreads information between systems or 

networks is called a signal. A signal in electronics is often a time-varying voltage that 

also functions as an electromagnetic wave to transmit data, however signals can also be 

current. In electronics, two different types of signals are used: digital and analog. Time-

varying and frequently restricted to a range (e.g., +12V to -12V), an analog signal can 

have an infinite number of values within its continuous range. An analog signal delivers 

information by utilizing a specific medium property, such as electricity passing across a 

wire. Information can be represented by changing the voltage, current, or frequency of 

an electrical signal. Analog signals are frequently calculated responses to changes in 

light, sound, temperature, position, pressure, or other physical phenomena.  

 

The majority of essential electronic components—resistors, capacitors, inductors, 

diodes, transistors, and operational amplifiers (op amps)—are intrinsically analog. 

Analog circuits are created by combining these components. Analog circuits can be 

complicated with several components or simple, such as two resistors forming a voltage 

divider. In general, analog circuits are more complicated to build than digital circuits 

that provide the same function. An analog radio receiver or an analog battery charger 

would require the expertise of an analog circuit designer, while digital components have 

been used to simplify such designs. Analog circuits are more vulnerable to noise, which 

is defined as any minor, undesirable voltage changes. Small variations in the voltage 

level of an analog signal might result in severe mistakes when processed. 

 

Analog signal processing is a sort of signal processing performed on continuous analog 

signals using analog means (as opposed to discrete digital signal processing, which uses 

a digital process). "Analog" refers to something that is mathematically expressed as a 

collection of continuous values.  
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1.2 Active Building Blocks (ABBs) 

Various authors have presented circuit realizations of inverse filters using different 

Active Building Blocks (ABB) such as :- 

Operational Amplifier (OpAmp) [1] 

It is a Voltage Controlled Voltage Source, with ideally, infinite gain, infinite input 

impedance and zero output impedance. Its terminal equation is given by ;  

V+ = V- , I+ = I- = 0 , VOUT = Av (V+ - V-) ; {Av : Voltage Gain}               1.1 

 

  

Fig. 1.1. Operational Amplifier [1] 

Operational Transconductance Amplifier (OTA) [2] 

It is a Voltage Controlled Current Source, with ideally, infinite input impedance and 

infinite output impedance.  

Io = gm (V1 – V2) ; {gm : Transconductance Gain} 1.2 

 

 

Fig. 1.2. Operational Transconductance Amplifier [2] 

Current Feedback OpAmp (CFOA) [3] 

This element is constructed by using the second generation current conveyor and 

voltage buffer. 

It is a four port network described by the following equations ; 

IY = 0 , IZ = IX , VX = VY , Vo = VZ 1.3 
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Fig. 1.3. Current Feedback Opamp (CFOA) [3] 

Current Conveyor (CCII) [4] 

It is a three port device represented by the following equations ; 

IY = 0 , VX = VY , IZ = ±IX 1.4 

 

In CCII, Y is high-impedance voltage input port and X is low-impedance voltage output 

port. 

 

Fig. 1.4. Current Conveyor [4] 

Voltage Conveyor (VCII) [5] 

In the VCII, Y is a low-impedance current input port and X is a high-impedance current 

output port. 

IX = ±IY , VZ = VX , VY = 0 1.5 

 

 

Fig. 1.5. Voltage Conveyor [5] 

Operational Transresistance Amplifier (OTRA) [6] 

An OTRA is a current-controlled voltage source with three terminals as shown below ; 

Vp = Vn = 0 , Vo = Rm (Ip – In) ; {Rm : Transresistance Gain} 1.6 
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Fig. 1.6. Operational Transresistance Amplifier (OTRA) [6] 

Current Differencing Buffered Amplifier (CDBA) [7]  

It is a four terminal device depicted as follows ; 

Vp = Vn = 0 , Iz = Ip – In , Vw = Vz 1.7 

 

 

Fig. 1.7. Current Differencing Buffered Amplifier (CDBA) [7] 

Current Differencing Transconductance Amplifier (CDTA) [8] 

It is a five terminal device as shown below ; 

Iz = - In , Ix+ = g.Vz , Ix- = -g.Vz , Vp = Vn = 0 ; {g : transconductance} 1.8 

 

 

Fig. 1.8. Current Differencing Transconductance Amplifier (CDTA) [8] 

Voltage Differencing Transconductance Amplifier (VDTA) [9] 

It is also a five terminal device as shown below ; 

Iz = gm1.(Vp – Vn) , Ix+ = gm2.Vz , Ix- = -gm2.Vz 1.9 
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Fig. 1.9. Voltage Differencing Transconductance Amplifier (VDTA) [9] 

Voltage Differencing Current Conveyor (VDCC) [10] 

It is a six terminal device as shown below ; 

Ip = In = 0 , Iz = gm (Vp – Vn) , Vx = Vz , Iwp = Ix , Iwn = -Ix 1.10 

 

 

Fig. 1.10. Voltage Differencing Current Conveyor (VDCC) [10] 

Current Backward Transconductance Amplifier (CBTA) [11] 

The ideal terminal voltage-current equations of the CBTA can be defined as ; 

Iz = gm.(Vp-Vn) , Vw = Vz , Ip = Iw , In = -Iw 1.11 

 

 

Fig. 1.11. Current Backward Transconductance Amplifier (CBTA) [11] 

Current Follower Current Conveyor (CFCC) [12] 

It is a four terminal device as shown below ; 

Vp = 0 , Iz = Ip , Vi = Vz , Ix+ = Ii , Ix- = -Ii 1.12 
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Fig. 1.12. Current Follower Current Conveyor (CFCC) [12] 

Current Follower Transconductance Amplifier (CFTA) [13] 

The current follower transconductance amplifier (CFTA) is a current mode active 

block. It is a combination of current follower (CF) and operational transconductance 

amplifier (OTA) at the output stage. 

