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ABSTRACT 

Circuit designs that employ only CMOS technology are becoming more 

desirable than those using traditional bipolar integrated circuit technology. This 

technology offers a high density of MOS circuitry, good capacitor accuracy and 

high stability. The availability of techniques for the design and realization of 

precision filters in fully integrated form has many applications in signal processing 

VLSI circuits. 

The design, simulation and compensation of MOS transistor filters are pre

sented. The MOS transistor is used as a voltage controlled resistor. The resulting 

"h10SFET-C" filters can then be built of MOS transistors, capacitors and oper

ational amplifiers fabricated in MOS technology. The advantages of MOSFET-C 

filters over other integrated filters are discussed. Desirable MOS transistor circuit 

configurations for use in these filter designs are also presented. 

High-order, high-frequency, narrow-band bandpass filters are designed 

and simulated to give a systematic step-by-step design procedure for realizing 

MOSFET-C filters. These steps include modifying existing well established and 

studied filter building blocks for use in this method. The nonidealities associated 

with MOS transistors, especially at high frequencies, are studied and modeled for 

simulation. Compensation techniques for these nonidealities, together with those 

of operational amplifiers are presented and applied to both RC and MOSFET-C 

filters. A compensation scheme is developed which cancels the op amp effects in 

second-order filter building blocks. 

--------- ------- ------- ---- ---
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CHAPTER 1 

INTRODUCTION 

The development of CMOS VLSI technology has significantly advanced the 

design of both analog and digital signal prc.....essing circuits. Filters have a very im

portant role in the implementation of most signal processing circuits. Techniques 

for realizing precision filters in integrated fonn are therefore necessary. There has 

been a great advance in the design and realization of fully integrated filters, both 

analog and digital [1] - [8]. 

The difficulty of realizing precise and stable RC time constants and the 

large chip area required for the resistors has, for many years, limited the use of 

fully integrated RC filters to the voice-band. Even in this band, the need for 

large-valued resistors and capacitors has limited their implementations. A new 

technique of using MOS transistors in place of resistors is proving to be very 

effective in the implementation of integrated active filters. This technique uses 

the MOS transistor as a voltage controlled resistor. The resulting "MOSFET-C" 

filters can then be built of MOS transistors, capacitors and operational amplifiers 

(op amps) fabricated in MOS technology. These filters can also be easily tuned 

by changing voltages, thus making automatic tuning easy. 

1.1 Scope and Outline 

The design and compensation of continuous-time MOSFET-C filters is the 

object of this research. The emphasis is on designing high-frequency, high-Q filters 

since these present the most challenge in the design of integrated filters due to 

nonidealities of both the op amps and the MOS transistors used. This dissertation 

will summarize the work done in the design of MOSFET-C filters to date. 
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A thorough analysis of these filters, from designing the MOSFET circuits to com

pensating the final filter, is then be presented. Simulation results of these findings 

are given as a verification of the analysis. 

In order to establish the need for continuous-time filters, especially in view 

of developments in digital signal processing, a comparison between digital and 

analog filters is presented in section 1.2. Advances in these areas are also men

tioned. In section 1.3 some of the continuous-time filter structures suitable for 

high frequency applications are discussed. Section 1.4 introduces the use of MOS 

transistora in the design of filters and their advantages. Advances in this design 

approach are summarized. 

Chapter 2 provides the analysis of the MOSFET as applied to filter design. 

The drain current equation, in terms of terminal voltages, is derived. Nonideal 

parasitics associated with MOSFETs at high frequencies are then presented and 

modeled for computer simulation. 

In Chapter 3, the actual design of MOSFET-C filters is developed. First, 

simulation results of the MOSFET equivalent resistor for various parameters of 

the MOSFETs are presented. This provides one of the best ways known for the 

determination of the resistances and their ranges. These MOSFET resistors are 

then used in the design and simulation of MOSFET-C filters. In the chapter, op 

amps with large gain-bandwidth products (GB) are assumed. The design of a 

sixth-order Butterworth leapfrog high frequency, bandpass filter will be used as a 

design example. 

Chapter 4 discusses the nonidealities associated with MOSFET-C filters, 

especially at high frequencies. Their effects on filter transfer functions are analysed 

and a technique to reduce these effects is proposed. 

A detailed compensation procedure for MOSFET-C filters is developed in 

Chapter 5. There, the transfer function of the resonator filter, used as an example, 

---------- -~------- ------------- - -- ---
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is obtained using composite op amps built using nonideal op amps. The nonideali

ties in the transfer function are then cancelled to obtain a compensated filter. The 

compensated resonator filter is then simulated to show the results. A sixth-order 

high frequency leapfrog MOSFET-C filter is then simulated as a design example. 

Chapter 6 summarises this work and gives some concluding remarks for 

additional research. 

1.2 Comparison Between Digital and Continuous-time Filters 

In signal processing, there are areas where either analog or digital signal 

processing techniques are best suited. Such areas are Analog/Digital converters 

and band-limiting filters for analog techniques. Processing of digitally encoded or 

programmable signals, pulse code modulation, and digital modems are a few digital 

filter applications. There is, however, an overlap in applications where either a 

digital or analog processor can be used. In this case, it is the designer's choice 

which method to use. Such an example is in the processing of voice infonnation. 

Because of this, sometimes both digital and analog signal processors must be 

implemented on the same chip. It is therefore important to have a knowledge of 

the advantages and limitations of analog and digital filters. 

For low frequency applications, Switched-Capacitor (SC) filters have proven 

to be very efficient [9]. Because of the inverse relationship between the switched 

capacitor and the realized equivalent resistance, these filters have replaced active 

RC filters in most integrated circuit applications. The transfer functions obtained 

using SC networks depend only on ratios of capacitances and on a reference clock 

signal. This makes integration of SC filters simple. Recent innovations in the 

design of SC filters include a technique of using the old concept of the voltage 

inverse switch in designing a fully integrated 18th-order bandpass SC filter [4]. 
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Performance degradation associated with technology scaling has been reduced by 

the techniques of Wang et al in the design of scalable integrated SC filters [5]. 

Digital filters designed in MOS technology have many advantages over ana

log filters. These filters are insensitive to technology changes, have better long time 

and temperature stability, and have predictable signal-to-noise ratio. Furthermore, 

economic reasons support the extensive use of digital signal processing techniques, 

making digital filters a better choice [9]. The use of state variable digital biquad 

sections as building blocks to construct cascade adaptive filters has been success

fully used by Martin and Sun [6]. These filters are especially suitable for real-time 

applications, such as spectral analysis because of their good signal-to-noise ratio. 

Multidimensional filtering of images and video signals have also been greatly im

proved by digital filtering designs such as that of Mertzio and Venetsanopolous 

[7]. 

Although SC filters implement analog filtering functions, they process sam

ples of the analog signal. The resulting output is a discrete-time or sampled-data 

signal. Because of their sampling nature SC filters, like digital filters have aliasing 

problems. These filters need anti-aliasing and smoothing filters which, in most 

cases are continuous-time filters [9]. In the case of SC filters, aliasing is a big 

problem especially when they must coexist with switching circuits, since high fre

quency noise coming from switches, op amps and power supplies is sampled by the 

filter switches and aliased into the baseband. 