Vf = 0, Iz , ±Zc = ±If , Io = gm .Vz 1.13 

 

 

Fig. 1.13. Current Follower Transconductance Amplifier (CFTA) [13] 

Current Conveyor Transconductance Amplifier (CCTA) [14] 

It is a five terminal device represented as follows ; 

Ip = In , Vp = Vn , Iz = In  , Ix+ = -Ix- = gm.Vz 1.14 

 

 

Fig. 1.14. Current Conveyor Transconductance Amplifier (CCTA) [14] 
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Multiple Output Current Follower Transconductance Amplifier (MO-CFTA) [15] 

A MO-CFTA is a combination of current follower and multioutput transconductance 

amplifier. The properties of ideal MOCFTA can be characterized by the following set 

of equations; 

Vf = 0 , Iz = ±If , Ix = ±gmVz 1.15 

 

 

Fig. 1.15. Multiple Output Current Follower Transconductance Amplifier  

(MO-CFTA) [15] 

Voltage Differencing Buffered Amplifier (VDBA) [16] 

VDBA has a pair of high-impedance voltage inputs Vp and Vn, high-impedance current 

outputs Iz, Izc- and low-impedance voltage output Vw. It is represented as follows ; 

Ip = In = 0 , Iz = gm(Vp-Vn) , Izc- = gm(Vn-Vp) , Vw = Vz 1.16 

 

 

Fig. 1.16. Voltage Differencing Buffered Amplifier (VDBA) [16] 

Current Differencing Operational Amplifier (CDOA) [17] 

The current differencing operational amplifier is five terminal active circuit and 

terminal characteristics are described as follows ; 

Vp = Vn = 0 , Iz = Ip – In , Vw = Vz - Vv 1.17 

 



18 
 

 

Fig. 1.17. Current Differencing Operational Amplifier (CDOA) [17] 

Differential Difference Current Conveyor (DDCC) [18] 

It is shown as follows ; 

IY1 = IY2 = IY3 = 0 , Vx = β1VY1 - β2VY2 + β3VY3 , Iz = αIx 1.18 

 

 

Fig. 1.18. Differential Difference Current Conveyor (DDCC) [18] 

 

1.3 Organization of thesis 

The thesis is organized as follows ; 

Chapter 2 : It gives a detailed overview of Inverse Analog Filters along with the 

literature review of the existing inverse filters. 

Chapter 3 : It describes the basics of the OTRA, its non-ideal model taking parasitic 

into account and an existing configuration of inverse filter employing two OTRA. 

Chapter 4 : Here, a circuit is proposed using single OTRA along with few passive 

components that can realize all four inverse filters, i.e., ILPF, IHPF, IBPF and IBRF. 

Parameters like cutoff frequency, quality factor, gain and bandwidth are also found out 

using the transfer functions of the respective inverse filter. The non-ideal analysis has 
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been carried out along with the calculation of percentage error in the value of gain. The 

Sensitivity analysis has also been performed. 

Chapter 5 : This chapter presents the simulation results (ideal, simulated and non-ideal 

responses), along with the noise analysis and monte carlo analysis for all four inverse 

filters. 

Chapter 6 : In this section conclusion of the thesis work and future scope of the work 

are presented. 
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CHAPTER 2 

 

INVERSE ANALOG FILTERS 

 

2.1 Overview of Analog Inverse Filters 

Over the last three decades, there has been substantial attention focused on the circuit 

realizations of analog inverse filters (AIF). Since the frequency-selective properties of 

an analog inverse filter are the reverse of those of conventional analog filters, its goal is 

to reduce the distortion that a signal experiences as it traverses a system [19] and hence 

they find their application in communication, instrumentation and control systems. The 

meaning of the coefficients such as gain (Ho) , cutoff frequency (ω0) , quality factor (Q) 

and bandwidth (ωo/Q) is clear in context with the conventional filters. These 

coefficients have the same meaning in context with inverse filters too. 

The inverse low pass filter (ILPF) can be depicted as follows :- 

(TF)ILPF = 
𝑠2+ 𝑠(

ωo
Q

)+ ωo
2

Hoω𝑜
2  

 

2.1 

 

 

Fig. 2.1. Response of ILPF [49] 

The inverse high pass filter (IHPF) can be depicted as follows :- 

(TF)IHPF = 
𝑠2+ 𝑠(

ωo
Q

)+ ωo
2

Ho𝑠2  
 

2.2 
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Fig. 2.2. Response of IHPF [49] 

The inverse band pass filter (IBPF) can be depicted as follows :- 

(TF)IBPF = 
𝑠2+ 𝑠(

ωo
Q

)+ ωo
2

Ho𝑠(
ωo
Q

)
 

 

2.3 

 

 

Fig. 2.3. Response of IBPF [49] 

The inverse band reject filter (IBRF) can be depicted as follows :- 

(TF)IBRF = 
𝑠2+ 𝑠(

ωo
Q

)+ ωo
2

Ho(𝑠2+ωo
2)

 
 

2.4 

 

 

Fig. 2.4. Response of IBRF [49] 
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The inverse all pass filter (IAPF) can be depicted as follows :- 

(TF)IAPF = 
𝑠2+ 𝑠(

ωo
Q

)+ ωo
2

𝑠2− 𝑠(
ωo
Q

)+ ωo
2
 

 
2.5 

 

2.2 Literature Review 

In the open literature, numerous inverse filter designs employing different active 

devices have been presented over the years [20]-[50], out of which [20]-[30] 

summarizes the inverse filter configurations using only one Active Building Block 

(ABB). 