The switching problems associated with SC filters and the aliasing problems 

caused by noise generated by op amps, switching circuits and power supplies in 

both SC and digital filters have made continuous-time filters a better choice in de

signing high frequency filters. A variety of techniques have beeen used to improve 

the design of integrated continuous-time filters [3], [10] - [15]. These techniques, 

however, lack the use of well established building blocks available in most active 

RC filters. This means that the designs are unique and hard to adopt to existing, 
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well studied filters. Furthermore, most of the above filters use bipolar transistors. 

This makes them impossible to integrate in MOS technology. 

With the advance of MOS technology, the use of MOS transistor circuits 

as voltage controlled resistors has made it possible to fully integrate continuous

time filters. The performance of these filters offers considerable advantages over 

SC and digital filters. The work done by Tsividis and others [1], [2] in this area 

has very much advanced the design and implementation of integrated continuous

time filters. These filters also have low power consumption, thus making them a 

better choice where either digital filters or analog filters could be used since power 

dissipation is larger in the digital filters. 

1.3 Filters Suitable for 

High-frequency, High-Q Bandpass Applications 

In active RC filters, the finite GB of the op amps limits the frequency range 

of most filters to the voice band. This is because the sensitivity of the pole locations 

to GB, SflB' of the filter increases with frequency. This limitation becomes worse 

for high-Q filters and may result in instability. Athough compensation methods 

usually improve the performance of the filters, significant improvement is limited 

to few filter structures. It is therefore important to realize the performance limi

tations of some of the active RC filters, especially when designing high-frequency, 

high-Q filters. In this section we discuss some of the continuous-time filter struc

tures suitable for these applications. 

Early attempts in designing high-frequency filters include active R filters 

where the (G B / s) transfer function model of the op amp is used in designing inte

grators in the filters. The integrators are built using only compensated op amps. 

Although these approaches improve the frequency response of the integrators (up 

--------- - ----_._--- -.--. ------ .- -' 
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to half of the GB of the opamps used), the resulting filters are very sensitive to 

GB changes and require op amps with very high slew rates [16]. 

The use of specialized circuit design techniques has led to some filter build

ing blocks which are very stable at high frequendes. Notably, is the use of an 

all-pass loop network in the design of high-frequency, high-Q filters. These filters 

use unity-gain amplifies in the loop, thus achieving wide bandwidths for each am

plifier [17]. Q values greater than 1000 are possible with these networks and have 

low element sensitivities. A bipolar transistor version of such a filter has been 

reported to have very good performance at high-frequency, high-Q operation [14]. 

Another specialized design is the Tarmy and Ghausi filter which produces a filter 

with a Q value independent of the GB of the op amps [18]. The filter also mini

mizes the sensitivities to element values and pole locations. The filter, however, 

uses differential-input, differential-output op amps and this is a big disadvantage 

of the filter. 

Passive RLC filters are very suitable for high frequency application since 

the inductor has very good characteristics at high frequencies. These filters have 

very low sensitivities. The inductor, however, is not compatible with VLSI and 

therefore RLC filters can not be integrated. Specialized active RC filter designs 

which simulate the inductor in the RLC filters have been developed and have 

proved to be very effective at high frequencies. The resulting filters have low 

sensitivities, comparable to the equivalent passive network. Such designs include 

the use of gyrators to replace inductors in RLC filters. These approaches suffer 

from slew rate limitations and the filters are very sensitive to input signal levels 

[16]. Another disadvantage of using gyrators is that the resulting filters are highly 

specialized in design and do not permit the use of well established building blocks. 

A design technique which makes use of identical building blocks is the 

leapfrog realization. High order filters simulating RLC ladder networks can be 

built using this technique where identical second order building blocks are used 
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[19J. This method provides filters with sensitivities very close to those of the 

prototype passive network. Because of the negative feedbacks used in the design, 

the resulting filter is very stable. By using second-order building blocks suitable 

for high frequency operation, the leapfrog realization is one of the best methods 

available today for realizing high-frequency, high-Q filters. 

One of the best and well studied second-order filters suitable for high fre

quency applications is the resonator filter [20J. It is specially suited for use in the 

leapfrog design technique for bandpass filters since it has both an inverting and 

noninverting bandpass outputs. The filter is also very stable at high Q values. 

Since the op amps in the filter have one imput terminal grounded, their perfor

mance for high-frequency, high-Q applications can be further improved by using 

Q-enhancement compensation. In Q-enhancement compensation, the filter is de

signed with a determined lower Q value, since the actual Q obtained is higher 

than the design value [16J. In the design examples used in this dissertation, the 

leapfrog technique using resonator filters will be used. 

1.4 The MOSFET as a Voltage Controlled Resistor 

Continuous-time filters designed using MOS transistors have many advan

tages over other continuous-time filters. First, they are compatible with VLSI 

MOS techniques. The design of such filters can be further simplified if building 

blocks are used in their design. This makes it easy to have standard cells fabri

cated on the chip. Second, MOS transistors have low power consumption and less 

noise compared to bipolar transistors. This makes MOSFET-C filters more linear 

and less noisy, especially at high frequencies, than bipolar filters. Finally, since 

the resistance is voltage controlled, automatic tuning of the filter is very much 

simplified. 
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This section introduces the use of MOS transistor circuits in the design of 

active filters. The MOSFET circuits are used as voltage-controlled resistors. Usu

ally the gate voltages me used to control the resistance value and to compensate 

for RC time-constant mismatches due to process or temperature variations. This 

makes it easy to change the resistance values in the filters. A filter can then be 

built to operate over a wide range of frequencies by changing only voltages. 

The starting point in designing MOSFET-C filters is in the selection of 

a prototype active RC filter. Although there are many good active filters for 

the designer to choose from, the conversion of some popular active RC networks 

to MOSFET-C networks may not always be easy with a given MOSFET circuit 

resistor. For a given resistor equivalent circuit, a nwnber of requirements must 

be satisfied. It is therefore important to be aware of the limitations of specific 

MOSFET circuits. The resistors in the active RC filter are then replaced by 

MOSFET circuits which meet the topology requirements of the filter. The process 

of replacing a passive resistor R12 is shown in Fig. 1.1. The voltage Vc is a dc 

control voltage and is usually connected to the gates of the MOSFETs. This 

voltage determines the value of the MOSFET equivalent resistance (Reg). 

Vc 

1 RI2 2 
• VV'v • 
VI V2 1 MOSFET CIRCUIT 2 (a) 

eo--

VI Reg V2 

(b) 

Figure 1.1 Replacement of a passive resistor (a), with an equivalent MOS
FET circuit resistor (b). The control voltage Vc determines the 
resistance value Reg. 