In [20], Kamat presented an inverse filter construction based on operational amplifier 

that can accomplish inverse band pass filtering at the second order as well as inverse 

low pass filtering and inverse high pass filtering at the first order, with the least amount 

of passive components. In [21], Shah demonstrated a voltage mode CCII (Current 

Conveyor) based multifunction first order all pass filter, as well as its inverted 

counterpart, which uses one grounded capacitor and two resistors. In [22], Chipipop and 

Surakampontorn presented a circuit that is able to implement second order inverse low 

pass filter using Four Terminal Floating Nullor (FTFN) whereas in [23], Wang and Lee 

presented a procedure for realizing second order inverse all pass filter using FTFN. In 

[24], five configurations are presented that can realize current mode second order 

inverse filter responses i.e. ILPF, IHPF, IBPF, IBRF and IAPF using FTFN and in [25], 

Shah and Malik introduced current mode inverse all pass filter of first order based on 

FTFN. In [26], Singh and Prasad introduced filter/inverse filter circuits using single 

FTFN. In [27], the Operational Transresistance Amplifier (OTRA) is used to introduce 

three alternative configurations of inverse band reject filter of second order. In [28], 

Paul, Roy, and Pal demonstrated a CDBA-based setup that can achieve second-order 

ILPF, IHPF, IBPF, and IBRF. In [29], Shah, Iqbal, and Quadri introduced first order 

inverse all pass filter based on Current Differencing Transconductance Amplifier 

(CDTA) with a grounded capacitor and a resistor. In [30], single VCII (voltage 

conveyor) based configuration is presented capable of realizing ILPF, IHPF and IBPF. 

In [31], Tsukutani, Sumi and Yabuki presented current mode as well as voltage mode 

electronically tunable inverse filters using and grounded capacitors whereas in [32], 

Raj, Bhagat, Kumar and Bhaskar presented electronically tunable voltage mode inverse 

filters using OTAs and grounded capacitors. In [33-34], Gupta, Bhaskar and Senani 

presented based analog inverse. In [35], Wang, Chang, Yang and Tsai presented an 

inverse filter configuration that is capable to realize second order ILPF, IHPF and IBPF 

employing three CFOAs along with few admittances. In [36], Garg, Bhagat and Jaint 

presented a modified inverse filter structure that can realize second order voltage mode 

ILPF, IHPF and IBPF using three CFOAs. In [37], Patil and Sharma introduced CFOA 

based circuit that is capable of realizing ILPF, IHPF, IBPF and IBRF responses. In [38], 
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Singh, Gupta and Senani presented a configuration that can realize ILPF, IHPF and 

IBPF using two OTRAs and few passive components whereas in [39], Pradhan and 

Sharma presented two configurations using OTRAs that can realize various IAPFs and 

IBRFs using different combinations of the passive components. In [40], second order 

voltage mode ILPF, IHPF and IBPF is presented employing two CDBAs. In [41], Nasir 

and Ahmad defined a procedure to realize current mode ILPF, IHPF and IBPF 

responses  using CDBA. In [42], Bhagat, Bhaskar and Kumar introduced CDBA based 

circuit to realize second order IBRF and IAPF. In [43], Bhagat, Bhaskar and Kumar 

presented a unique CDBA based configuration capable of realizing second order LPF, 

HPF, BPF and their respective inverse responses. In [44], Borah, Singh and Ghosh 

realized a sixth order IBPF using two CDBAs. In [45], Kumar, Pandey and Paul 

realized electrically tunable inverse filters using VDTA and in [46], Kumar, Pandey and 

Paul presented a configuration consisting of four VDTAs along with two grounded 

capacitors capable of realizing ILPF, IHPF, IBPF and IBRF in voltage mode. In [47], 

Al-Absi presented three configurations for realizing ILPF, IHPF and IBPF using two to 

three VCII+ as active building blocks along with few passive components. In [48], Al-

Shahrani and Al-Absi disclosed four configurations capable of realizing ILPF, IHPF, 

IBPF and IBRF using VCII+. In [49], Senani, Bhaskar and Raj presented a detailed 

review of analog inverse filters using various active building blocks along with an 

unresolved issue of realizing PID control using IBPF. In [50], Nako, Psychalinos and 

Minaei defined a procedure to realize inverse filters with cascade capability.  

 

2.3 Objective and Scope of the Project 

This thesis describes a novel inverse filter design based on a single OTRA, using 

two/three resistors and  two/three  capacitors. The proposed inverse filters are 

meticulously validated through simulations in Cadence PSpice, implemented in CMOS 

TSMC 0.18µm technology. 
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CHAPTER 3 

 

OPERATIONAL TRANSRESISTANCE AMPLIFIER 

(OTRA) 

 

3.1 Basics of OTRA 

An OTRA is current controlled voltage source which is a three terminal device as 

shown in Fig. 3.1, represented by equation (3.1) and matrix form as shown in (3.2). 

 

 
Fig. 3.1. Representation of OTRA 

Vo = Rm (Ip – In)                  

                    

 3.1 

0 0 0

0 0 0

0

p p

n n

o m m o

V I

V I

V R R I

     
     


     
          

 

 

 3.2 

 

In ideal conditions, Rm (transresistance gain) is assumed to be infinite so the currents Ip 

and In [52] becomes equal. All the three terminals of OTRA have low impedance. Low 

output impedance makes it easier to be cascaded. Virtually shorted input terminals 

eliminates parasitic components at both of its inputs [51].  