--------- --------------------
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1.4.1 Desirable Features of the Equivalent MOSFET Resistor 

For the circuit of Fig. 1.1{b) to successfully replace the resistor RI2 of 

Fig. 1.1{a), a number of factors must be met. It is important that the equivalent 

resistance be a function of only the control voltage Ve. Its value should not change 

with variations in voltages VI and V2 within their limitations imposed by the 

MOSFET circuit. It is also important that the equivalent resistance not depend on 

the threshold voltage Vih nor the body effect 'Y which are functions of the MOSFET 

terminal voltages. Another factor to take into consideration is the dynamic range 

of the equivalent resistance. It is desired that the equivalent resistance should 

remain constant over a large variation of the input and output voltages VI and 

V2. Finally it is desired that the range of the equivalent resistance be large so 

that many orders of resistance values can be obtained when Vc is varied within 

its permissible range. This makes it easy to use identical circuits in a filter to 

obtain the required resistance values. Although this may not always be possible, 

especially where the resistance values change by many orders of magnitude, it is 

still desirable that only a few device parameters in the MOSFETs be changed to 

meet a wide range of resistance values in a filter. 

1.4.2 Developments in Equivalent Resistance Circuits 

The idea of using transistors as active loads has been around for many 

years. In early attempts, transistors were operated in the saturated region to act 

as active resistors. The application of such active resistors was limited by the diffi

culty of varying the resistance and the resulting high noise levels. In recent years, 

MOS transistor circuits have been developed to act as voltage controlled resistors 

for use in integrated circuits. These voltage controlled resistors however were still 

of limited value since they were either not compartible with MOS technology [14], 
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[15], [21], [22]; or were functions of the device parameters such as the threshold 

voltage of the MOS transistors [13], [23]-[26]. A much improved MOS balanced lin

ear structure was suggested by Tsividis [27] and further modified by Czarnul [28]. 

These structures have been successfully used in many filter designs [1], [29]-[31]. 

The resulting filters using these structures are fully balanced networks and offer 

good linearity over an extended voltage range. Athough these balanced structures 

minimize or cancel the nonidealities of ealler attempts, they require op amps with 

differential balanced outputs. This is a major drawback since differential output 

op amps are not commonly used, thus making the design of filters with such op 

amps unique. Also differential output op amps increase power consumption. A 

MOS circuit which eliminates all the above disadvantages and meets the features 

discussed in section 1.4.1 was proposed by Czarnul [32] and has since been the 

dominant choice in designing MOSFET-C filter,S [2]. This MOS circuit will be 

further explained and used in this dissertation. 
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CHAPTER 2 

ANALYSIS OF THE MOS TRANSISTOR 

This chapter describes the fundamental characteristics of MOS transistors. 

The drain current equation, in terms of terminal voltages, is presented and basic 

simplifications and assumptions explained. The nonideal parasitics associated with 

the transistor are then discussed. Their effects on MOSFET equivalent resistors 

are modeled for computer simulation to be used in compensation methods in 

chapter 5. The analysis presented in this chapter uses n-channel MOS transistors. 

The same analysis, however, holds for p-channcl transistors exept for terminal 

voltage polarities and differences in mobility values between electrons and holes. 

We will assume in this analysis that the channel is sufficiently long and wide so 

that short-channel effects are negligible. Also it is assumed that the substrate is 

uniformly doped. 

2.1 Operation of the MOS Transistor 

MOS transistors are unipolar devices in the sense that a single type of 

charge carriers is used in their operation. This is in contrast to bipolar transistors 

where both electrons and holes are involved in their opeartion. The single type 

of carriers in MOS transistors are generated by an electric field formed between 

an insulated gate and a semiconductor. Because of the usc of an electric field in 

its operation, the transistor is also called Metal-Oxide-Semiconductor Field-Effect 

Transistor (MOSFET). Other names used to describe the device include IGFET 

(for Insulated-Gate Field-Effect Transistor) and simply MOST (for Metal-Oxide

Semiconductor Transistor). Although IGFET is the most general name, MOSFET 
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is widely used even when the gate is not a metal or the insulator is not silicon 

dioxide. 

The basic structure of a MOS transistor is shown in Fig. 2.1{a). The circuit 

symbol for the transistor is shown in Fig. 2.1{b). The transistor is constructed on 

a lightly doped semiconductor "ub"trate or body having a width W. Here a p-type 

substrate is used. A fixed dc bias voltage is usually connected to the substrate. 

p 

Source Gate 

Substrate (Body) (a) 

Gate (G) 

1 
- ...... Drain (D) Source (S) •• ----01' 1 

Body (B) 

(b) 

Insulator 

Figure 2.1 An n-channel MOS transistor. (a) Structure; (b) Circuit symbol 
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Two heavily doped regions of opposite type from the substrate (n+ - regions in 

this case) are diffused on the substrate to form the ~ource and drain regions. In 

our application, the source and drain electrodes serve as the signal terminals. A 

thin insulating layer is applied on top of the substrate, between the source and 

drain. This insulator is usually silicon dioxide. A metal layer is on top of this 

insulator to form the gate. The gate is completely insulated from the other 

electrodes. Since the gate and the substrate are separated by an insulator, the 

arrangement is equivalent to a capacitor with the oxide as the dielectric. This 

capacitance per unit area is defined as 0 0 1&' The top surface of the substrate 

under the insulator is called the channel. This channel can be formed in two 

ways. In one case, a channel is formed only when a dc voltage Vc is applied to the 

gate electrode. This voltage sets up an electric field that controls the number of 

carriers available for conduction between the source and drain through the channel. 

Such transistors are called enhancement-mode devices. The other type of MOS 

transistors, called depletion-mode devices have their channel implanted between 

the source and drain regions. These transistors have a conducting channel at zero 

gate voltage. Enhancement-mode transistors are used more often in circuit design 

than depletion-mode transistors, so all the transistors in tIlls analysis are assumed 

to be enhancement-mode. In our application, the gate voltage will be used to 

determine the resistance value Reg in MOSFET circuit equivalent resistors. 

With no bias voltages applied, the source-substrate-drain region is similar 

to a n+pn+ device. This represents two pn junction diodes connected in series, 

back-to-back. Under these conditions, there is no conduction between source and 

drain except for the small reverse-bias leakage currents of the diodes. 

When a positive voltage, VG, is applied to the gate, an electric field is 

formed in the channel. This field is perpendicular to the surface of the substrate 

[vertical in Fig. 2.1{a)] and is determined by the gate voltage, the thickness of 

the dielectric layer, TOI&' and the permitivities of the dielectric, fd and of the 
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semiconductor, f •• The positive charges on the gate attract electrons to the surface 

of the channel, creating a depletion region in which mobile holes are pushed down 

the channel leaving behind negatively charged immobile acceptor ions. As the 

gate voltage increases, the electron concentration in the channel increases and the 

hole concentration decreases. The electrons are drawn into the channel from the 

strongly charged n+ - type source and drain regions. At a certain gate voltage, 

called Thre&hold voltage, Vih, the number of electrons in the channel becomes 

equal to the number of holes in the substrate. For higher gate voltages, the channel 

appears to be n-type material and an n-channel is formed. In this condition, called 

inver&ion, the originally p-type material now contains more electrons than holes. 

From the above disscussion and from Fig. 2.1, it can be seen that the thin 

layer of accumulated electrons in the channel is connected at both ends to the 

n+ - type source and drain regions. It is the transport of the electrons through 

the channel that determines the electrical characteristics of the device. Also the 

depletion region beneath the inversion layer serves as an insulator between the 

channel and the substrate. 

2.2 The Drain Current Equation 

The drain current equation presented in this section is obtained using the 

accurate strong-inversion model of the transistor. This equation has been derived 

in several references using different approaches [33]-[35]. Here, we will concentrate 

on explaining the details of the device characteristics and parameters and clearly 

state the assumptions and simplifications leading to the drain equation. Detailed 

computations of the device parameters and of the steps leading to the final drain 

current equation will be omitted except where necessary. We will start with a 

general case of electron concentration in the channel and general bias conditions. 
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The asswnptions required to arrive at the drain current equation in strong inver

sion are then clearly pointed out and applied. The model presented here is more 

accurate than the common square-law model, [9], used in many circuit designs 

using MOSFETs. 

Consider the n-channel MOS transistor shown in Fig. 2.2 with bias volt

ages as shown. The bias voltages are always applied such that both pn juctions 

(source-substrate and drain-substrate) are reverse biased. The device is assumed 

to have a uniform width W. Since most of the charge in the inversion layer is 

concentrated very close to the surface, the channel is very thin. This is the charge 

~heet asswnption and implies that the channel, of length L, is a sheet of negligible 

thickness and that the depletion region is free of electrons. 

Vs 
• 

-~ 10 \ ....... ·+.· .. 1 :.; =-. .,..... .. """ ......... -. """ .• v. 
~'."n,.:' .. !:;r z 

\ 

" - -- - ,; 

IIr 

y 

. ..:...:....:. . ...:.....: ... ... L· .. ~\~ ... '+' ::. ','-;;;'7 
x:·n··.·:~y 

- - - - -
-----" 

p 

VB 

I 

Figure 2.2 An n - channel MOS transistor with terminal voltages referred to 
ground. 
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Let the coordinate system be taken to be the substrate/oxide interface at the 

source end as shown in Fig. 2.2. The x-component of the electron current density 

Jt: (along the channel) can be caused by both drift (due to an electric field) and 

diffusion (due to electron concentration gradient) and is given by the transport 

equation 

(1) 

where q is the electron charge, I-' is the effective mobility in the channel, t/J is the 

electrostatic potential at point x, Dn is the electron difFusivity, n is the mobile 

electron concentration given by 

where nj is the intrinsic carrier concentration, l/l is the quasi-Fermi level, l/l, is the 

thermal voltage defined by l/l, = kT/q, k being the Boltzmann's constant and T 

the temperature. 

At this point let us make some assumptions. First, since mobility is the 

ratio of drift velocity to electric field intensity, the effective surface mobility, 1-', 

used in equation (1) is smaller than the electron mobility in the bulk, I-'B. This 

is because the electrons move with difficulty in the x-direction in the channel due 

to the large vertical field due to the gate voltage. The effective surface mobility 

will be considered to be a constant and equal to half the value of I-' B [35]. Second, 

the potential difference between the source and drain creates an electric field in 

the horizontal direction of Fig. 2.2. This electric field is assumed to be much 

smaller than the vertical field due to the gate voltage. This is the gradual channel 

approximation and implies that the electron drift current in the y-direction is 

zero. A third assumption is a result of the charge sheet model for the channel we 

assumed earlier, this implies that the diffusion current in the y-direction is also 

zero. Fourth, because the gate is insulated from the rest of the device by the 

--------_. __ ..... _ ............ - ..... . 
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oxide, it is assumed that the dc gate curent is negligible. Finally, the dc currents 

of the reverse-biased pn junctions are assumed very small, especially when the 

temperature of the device is not too high. From these assumptions, we see that 

the only current density in the device is J~. 

Since in our application we are interested in the strong inversion operation 

where diffusion current is negligible, the current in the device is almost totally due 

to drift. Under this assumption, equation (1) then becomes 

afjJ 
Jz = -qpon ax . (2) 

Integrating this equation in the y and z directions gives the drift channel current 

at point x as 

W 00 W 00 

lex) = 1 dz 1 dyJz = 1 dz 1 (-qpon =:) dy. 
%=0 ~=o %=0 ~=o 

(3) 

Let us assume no variation of po, n and fjJ in the z direction. Also let the width W 

be constant. For constant mobility, equation (3) then reduces to 

Let 

afjJ 100 

lex) = pow ax -qndy. 
o 

00 1 -qndy = Qz 
o 

(4) 

(5) 

where Qz is the electron inversion layer charge per unit area at point x. This 

charge will vary along x since n is a finction of fjJ. An expression for Qz as a 

function oj fjJ, valid for the gradual channel approximation is [35] 

(6) 
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where VFB is the flat-band voltage and 'Y is the body-effect coefficient given by 

(7) 

with N A being the effective substrate doping. In steady state, which is the case 

in our application, the total current l(x) must be the same for all x and equal to 

the drain current ID shown in Fig. 2.2. Therefore, from equations (4) and (5) we 

obtain 

(8) 

Integrating the above equation from the source (x = 0) to the drain, (x = L), 

gives 

L L 

ID J dx - pW J Q z ~: dx (9) 

z=o z=o 

Therefore 

(10) 

Let us define the potential Vz in the channel at point x such that 

Vzl = VSB, 
z=o 

(11) 

Considering the point x in Fig. 2.2, the surface potential, tP at that point will be 

a function of the potential Vz. With Vz = 0, tP has the value 

tPlv. _ = tPB 
.-0 

(12) 

where tP B is the strong inversion surface potential in the channel when the voltages 

Vs and VD are zero. tPB is a slight function of VaB, being large for large values 

of VaB. Often a single value for tPB is chosen. An average value which takes into 
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account a variety of process parameters and voltage values for a uniformly doped 

substrate is [35] 

(13) 

where tP F is the Fenni potential in the substrate and is given by 

(14) 

As V~ changes along the channel, t/J roughly changes by V~ so that 

(15) 

Using equation (15) in equation (6) gives 

Using this equation in the drain current equation (10) and changing the integration 

limits to those given by equation (11) gives 

VDB 

ID = P. '; CO~ J (VG - VB - VFB - tPB - V~ - 'Y-/tPB + V~) dV~ 
VSB 

rearranging 

-------- ----_._-------- ._ .. -
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Integrating 

ID = I' ~ c •• { (Va - VB - VFB - tlB)(VDB - VSB) - ~ (viIB - vlB) 

- i'Y [(.pB + VDB)f - (tlB + VSB)!] }. (17) 

If the terminal voltages of Fig. 2.2 are referred to the source such that (Va - VB) = 
(Vas + VSB) and VnB = (Vns + VSB), equation (17) can be written as 

ID = I' ~ c •• { (Vas - VFB - .pB)VDS - ~VJs 

- i'Y [(";B + Vss + VDs)f - (.ps + Vss)i] }. (18) 

Equations (17) and (18) are derived assuming that the transistor is oper-

ating in strong inversion. A transistor is said to operate in strong inversion if 

the gate voltage is greater than the threshold voltage. Under this condition, elec

tron concentration in the channel is greater than the hole concentration in the 

substrate. The threshold voltage is given by 

(19) 

Operation in strong inversion therefore requires that 

(20) 

The drain current equation (18) is also valid for negative values of Vns as long 

as this voltage is not less than - VSB. For values of Vns below - VSB, the drain

substrate junction becomes forward biased. In the design of MOSFET-C filters, we 

limit the drain current to the linear (nonsaturation) region of the strong inversion 

operation. The nonsaturation region requires that 

--------------------------
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or, since VBS = VB - Vs, VDS = VD - Vs and VaS = Va - Vs, we require that 

(21) 

Equation (18) is plotted in Fig. 2.3 as a function of the drain-source voltage for 

constant VSB and Vas. The nonsaturation region given by condition (21) is also 

shown in the figure, which, together with the saturation region constitute the 

strong inversion operation. In our application, the bias voltage VDS is chosen very 

close to zero to keep distortion low and to ensure a large dynamic range of the 

signal voltage. 