 

 

3.2 Single Pole Model of OTRA 

In the ideal scenario, the trans-resistance gain ‘Rm’ of an OTRA is very high and can be 

assumed to be infinite and hence the two input current becomes equal. However, in 

practical case, the transresistance gain ‘Rm’ is considered as a very high but finite value 

and hence it has considerable effect. The single pole model of the OTRA is represented 

as follows ; 
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Rm(s)  = 
𝑅𝑝

1+ 
𝑠

𝑤𝑜

 = 
𝑅𝑝𝑤𝑜

𝑠+ 𝑤𝑜
 = 

1
𝑠

𝑅𝑝𝑤𝑜
+ 

1
𝑅𝑝

 
 

 3.3 

 

The non-ideal structure of OTRA is shown in Fig. 3.2; 

 

 
Fig. 3.2. Non-ideal structure of OTRA 

 

The approximated model for transresistance gain, Rm(s), for middle/higher frequencies 

is shown in equation (3.4). 

Rp  → ∞ , Rm(s) ≈ 
1

𝑠𝐶𝑝
 

 

Where ;                                 Cp  = 
1

𝑤𝑜𝑅𝑝
 

 3.4 

 

 3.5 

 

Rp (parasitic resistance) is the open-loop transresistance gain, wo is the cut-off 

frequency and Cp is the parasitic capacitance. 

 

 

3.3 Existing OTRA based inverse filter 

The work of Singh, Gupta and Senani [38], conveyed that the inverse filter responses, 

i.e., ILPF , IHPF and IBPF can be achieved using two OTRA along with few passive 

components, at a frequency of 159kHz. This is shown as follows :- 
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Fig. 3.3. Realization of Inverse Filters using two OTRA [38] 

Transfer Function is given as ; 

Vo

Vin
 = 

Y1Y3+Y2Y4

Y2Y5
 

3.6 

 

If Y1 = sC1 , Y2 = 
1

R2
 , Y3 = sC2 + 

1

R3
 , Y4 = 

1

R4
 , Y5 = 

1

R5
 , the transfer function for 

ILPF is obtained as follows ; 

Vo(s)

 Vin(s)
 = 

s2+ s(
1

R3C2
)+ 

1

R2C1R4C2

(
R4
R5

)(
1

R2C1R4C2
)

 

 

3.7 

Where ; 

(w0)ILPF = 
1

√R2C1R4C2
  

(Ho)ILPF = 
R4

R5
  

(Q)ILPF = 
R3√C2

√R2C1R4
 

 

 

3.8 

 

If Y1 = 
1

R1
  , Y2 = sC2 , Y3 = 

1

R3
 , Y4 = sC4 + 

1

R4
 , Y5 = sC5 , the transfer function for 

IHPF is obtained as follows ; 

Vo(s)

 Vin(s)
 = 

s2+ s(
1

R4C4
)+ 

1

R1C4R3C2

s2  

 

3.9 

Where ; 

(w0)IHPF = 
1

√𝑅4𝑅2𝐶1𝐶2
  

(Ho)IHPF = 1 

(Q)IHPF = 
R3√C2

√R2C1R4
 

 

 

3.10 

 

If Y1 = 
1

R1
  , Y2 = sC2 , Y3 = 

1

R3
 , Y4 = sC4 + 

1

R4
 , Y5 = 

1

R5
 , the transfer function for 

IBPF is obtained as follows ; 
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Vo(s)

 Vin(s)
 = 

s2+ s(
1

R4C4
)+ 

1

R1C4R3C2

(
R4
R5

)s(
1

R4C4
)

 

 

3.11 

Where ; 

(w0)IBPF = 
1

√R1C4R3C2
  

(BW)IBPF = 
1

R4C4
 

(Ho)IBPF = 
R4

R5
 

 

 

3.12 

The Responses obtained are as follows ; 

 
Fig. 3.4. Frequency response plot for ILPF [38] 

 
Fig. 3.5. Frequency response plot for IHPF [38] 

 
Fig. 3.6. Frequency response plot for IBPF [38] 

 



28 
 

Conclusion :- 

Thus, this configuration, employing of two OTRA, is capable of ILPF, IHPF and IBPF 

along with the use of few admittances. Simulations of the three inverse filters were 

performed using the CMOS OTRA model to verify their performance. Additional 

validation is performed using non-ideal analysis and Monte Carlo analysis. 
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CHAPTER 4 

 

PROPOSED CONFIGURATION 

 

 

4.1 Inverse Filter Configuration 

The proposed configuration for realizing inverse low pass filter (ILPF), inverse high 

pass filter (IHPF), inverse band pass filter (IBPF) and inverse band reject filter (IBRF) 

using a single device OTRA and three impedances is shown in Fig. 4.1. 

 

 

Fig. 4.1. Proposed structure for realizing inverse filters 

In contrast with the previously published configuration [38], the proposed structure 

utilizes one OTRA as the only active element along with a reduced number of passive 

components. In addition to ILPF, IHPF and IBPF, the proposed structure can also 

realize IBRF response which was not possible in the former case. 

Assuming ideal OTRA, a routine circuit analysis of Fig. 4.1 yields the following 

transfer function (TF); 

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 = 

𝑍2𝑍3

𝑍1(Z2−Z3)
     4.1 

 

Case 1 :- 

Taking Z1 = R1|| 
1

sC1
 , Z2 = R2 , Z3 = R3+ 

1

sC3
 , transfer function becomes :- 
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𝑉𝑜𝑢𝑡(𝑠)

 𝑉𝑖𝑛(𝑠)
 = 

[𝑠2𝑅1𝐶1𝑅3𝐶3+ 𝑠(𝑅1𝐶1+𝑅3𝐶3)+ 1]

(
𝑅1
𝑅2

)(𝑠𝑅3𝐶2− 𝑠𝐶3𝑅3+ 1)
 

 

    4.2 

 

Assuming R2 = R3 in equation (4.2), to obtain the transfer function of ILPF:- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