ID 

VDS 
~--------~~-------------------~---------------~--
VBS 

Vas - Vih 

~II------ nonsaturation ---------11 ...... saturation 

Figure 2.3 n - channel MOS transistor drain current as a function of VDS for 
constant VSB and Vas operating in strong inversion. 



36 

2.3 N onidealities Assosiated with MOS Transistors 

In the previous section we considered the operation of the MOSFET with 

only dc voltages. In this section, we consider the operation of the device WIder 

small-signal conditions. In small signal operation, the charges associated with the 

trlUlsistor result in capacitances since C = BQ / BV. These capacitances intro

duce parasitics which degrade the performance of MOSFET-C filters, especially 

at high frequencies. Since the design of high-frequency circuits is usually done 

using y-parameter-" a model for the MOS transistor parasitics is developed using 

y-parameters. 

2.3.1 High Frequency, Small-signal MOSFET Model 

Let us consider an n-channel MOS transistor with bias voltages VG, VB, Vs 

and VD having small-signal voltages VD and Vs as shown in Fig. 2.4. The charges 

associated with the device are also shown in the figure. 

UD 

Vs 

, ... -.,' --
p 

B 

Figure 2.4 A MOS transistor with bias voltages and small-signal voltages. 
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The gate charge Q, results from the capacitance Coz of the insulator. The bulk 

charge Q6 is from, t~e depletion region capacitance. The drain and source charges 

merge to form the channel charge Qc. Because of the conducting nature of the 

channel, a resistance r per unit length of the channel, results. The channel and 

gate charges under small-signal operation give rise to a capacitance c per unit 

length of the channel. The resulting small-signal equivalent circuit is shown in 

Fig. 2.5(a) with C. and Cd being the source-substrate and drain-substrate junction 

capacitances respectively. Rt is the total small-signal drain-to-source resistance of 

the channel. Ct is the total channel capacitance measured between the channel and 

the signal ground. In our application, C. and Cd do not have significant effects on 

the MOSFET resistors since terminals 1 and 2 are either voltage driven, connected 

to one of the op amp inputs (virtual ground) or grounded. These capacitors can 

therefore be removed from the model. The simplified small signal model is shown 

in Fig. 2.5(b). 

is 1 Rt 2 iD 1 is Rt iD 2 - - .. 4-

Ct Ct 

N 'lJS Cs CD - 'lJD "" 'lJS 'lJD "" 

(a) (b) 

Figure 2.5 (a) A distributed RC small-signal, high frequency model for aMOS 
transistor, (b) simplified model with C, and Cd capacitors removed. 

The total capacitance Ct is given by 

(22) 
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where C6 is the total channel-to-substrate depletion capacitance and is given by 

Let 

b- 'Y 
- 2..fiPB - VB 

From equations (22), (23) and (24) 

C, = WLCo~(l + b) 

Usually b « 1 [9], thus the distributed capacitance reduces to 

C, = WLCo~. 

(23) 

(24) 

(25) 

The total resistance R, can be calculated from the drain equation since from 

Fig. (2.5), 

R, = aVi2 
aID 

Va I VB =con,'an' 

Using equation (18) for Vi2 = VDS in strong inversion 

:~:S = p. ~ Co:z: (VGS - VFB - tPB - VDS - 'YVtPB + VSB + VDS) (26) 

For operation around zero drain~to-source bias voltage, equation (26) reduces to 

aID 
aVDS 

VDS~O 

From equations (27) and (19), the total channel resistance is 

R, = aVDS = L . 
aID p.WCo:z:(VGS - V,h) 

(27) 

(28) 

From equation (25), it can be seen that MOSFETS with the same dimen

sions have the same C, values. It can also be observed from equation (28) that 

MOSFETs connected to the same gate voltage and having the same substrate volt

age VB have equal values of R,. From equations (25) and (28), the time-constant 

of the MOSFET, T = R,C, = (y'
L2 

V; ) is not a function of channel width W. 
p. G - 'h 

The channel width therefore does not affect matching and can be used as a scaling 

factor in obtaining equivalent resistors Reg. 



39 

2.3.2 Using y-Parameters to Represent the MOSFET 

The small-signal model of Fig. 2.5 treats the MOSFET as a uniform RC 

transmission line. The y-parameters of the model are given by [36]: 

where T = RcC,. The transmission line nature of the transistor can be used 

in many ways. In one method, each MOSFET in the circuit is replaced by a dis

tributed RC element and simulated using Transmission line simulators. In another 

method the distributed RC elements are represented by lumped RC circuits. An 

example of such use is using an equivalent "T-network" circuit consisting of two 

resistors and a capacitor to represent each transistor [29], [37]. Here we propose 

to work with the general y-parameters of equation (29) directly. The transfer 

function of Fig. 2.5 is obtained and approximated by an equivalent pole and an 

excess phase model [38]. This approach approximates the transfer function very 

closely for frequencies up to two times the -3db frequency of the actual transfer 

function. From equation (29), the transfer function of Fig. (2.5) is 

(30) 

Approximating this equation as 

m 
l'2 1 --s 
-- e Pe 
Vi - (1 + s/Pe) 

(31) 

where Pe is the equivalent pole and is chosen at the -3db frequency of equation 

(30). m is called the excess phase factor and is chosen BUch that the phase cor

rection term ellm
/ Po provides the correct phase at the -3db frequency of equation 



(30). The values of Pe and m are [38]: 

P
e 
= 2.4324 

RcOc 
m = 0.22279. 
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(32) 

In cases where the nonidealities of the MOSFETs are taken into account, equation 

(31) together with Fig. 2.5(b) are used in the analysis to evaluate the operation 

of the filters at high frequencies. 
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CHAPTER 3 

DESIGN OF MOSFET-C FILTERS 

This chapter develops the design procedure for MOSFET-C filters. First 

the MOSFET circuit generating the equivalent resistor, Reg, is analysed to obtain 

the dependence of Reg to the circuit parameters. This circuit is then simulated 

to obtain the I-V characteristics for various parameters of the circuit. Finally, the 

equivalent resistor circuit is used in designing the filters. The approach used here 

is to design the filters in stages. First, second-order building blocks are designed 

by replacing the passive resistors in well established second-order active RC filters 

suitable for high frequency applications. These blocks are then used to design 

high-order filters. In this chapter, op amps with large gain-bandwidth products 

(GB) are used. 