𝑠2+ 𝑠(
𝑅1𝐶1+𝑅3𝐶3
𝑅1𝐶1𝑅3𝐶3

)+(
1

𝑅1𝐶1𝑅3𝐶3
)

(
𝑅1
𝑅2

)(
1

𝑅1𝐶1𝑅3𝐶3
)

 
 

    4.3 

 

From equation (4.3), the cutoff frequency (w0)ILPF , quality factor (Q)ILPF and gain 

(Ho)ILPF are given by; 

(w0)ILPF = 
1

√𝑅1𝑅3𝐶1𝐶3
  

(Ho)ILPF = 
𝑅1

𝑅2
  

(Q)ILPF = 
√𝑅1𝑅3𝐶1𝐶3

𝑅1𝐶1+ 𝑅3𝐶3
 

 

 

    4.4 

 

Case 2 :- 

Taking Z1 = R1|| 
1

sC1
 , Z2 = R2 + 

1

sC2
 , Z3 = 

1

sC3
 , transfer function becomes :- 

𝑉𝑜𝑢𝑡(𝑠)

 𝑉𝑖𝑛(𝑠)
 = 

[𝑠2𝑅1𝐶1𝑅2𝐶2+ 𝑠(𝑅1𝐶1+𝑅2𝐶2)+ 1]

𝑅1(𝑆2𝐶2𝑅2𝐶3+ 𝑆𝐶3− 𝑆𝐶2)
 

    4.5 

Assuming C2 = C3 in equation (4.5), to obtain the transfer function of IHPF :- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

𝑠2+ 𝑠(
𝑅1𝐶1+𝑅2𝐶2
𝑅1𝐶1𝑅2𝐶2

)+ (
1

𝑅1𝐶1𝑅2𝐶2
)

𝑠2(𝐶3/𝐶1)
     4.6 

From equation (4.6), the cutoff frequency (w0)IHPF , quality factor (Q)IHPF and gain 

(Ho)IHPF are given by; 

(w0)IHPF = 
1

√𝑅1𝑅2𝐶1𝐶2
  

(Ho)IHPF = 
𝐶3

𝐶1
  

(Q)IHPF = 
√𝑅1𝑅2𝐶1𝐶2

𝑅1𝐶1+ 𝑅2𝐶2
 

 

    4.7 

 

Case 3 :- 

Taking Z1 = R1 , Z2 = R2+ 
1

sC2
 , Z3 = R3+ 

1

sC3
 , transfer function becomes :- 
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𝑉𝑜𝑢𝑡(𝑠)

 𝑉𝑖𝑛(𝑠)
  = 

[𝑠2𝑅3𝐶3𝑅2𝐶2+ 𝑠(𝑅3𝐶3+𝑅2𝐶2)+ 1]

𝑅1(𝑠2𝐶3𝑅2𝐶2− 𝑠2𝐶2𝑅3𝐶3+ 𝑠𝐶3− 𝑠𝐶2)
 

    4.8 

Assuming R2 = R3 in equation (4.8), to obtain the transfer function of IBPF:- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

𝑠2+ 𝑠(
𝑅2𝐶2+𝑅3𝐶3
𝑅2𝐶2𝑅3𝐶3

)+(
1

𝑅2𝐶2𝑅3𝐶3
)

𝑠𝑅1(
𝐶3−𝐶2

𝑅2𝐶2+𝑅3𝐶3
)(

𝑅2𝐶2+𝑅3𝐶3
𝑅2𝐶2𝑅3𝐶3

)
 

 

    4.9 

From equation (4.9), the centre frequency (w0)IBPF, bandwidth (BW)IBPF and gain 

(Ho)IBPF are given by; 

(w0)IBPF = 
1

√𝑅3𝑅2𝐶3𝐶2
  

(BW)IBPF = 
𝑅3𝐶3+𝑅2𝐶2

𝑅3𝐶3𝑅2𝐶2
 

(Ho)IBPF = 
𝑅1(𝐶3−𝐶2)

𝑅2𝐶2+𝑅3𝐶3
 

 

 

  4.10 

 

Case 4 :- 

Taking Z1 = R1|| 
1

𝑠𝐶1
, Z2 = R2|| 

1

𝑠𝐶2
, Z3 = R3+ 

1

𝑠𝐶3
 , transfer function becomes :- 

𝑉𝑜𝑢𝑡(𝑠)

 𝑉𝑖𝑛(𝑠)
 = 

[𝑠2𝑅1𝐶1𝑅3𝐶3+ 𝑠(𝑅1𝐶1+𝑅3𝐶3)+ 1]

(
𝑅1
𝑅2

)(𝑆2𝑅3𝑅2𝐶3𝐶2+ 𝑆𝑅3𝐶3+ 𝑆𝑅2𝐶2− 𝑆𝑅2𝐶3+ 1)
 

 

  4.11 

Assuming C1 = C3 = 2C2 and R2 = 2R3 = 2R1 in equation (4.11), to obtain the transfer 

function of IBRF :- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

𝑠2+ 𝑠(
2

𝑅3𝐶3
)+ 

1

𝑅3
2𝐶3

2

(
1

2
)(𝑆2+ 

1

𝑅3
2𝐶3

2)

 

 

  4.12 

From equation (4.12), the centre frequency (w0)IBRF, bandwidth (BW)IBRF  and gain 

(Ho)IBRF are given by; 

(w0)IBRF = 
1

𝑅3𝐶3
 

(BW)IBRF = 
2

𝑅3𝐶3
 

(Ho)IBRF = 
𝐶2

𝐶1
 = 

1

2
 

 

 

  4.13 
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4.2 Non-ideal Analysis 

The non-ideal transfer function is as shown in equation (4.14), taking the effect of 

parasitic into account using single pole model of OTRA. 