3.1 Analysis of the Equivalent Resistor Circuit 

The MOSFET circuit ( Reg circuit) used to generate the voltage-controlled 

equivalent resistor Reg is shown in Fig. 3.1(a). This circuit was proposed by 

Czarnul [32] and meets the features required for Reg circuits as described in 

section 1.4.1. The circuit symbol we choose to use to represent the circuit is 

shown in Fig. 3.1(b). All the transistors in the circuit are matched and operate in 

the nonsaturation region. The circuit further requires that the output nodes 4 and 

5 have the same potential Vz • This requirement is met when the nodes are inputs 

to an op amp, for example. Since the MOSFETs are operated in the nonsaturation 

region, their drain currents 1m, ID2, IDa and ID4 are given by equation (18) of 

chapter 2. 
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Figure 3.1 (a) An n-channel MOSFET circuit (Reg circuit) used as a voltage
controlled resistor, (b) circuit symbol. 
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The drain currents, using the terminal voltages of MOSFETs M1, M2, M3 and 

M4 in Fig. 3.1(a), are 

lv; =I'~ Coz{ (Vas;- VFB- .PB) Vvs;- ~Vbs; 

- ~"Y [<.PB + VsB; + Vvs;)i- (.PB + VsB;)i] }· i = 1,2,3,4 (1) 

where from Fig. 3.1(a) 

Vvs1 = Vvs2 = V1 - Vx, Vvs3 = Vvs4 = V2 - Vx, 

VsBl = VsB2 = VsB3 = VsB4 = Vx - VB, 

(2) 

(3) 

Also from Fig. 3.1(a), IA = lv1 + lv3 and IB = lv2 + lv4. Therefore, using 

equation ( 1 ): 

IA =I'~ Coz{ (Vast- VFB- .PB) Vvst +(Vasa- VFB- .PB) Vvsa 

1 ( 2 2 ) 2 [ .l - 2 Vvs1 + Vvs3 - 3-r (¢>B + VsBl + Vvsi) 2 

+ (.PB + VsB3 + Vvsa)i- (.PB + Vsm)i- (.PB + VsBa)~] }· (5) 

and 

IB = I'~ Coz { Was2 - VFB - .PB) Vvs2 + (Vas4 - VFB - .PB) Vvs4 

1 ( 2 2 ) 2 [ .l - 2 Vvs2 + Vvs4 - 3-r (¢>B + VsB2 + Vvs2) 2 

+ (.PB + VsB4 + Vvs4)~- (.PB + VsB2)~- (.PB + VsB4)~] }· (6) 
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Let the current difference (IA -IB) = [(VIO). Therefore, from equations (5) and 

(6) and relations (2) and (3), this current difference is 

I(VIO) = p. ~ Co%{ (VGSl - VGS2) VDSl + (VGS3 - VGS4) VDS3} 

= p. ~ Co%{ (VGSl - VGs2)(Vi - Va:) + (VGS3 - VGS4)(V:z - V%)}. (7) 

Using relation (4) in equation (7) we obtain 

I(VIO) = (W/L)p.CO%(VGl-VG2)(Vi-V:z). (8) 

The current difference I(V 10) contains only linear terms, assuming constant mo

bility. Let us define the equivalent resistor Reg as 

1 - ~~~--~------~ 
(W/L)/-lCo% (VOl - VG2) VOl - VG2 

(9) 

where 

(10) 

and ~ VG = VOl - VG2 is the resistor control voltage. Using equation (9) in 

equation (8) then gives 

or 

Vi - V2 
Reg = I(V 10) . 

(11) 

(12) 

Equation (12) shows that the MOSFET circuit of Fig. 3.1 simulates an equivalent 

resistance Reg defined by the circuit's input voltages and the output currents 

difference. FUrthermore, from equations (9) and (10), Reg is a constant for fixed 

gate voltages VOl and VG2 and for a constant (W /L) ratio. It is important to note 

that equation (9) was derived assuming that the MOSFETs are operated in strong 
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inversion, nonsaturation region. As explained in section 2.2, these conditions 

require that 

VB ~ Vi, ~ ~ min[(VGl - V,h), (VG2 - Vth)] (13) 

since the threshold voltages V,h are the same for all transistors. 

The Reg circuit of Fig. 3.1 has many advantages compared to other circuits 

used to generate equivalent resistances. From equation (9), it can be seen that 

Reg is a function of only the control voltage ~ VG. It is therefore not a function 

of the threshold voltage which, in turn, is a function of the input and output 

voltages. Also since the control voltage ~ VG is a difference, the voltages VGl and 

l'G2 need not be well filtered since any minor fluctuations in these voltages cancel 

out. Since the output nodes 4 and 5 can be connected to the inputs of an op 

amp, filters can easily be built using building blocks made up of summers and 

integrators. Again, considering equation (9), the aspect ratio (W/L) can also be 

used to vary Reg • This can be accomplished in one of two ways. The first method 

is to fabricate the transistors with different aspect ratios. The other method is 

to fabricate identical transistors and use parallel combinations of the transistors 

to obtain the required aspect ratios. Also from equation (9), Reg can be made 

negative by making VG2 > VGl. Negative resistance values are therefore possible 

using this circuit. 

3.2 Simulation of the Reg Circuit 

The circuit of Fig. 3.1 is computer-simulated using the circuit simulator 

SPICE2 [39]. In the simulation, the gate voltage VGl is fixed at 5 volts, a typical 

bias voltage for MOS transistors. Also the substrate voltage is fixed at -5 volts. 

The gate voltage VG2 is chosen to be 4.0 volts and the input voltage ~ is chosen 
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to be zero. The input voltage VI is varied from -5 volts to 5 volts. The MOSFET 

parameters required by SPICE are carefully chosen to reflect realistic MOSFETs. 

The SPICE program used in this simulation is listed in Appendix A.t. The current 

difference-input voltage characteristic curve obtained from the simulation is shown 

in Fig. 3.2. 
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Figure 3.2 The current difference l(V 10) obtained from the simulation of 
Fig. 3.1 by varying the input voltage \'I. 

A resistance value of 32.3Kn is calculated from the figure in the linear range 

of the input voltage VI using equation (12). Therefore using equation (9) for 

~VG = lvolt 

Kc = 32.3 Kn.volt (14) 
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Figure 3.3 Relationship between Reg o.nd the control voltage ~ VG obtained 
from the simulation of Fig. 3.1 for an aspect ratio WI L = 1.0. (a) 
Linear relationship, (b) Logarithmic relationship. 
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The theoretical value of Kc can be calculated using equation (10). The parameters 

used in the simulation are 

em2 

p.=600-v: ' .sec 
(W/L) = 1.0, 

rYo_ = Eo:!: = 3.45 X 10-7 ..!: 4 928 10-8 F 
\.I, ~ 2 =. X -2 • 

To:!: 7.0 em em 

Therefore using equation (10) 

1 
Kc = 1.0 X 600 x 4.928 X 1O-s = 33.82 Kn.volt (15) 

The above simulation and calculation of Reg is repeated for a range of the gate 

voltage Va2 to obtain a relationship between Reg and the control voltage ~ Va. 

The results are shown in Fig. 3.3(a). From equation (9) 

log(Reg) = log(Kc) -log(~ Va) (16) 

A plot of equation (16) from the simulation results is shown in Fig. 3.3(b), from 

which log(Kc) = 1.51 Kn. Therefore 

Kc = 32.36 Kn.volt (17) 

The Kc value of equation (17) should be more accurate than that of equation (14) 

for the aspect ratio of 1 since it represents an average of a range of control voltages. 