𝑉𝑜

𝑉𝑖𝑛
 = 

𝑍2𝑍3

𝑍1(Z2−Z3−
𝑍2𝑍3
Rm

)
 4.14 

Using above transfer function, the non-ideal transfer functions obtained for ILPF, IHPF, 

IBPF, and IBRF are presented below. 

 

Case 1 :- 

Putting Z1 = R1|| 
1

 sC1
 , Z2 =R2 , Z3 = R3+ 

1

sC3
 , to get the following transfer function for 

ILPF :- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

(
𝑅2𝑅𝑝

𝑅1
)[𝑠2𝑅1𝐶1𝑅3𝐶3 +  𝑠(𝑅1𝐶1+𝑅3𝐶3) + 1] 

[𝑠2𝑅𝑝𝐶𝑃𝑅2𝑅3𝐶3+(𝑅2+𝑅𝑝)+𝑠(𝐶𝑃𝑅𝑝𝑅2+𝑅2𝑅3𝐶3−𝑅2𝑅𝑝𝐶3+𝑅𝑝𝑅3𝐶3)]
 

 

4.15 

 

Equation (4.15) can be approximated to obtain ILPF :- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

𝑠2+ 𝑠(
𝑅1𝐶1+𝑅3𝐶3
𝑅1𝐶1𝑅3𝐶3

)+(
1

𝑅1𝐶1𝑅3𝐶3
)

[1+
𝑅2
𝑅𝑝

](
𝑅1
𝑅2

)(
1

𝑅1𝐶1𝑅3𝐶3
)

 
 

4.16 

 

From equation (4.16), cutoff frequency (w̃0)ILPF, quality factor (Q̃)ILPF and gain (H̃o)ILPF 

are given by; 

(w̃0)ILPF = 
1

√𝑅1𝑅3𝐶1𝐶3
  

(Q̃)ILPF = 
√𝑅1𝑅3𝐶1𝐶3

𝑅1𝐶1+ 𝑅3𝐶3
  

(H̃o)ILPF = [
𝑅2+𝑅𝑝

𝑅𝑝
] (

𝑅1

𝑅2
) 

 

 

 

4.17 

 

 

Case 2 :- 

Taking Z1 = R1|| 
1

sC1
 , Z2 = R2 + 

1

sC2
 , Z3 = 

1

sC3
 , transfer function becomes :- 

       
𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

𝑅𝑝[𝑠2𝑅1𝑅2𝐶1𝐶2 +  𝑠(𝑅1𝐶1+𝑅2𝐶2) +  1] 

𝑅1[𝑠2𝑅𝑝𝑅2𝐶2(𝐶3−𝐶𝑃) +𝑠(𝐶3𝑅𝑝−𝐶2𝑅𝑝−𝐶2𝑅2−𝑅𝑝𝐶𝑝)−1]
 

4.18 

Equation (4.18) can be approximated to obtain IHPF :- 
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𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

𝑠2+ 𝑠(
𝑅1𝐶1+𝑅2𝐶2
𝑅1𝐶1𝑅2𝐶2

)+ (
1

𝑅1𝐶1𝑅2𝐶2
)

𝑠2[
𝐶3−𝐶𝑝

𝐶1
]

 
 

4.19 

From equation (4.19), cutoff frequency (w̃0)IHPF, quality factor (Q̃)IHPF and gain (H̃o)IHPF 

are given by; 

(w̃0)IHPF = 
1

√𝑅1𝑅2𝐶1𝐶2
  

(Q̃)IHPF = 
√𝑅1𝑅2𝐶1𝐶2

𝑅1𝐶1+ 𝑅2𝐶2
  

(H̃o)IHPF = [
𝐶3−𝐶𝑝

𝐶1
] 

 

 

 

4.20 

 

Case 3 :- 

Taking Z1 = R1 , Z2 = R2+ 
1

sC2
 , Z3 = R3+ 

1

sC3
 , transfer function becomes :- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

(𝑅𝑝/𝑅1)[𝑠2𝑅2𝑅3𝐶2𝐶3 +  𝑠(𝑅2𝐶2+ 𝑅3𝐶3)+  1]

[
 
 
 
 

𝑠3𝑅2𝑅3𝑅𝑝𝐶2𝐶3𝐶𝑝+1

+𝑠2(

𝑅𝑝𝑅𝑝𝐶2𝐶3−𝑅2𝑅𝑝𝐶2𝐶3

+𝑅2𝑅3𝐶2𝐶3+𝑅2𝑅𝑝𝐶2𝐶𝑝

+𝑅3𝑅𝑝𝐶3𝐶𝑝

)+𝑠(

𝑅𝑝𝐶2−𝑅𝑝𝐶3

+𝑅2𝐶2+𝑅3𝐶3
+𝑅𝑝𝐶𝑝

)

]
 
 
 
 
 

 

 

4.21 

Equation (4.21) can be approximated to obtain IBPF :- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

𝑠2+ 𝑠(
𝑅2𝐶2+𝑅3𝐶3
𝑅2𝐶2𝑅3𝐶3

)+(
1

𝑅2𝐶2𝑅3𝐶3
)

𝑠𝑅1(
𝐶3−𝐶2−𝐶𝑝
𝑅2𝐶2+𝑅3𝐶3

)(
𝑅2𝐶2+𝑅3𝐶3
𝑅2𝐶2𝑅3𝐶3

)
 

 

4.22 

From equation (4.22), centre frequency (w̃0)IBPF, bandwidth (BW̃)IBPF and gain (H̃o)IBPF 

are given by; 