The above simulations and calculations generating Fig. 3.3(b) are repeated for 

various aspect ratios. The results of these simulations and calculations are given 

in Appendix B. From these results, plots similar to Fig. 3.3(b) are used to calculate 

the Kc value for that aspect ratio. These Kc values are shown in Table 3.1 and 

are used with equation (9) to calculate the Reg value for that aspect ratio. The 

aspect ratio is another parameter which can be used to vary Reg, especially in 

circuits where the resistance values vary by many orders of magnitude. 



Table 3.1 

Kc values obtained from the simlualtion of Fig. 3.1 at 
various aspect ratios (W /L). 

W/L log(Kc} Kc in KG.Volt 
1/9 2.48 302.46 
1/6 2.30 201.0 
1/3 2.0 99.8 
1/2 1.82 66.02 

1 1.51 32.28 
2 1.21 16.13 
3 1.03 10.75 
6 0.73 5.38 
9 0.55 3.588 

3.3 Analysis of a Lossy Integrator Using MOSFET Resistors 
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The summer, lossless and lossy integrators are the major building blocks 

used in the design of filters. In the design of MOSFET-C filters, the passive 

resistors in these blocks are replaced by MOSFET resistor circuits such as the 

Reg circuit of Fig. 3.1. To illustrate the analysis of these building blocks, the RC 

lossy integrator with a summing input shown in Fig. 3.4(a) will be analysed, since 

it is a combination of both the summer and the integrator. The structure of a 

lossy integrator using the Reg circuit is shown in Fig. 3.4(b). An ideal op amp is 

assumed in this analysis. Considering node Vza in Fig. 3.4(b) 

(18) 

Also for node Vd 

IBI + IB2 + IB3 + IB4 = O. (19) 
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(a) 

VOl. V02a VOle V02e 

IAI lAS 

"i.---I Reg1 IBI IBS Reg3 

V026 IA4 C 

IA2 Vea 

R eg2 IB2 Ve6 Vo 

IB4 

E 
(b) 

Figure 3.4 (a) Circuit diagram of an ItC lossy integrator with a summing 
input. (b) Equivalent diagram using the Reg circuit. 

Subtracting equation (18) from equation (19) 

But from Fig. 3.4(b) 

(21) 

and 

(22) 
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Hence from equations (21) and (22) for VZCI = Vd 

(23) 

From equation (11), for V2 = 0, and Fig. 3.4(b) 

l'I6 Va 
lA2 - 182 = -- and lA3 - 183 = --. 

lleg2 lleg3 
(24) 

Using equations (23) and (24) in equation (20) gives 

l'ICI + l'I6 + Vo + sOVo = 0 
llegl lleg2 lleg3 

or 

v; - -1 (lleq3 V, + lleq3 V, ) 
o - lCl 16 • 

lleq3 Os + 1 lleql lleg2 
(25) 

Equation (25) is the output voltage of a lossy integrator with a summing 

input and having a time constant, T, of lleq3 0. The resistances lleqb Req2 and 

lleq3 are determined by the control voltages VGla, VG2a for lleqli VG16, VG2b for 

lleq2 and VGlc, VG2c for lleq3. It should be noted that, for identical MOSFETs in 

lleql, lleq2 and lleq3 circuits, the resistances become voltage ratios. 

The analysis in this section shows how MOSFET circuits can replace the 

passive resistors in active RC filter building blocks. Accordingly, high order filters 

can be built in this way by using MOSFET circuits which meet the necessary 

topological requirements of the filter. 

Together with the other advantages of the lleq circuit discussed in section 

3.1, the circuit has another advantage of simulating better inverters and lossy 

integrators. This can be seen by considering the equivalent inverter shown in 

Fig. 3.5(a) which represents the MOSFET inverter shown in Fig. 3.5(b). The 

equivalent resistor lleql IIlleq2 connected to the noninverting terminal of the op 

amp minimizes the dc current offsets in the op amp [40]. 

-------_ ... - . __ ._-_ .. _._-- --_ .. _ .. _--
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Figure 3.5 (a) The equivalent resistive inverter with a dc offset compensation 
resistor in the noninverting terminal simulated by (b). 

3.4 Simulation of a MOSFET-C Resonator Filter 
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Using the building blocks described in the last section, a bandpass 

MOSFET-C resonator filter using the Reg circuit is developed from its RC version. 

The RC circuit of this filter is shown in Fig. 3.6(a). The equivalent MOSFET-C 

circuit is shown in Fig. 3.6(b). 

----------._-----------.. ---
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Figure 3.6 (a) RC resonator filter. (b) Equivalent MOSFET-C resonator filter. 
01 
~ 



Asswning ideal op amps, the resonator filter has a transfer function 

From which 

In this design, let 

R2 = Ra = Rs = Ra = R. 

Equation (26) then gives 

Equations (27) to (30) also give 
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(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 
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3.4.1 AC Small Signal Analysis 

The MOSFET-C resonator filter is computer simulated using SPICE2 to 

determine the AC voltage output 88 a function of frequency. The input voltage 

Vin is set to unity magnitude and zero phase so that the output voltage Vo has 

the same value as the transfer function Vo/Vin. Let the design specifications be 

fo = 100 KHz and Q = 50. Further, let us choose C = 10-9 F. Therefore, using 

equations (32) to (34), 

1 109 
R= - = -,-- = 1.592Kn 

wnC 27r X 105 
(35) 

and for Q = 50 and Ho = 1, 

R4 = R! = QR = 79.544 Kn (36) 

Equation (9) is used to determine the control voltages which determine the re

sistance values (Regi, i = 1,2,3,4,5,6). Because of the big difference between 

resistors R! = R4 and R, we choose to use different aspect ratios for the corre

sponding resistors Reg! = R eg4. and Reg. The gate voltages VOl for the MOS

FET resistors are chosen to be the same and equal to 5 volts. Let W / L = 9 

for R eg2 = R eg3 = RegS = R eg6 = Reg and let W/L be (1/3) for Reg! = R eg4 • 

Therefore, using equation (9) and the Kc values from Table 3.1, 

3.588 
Reg = 5.0 _ VG2 = 1.592 Kn. 

Therefore V G2 = 2.763 volts for Reg. Similarly, VG2 = 3.746 volts for Regl and 

Reg4 • The SPICE program used to simulate Fig 3.6(b) for the above circuit values 

is listed in Appendix A.2. The results from this simulation are shown in Fig. 3.7, 

from which, fo, Q, and Ho values are 99.99 KHz, 50 and 1 respectivelly. 
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3.4.2 Transient Analysis 

In order to accurately determine the damping factor e and the actual center 

frequency Wn , a transient analysis using a step input is performed for the resonator 

filter. SPICE2 is then used to simulate the MOSFET-C filter. Considering equa

tion (26) for a step input 

(37) 

Therefore 

v; ( ) 2ewnHo 
o 8 = - 82 + 2eWn 8 + w~ . (38) 

Taking the inverse transform of equation (38) 

(39) 

As in section 3.4.1, let R2 = R3 = Rs = Rt; = R and 0 1 = O2 = O. Also let 

Q = 50, R = 1.592 Kn and R1 = R4 = 79.544 Kn. Therefore, for Wn = 1, using 

equation (32) 

o = 1.:92 X 10-3 = 6.281 X 10-4 F. 