(w̃0)IBPF = 
1

√𝑅3𝑅2𝐶3𝐶2
  

 (BW̃)IBPF = 
𝑅3𝐶3+𝑅2𝐶2

𝑅3𝐶3𝑅2𝐶2
  

 (H̃o)IBPF = 
𝑅1(𝐶3−𝐶2−𝐶𝑝)

𝑅2𝐶2+𝑅3𝐶3
 

 

 

 

4.23 

Case 4 :- 

Taking Z1 = R1|| 
1

𝑠𝐶1
, Z2 = R2|| 

1

𝑠𝐶2
, Z3 = R3+ 

1

𝑠𝐶3
 , transfer function becomes :- 
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𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

(
𝑅𝑝𝑅2

𝑅1
)[𝑠2𝑅1𝑅3𝐶1𝐶3+ 𝑠(𝑅1𝐶1+ 𝑅3𝐶3)+ 1]

[
𝑠2𝑅2𝑅3𝐶3𝑅𝑝(𝐶2+𝐶𝑝)−𝑠𝐶3𝑅𝑝𝑅2+𝑠𝑅2𝐶2𝑅𝑝

+𝑠𝑅3𝐶3𝑅𝑝+𝑠𝑅2𝑅3𝐶3+𝑠𝑅2𝑅𝑝𝐶𝑝+(𝑅𝑝+𝑅2)
]

 

 

  4.24 

Equation (4.24) can be approximated to obtain IBRF :- 

𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
 = 

[𝑠2+ 𝑠(
2

𝑅3𝐶3
)+ 

1

𝑅3
2𝐶3

2]

(
𝐶2+𝐶𝑝

𝐶1
)(𝑆2+ 

1

𝑅3
2𝐶3

2)

 

 

 

  4.25 

From equation (4.25), centre frequency (w̃0)IBRF, bandwidth (BW̃)IBRF and gain (H̃o)IBRF 

are given by; 

(w̃0)IBRF = 
1

𝑅3𝐶3
 

(BW̃)IBRF = 
2

𝑅3𝐶3
 

(H̃o)IBRF = 
𝐶2+𝐶𝑝

𝐶1
 

 

 

  4.26 

 

4.3 Error Analysis 

Error in the values of cutoff frequency, quality factor and bandwidth for all four inverse 

filter configurations is equal to zero, i.e., independent from the effect of parasitics  

whereas error in the value of gain for all configurations are presented in Table 4.1 and 

can be calculated using equation (4.27); 

 

Error = (
H̃o − Ho

Ho
) x100 % 

  4.27 

 

Table 4.1. Error in value of gain for inverse filters 

Filter Error  

ILPF R2/Rp 

IHPF -Cp/C3 

IBPF - Cp/(C3-C2) 

IBRF Cp/C2 
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4.4 Sensitivity analysis 

The sensitivity analysis for centre frequency ωo , quality factor Q, and dc gain Ho for the 

proposed inverse filters have been determined and are presented Table 4.2. 

Table 4.2. Sensitivity Analysis 

Filter Sensitivity 

ILPF 
𝑆𝑅1

𝑤𝑜 = 𝑆𝑅3

𝑤𝑜 = 𝑆𝐶1

𝑤𝑜 = 𝑆𝐶3

𝑤𝑜 = - 
1

2
  

𝑆𝑅1

𝑄
= 𝑆𝐶1

𝑄
= 

𝑅3𝐶3−𝑅1𝐶1
2(𝑅3𝐶3+ 𝑅1𝐶1) 

 

 𝑆𝑅3

𝑄
= 𝑆𝐶3

𝑄
= 

𝑅1𝐶1−𝑅3𝐶3
2(𝑅3𝐶3+ 𝑅1𝐶1) 

 

IHPF 
𝑆𝑅1

𝑤𝑜 = 𝑆𝑅2

𝑤𝑜 = 𝑆𝐶1

𝑤𝑜 = 𝑆𝐶2

𝑤𝑜 = - 
1

2
  

𝑆𝑅1

𝑄
= 𝑆𝐶1

𝑄
= 

𝑅2𝐶2− 𝑅1𝐶1

2(𝑅2𝐶2+ 𝑅1𝐶1)
  

 𝑆𝑅3

𝑄
= 𝑆𝐶3

𝑄
= 

𝑅1𝐶1− 𝑅2𝐶2
2(𝑅2𝐶2+ 𝑅1𝐶1) 

 

IBPF 
𝑆𝑅2

𝑤𝑜 = 𝑆𝑅3

𝑤𝑜 = 𝑆𝐶2

𝑤𝑜 = 𝑆𝐶3

𝑤𝑜 = - 
1

2
  

𝑆𝑅2

𝑄
= 𝑆𝐶2

𝑄
= 

𝑅3𝐶3− 𝑅2𝐶2
2(𝑅3𝐶3+ 𝑅2𝐶2)

 

 𝑆𝑅3

𝑄
= 𝑆𝐶3

𝑄
= 

𝑅1𝐶1− 𝑅2𝐶2
2(𝑅2𝐶2+ 𝑅1𝐶1) 

 

IBRF 
𝑆𝑅1

𝑤𝑜 = 𝑆𝑅3

𝑤𝑜 = 𝑆𝐶1

𝑤𝑜 = 𝑆𝐶3

𝑤𝑜= - 
1

2
  

𝑆𝑅1

𝑄
= 𝑆𝐶1

𝑄
= 

𝑅3𝐶3− 𝑅1𝐶1
2(𝑅3𝐶3+ 𝑅1𝐶1)

  

𝑆𝑅3

𝑄
= 𝑆𝐶3

𝑄
= 

𝑅1𝐶1− 𝑅3𝐶3
2(𝑅3𝐶3+ 𝑅1𝐶1) 

 

It may be observed from the Table 4.2 that the sensitivities with respect to all passive 

components are less than the magnitude of half. 
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CHAPTER 5 

 

SIMULATION RESULTS 

 
 

5.1 CMOS Realization of OTRA 

The CMOS model of OTRA [53], implemented in PSPICE is displayed in Fig. 5.1 and 

using 180 nm technology, its layout in Cadence Virtuoso has been created as shown in 

Fig. 5.2 with W/L ratios for each transistor as indicated in Table 5.1. Supply voltages 

are taken to be; Vdd = 1.5V and Vss = -1.5V. The bias current and bias voltage are taken 

to be 25µA and -0.5V respectively. 

 
Fig. 5.1. CMOS realization of OTRA [53] 

 

Table 5.1. W/L ratio of all transistors 

Transistors W(µm)/L(µm) 

T1,T2,T3 100µm/2.5µm 

T4 10µm/2.5µm 

T5,T6 30µm/2.5µm 

T7 10µm/2.5µm 

T8,T9,T10,T11 50µm/2.5µm 

T12,T13 100µm/2.5µm 

T14 50µm/0.5µm 
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Fig. 5.2. Layout of the OTRA 

 

 

5.2 Responses obtained 

 
Table 5.2 lists the resistance and capacitance values for implementing the circuit 

illustrated in Fig. 4.1 at 159kHz. 

  

Table 5.2. Values of passive components 

Filter Type Value of passive components 

ILPF C1 = C2 = 0.01nF, R1 = R2 = R3 = 100kΩ 

IHPF C1 = C2 = C3 = 0.01nF, R1 = R2 = 100kΩ 

IBPF C2 = 0.2nF, C3 = 0.1nF, R1 = 21.22kΩ, R2 = R3 = 7.074kΩ 

IBRF C1 = C3 = 10pF, C2 = 5pF, R1 = R3 = 100kΩ, R2 = 200kΩ 

The results of the simulation for the four inverse filters are displayed in Fig. 5.3, Fig. 

5.4, Fig. 5.5, and Fig. 5.6.  

 
Fig. 5.3. Frequency response plot for ILPF 
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Fig. 5.4. Frequency response plot for IHPF 

 
Fig. 5.5. Frequency response plot for IBPF 

 
Fig. 5.6. Frequency response plot for IBRF 

 

5.3 Noise Analysis 

The noise analysis for all four inverse filters have been studied and are shown below ; 
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Fig. 5.7. Noise Analysis for ILPF 

 
Fig. 5.8. Noise Analysis for IHPF 

 
Fig. 5.9. Noise Analysis for IBPF 

 
Fig. 5.10. Noise Analysis for IBRF 
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It has been observed that the magnitude of noise present at the output of these proposed 

inverse filters is quite low. 

 

5.4 Monte carlo analysis 

Monte Carlo analysis in gain and centre frequency for samples (n) = 100 along with 

Tolerance = 5% in all passive components is shown below ; 

n-samples=100, mean=-1.23079, minimum=-2.00746, 
median=-1.22976, maximum=-0.422352, n-divisions=10, sigma=0.378291, 
10th-percentile=-1.75432, 90th-percentileile=-0.647604, 3*sigma=1.13487 

 
Fig. 5.11. Monte Carlo analysis for inverse low pass filter 

n-samples=100,mean=-0.01167, minimum=-0.42083,  
median=-0.04696, maximum=-0.440599, n-divisions=10, sigma=0.24,  
10th-percentile=-0.354831, 90th-percentile=0.316773, 3*sigma=0.72  

 

Fig. 5.12. Monte Carlo analysis for inverse high pass filter 
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n-samples=100,mean=-0.00083, minimum=-1.02344, 
 median=-0.10424, maximum=1.22878,n-divisions=10, sigma=0.506405,  
10th-percentile=-0.637123,90th-percentile=0.699989, 3*sigma=1.51921 

 
Fig. 5.13. Monte Carlo analysis for inverse band pass filter 

n-samples=100,mean=157385,minimum=147777 
,median=157243, maximum=169402, 

n-divisions=10, sigma=4702.3, 10th-percentile=151099,  
90th-percentile=163855, 3*sigma=14106.9 

 
Fig. 5.14. Monte Carlo analysis for inverse band reject filter 
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CHAPTER 6 

 

CONCLUSION AND FUTURE SCOPE 

 

6.1 Conclusion 

This thesis describes a novel inverse filter design based on a single OTRA. Depending 

on the passive components used, the suggested design can produce ILPF, IHPF, IBPF, 

and IBRF responses. Simulations of the four inverse filters were performed using the 

CMOS OTRA model to verify their performance. Additional validation is performed 

using non-ideal analysis, noise analysis, Monte Carlo analysis, and Sensitivity analysis. 

 

6.2 Future scope 

If we observe the transfer function of IBPF, characterized by: 

Vout(s)

Vin(s)
 = 

s2+ s(
wo
Q

)+ (
1

wo
2)

sHo(
wo
Q

)
 

 

  6.1 

This can be depicted as follows ; 

Vout(s)

Vin(s)
 = KP + KDs + 

1

KIs
 

  6.2 

which, in time-domain can be expressed as ; 

Vout(t) = KPVin(t) + 
1

KI
 ∫Vin(t)dt + KD(

dVin(t)

dt
) 

  6.3 

Hence, it can be concluded that the IBPF is same as a PID Controller. 

So, this is one example of an IBPF application that is well recognized. However, to the 

best of the authors' knowledge, no specific uses of other types of inverse filters have yet 

been recorded in the literature, with the exception of the usage of IBPF as a PID 

controller. As a result, applying all of the inverse filter concepts to real-world practical 

applications remains an unsolved and complex topic that requires further exploration. 
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