The SPICE program used in this simulation is listed in appendix A.3. The gate 

voltages and aspect ratios used here to determine the MOSFET resistors are the 

same as those in section 3.4.1 since the resistor values are the same. The results 

are shown in Fig. 3.8. The actual e and Wn values obtained by the simulation can 

now be determined from Fig. 3.8. From equation (39), the peak output voltages 

can be found to occur at times, tpn , given by 

n = 0,1,2,3, ... (40) 
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where 

(41) 

is the period of the decaying sinusoid. Also by considering the magnitudes Va, Vb 

and their corresponding times ta and tb shown in Fig. 3.8, equation (39) gives 

(42) 

Equations (41) and (42) determine the actual values of e and Wn of the circuit. 

From Fig. 3.8 Td = 6.3sec, Va = 19.44mV, Vb = 17.17mV, ta = 1.8sec and 

tb = 14.4sec. Therefore, using equation (42), 

(43) 

From which eWn = 0.00985 rad/ sec. The theoretical values of Td and eWn are 

6.283 sec and 0.01 rad/ sec respectivelly. 

3.5 Simulation of a MOSFET-C Leapfrog Filter 

The MOSFET-C resonator building blocks of section 3.4 are now used to 

design higher-order filters. A sixth-order bandpass, Butterworth filter is designed 

using the leapfrog realization as, a design example. In this design, we choose a Q 

value of 50 and a center frequency, /0' of 100 KHz. Consider the lowpass third

order RLC Butterworth circuit shown in Fig. 3.9 [16]. This double-resistance

terminated loss less-ladder realization is used to give a stable first stage. 
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1 1 1 
'Vin--" "'--.... --Vo 

2 1 

Figure 3.9 Third-order Butterworth lowpass ladder network with BW = 1. 

For a Q value of 50, Fig. 3.9 is frequency denomalized by a factor of 50. The 

resulting low pass circuit is shown in Fig. 3.10. 

1 50 50 

100 1 

Figure 3.10 Third-order Butterworth lowpass ladder network with BW = 1/50. 

--------_. __ .,.- -
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Converting to a bandpass with Q = 50 and Wn = 1 rad/ sec, the circuit shown in 

Fig. 3.11 results. 

Y1 1'3 -.., r -
0.02 0.02 

Ll Cl L Cs_ Ls 
_ ..J -~ 

I 1 

om 
100 

__ J 

Figure 3.11 Sixth-order bandpass Butterworth filter with Q = 50 and Wn = 1 

From the figure, the admittances Yi and l'3 are 

(44) 

and the impedance Z2 is found as 

(45) 

The resonator circuits will be used to realize the sections Yi, Z2, and l'3. As 

in section 3.4, the resonators are chosen to have R2 = R3 = Rr, = ~ = R 

and Cl = C2 = C. For sections Yi and Y3, comparing equations (31) and (44) 
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RO = ~ = 1.0 and RIO = 50. Let R be chosen to be 1.592 Kn. The 

resonator filter values then become 

R2 = R3 = R5 = ~ = R = 1.592 Kn 
rr: 

Rl = R. = RV c; = 1.592 X 50 = 79.544 Kn 

o = VLiCi = 6.281 X 10-4 F. 
R 

Similary for section Z2, comparing equations (31) and (45), RO = ";L202 = 1 

and RIO = 00. Also for R = 1.592 Kn, the resonator filter values for this section 

are 
R2 = R3 = R5 = Ra = R = 1.592 Kn 

Rl = 00 

R..t = R/f; = 1.592 x 100 = 159.2 Kn 

o = ~ = 6.281 X 10-4 F. 
R 

The resonator circuits are then frequency scaled to fo = 100KHz. This results 

in capacitor values of 0 = 10-9 F for all sections Yi, Z2 and Y3. The leapfrog 

realization is shown in Fig 3.12. Fig. 3.12(a) is the block diagram of a simulation 

. of Fig. 3.11 using the leapfrog technique [16]. The realization using the resonator 

circuits is shown in Fig. 3.12(b) where section 1'3 represents a resonator filter as 

that shown in Fig 3.6. The sections Yi and Z2 use resonator circuits similar to 

that of Fig. 3.6 but with lossy integrators having summing inputs as shown in 

Fig. 3.4. 

The leapfrog filter shown in Fig. 3.12(b) is computer simulated using 

SPICE2 for AC small signal analysis. Since the resistance values in these filters 

are the same as those used in section 3.4.1 except Req4 for RESONT2, the same 

gate voltages and aspect ratios used in that section are used here. For resistor 

Reg4 in RESONT2, let the aspect ratio be W/L = 1/6. Therefore from Table 3.1 

and equation (9), VG2 = 3.737 volts for this resistor. 
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(a) 
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1 3 4 1 7 
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Q=oo 
6 

Q=50 5 L-
+ 

,L 
~ + Vin 

Yi -Z2 1'3 

(b) 

Figure 3.12 Sixth-order Butterworth bandpass leapfrog filter. (a) Block dia
gram of a simulation of Fig. 3.11. (b) Realization using MOSFET
C resonator building blocks. 

The SPICE2 program used to simulate this filter is listed in Appendix A.4 and 

the output is shown in Fig. 3.13. From the results Q = 50, 10 = 100 KHz and 

Ho = -6.11 db. 
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Figure 3.13 SPICE2 simulation results for the sixth-order, Butterworth band
pass leapfrog filter shown in Fig. 3.12 

--------------------------------
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3.6 Discussion 

The analysis and simulation of the MOSFET-C filters presented in this 

chapter shows the design method for these filters. The structures of these filters 

are simple and do not require specialized design techniques. The Reg circuit 

directly replaces the passive resistors in the filters without changing their transfer 

functions. The results obtained are in agreement with the theoretical values. The 

MOSFET resistor values used in the designs are easily determined and the results 

show that they are very accurate over the range of frequency used here. 

The slight difference between the calculated results from the simulations 

and the theoretical values is mainly due to the difficulty of accurately determin

ing the parameters from the results. In determining Kc from equation (16) and 

Fig. 3.3, for example, a slight error in reading log(Kc) results in a large error in 

Kc. In the transient analysis of section 3.4.2, more accurate values of eWn and Tp 

can be obtained by using smaller steps than the 0.3 sec value used. 

It is worthwhile mentioning that the sixth-order leapfrog filter simulated 

in the last section uses seventy six MOSFETs. The SPICE2 model for these 

MOSFETs uses realistic parameters. Simulating the MOSFET-C leapfrog filter 

therefore involved a fairly complex circuit . 

. - ._----.-_.----------_._-_ ... _ ... _--------_.- .----



CHAPTER 4 

ANALYSIS OF THE 

NONIDEALITIES IN MOSFET-C FILTERS 
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In this chapter we discuss the nonidealities associated with MOSFET-C 

filters. These nonidealities greatly degrade the performance of the filters, especially 

at high frequencies. Their effects on the filters are presented and ways of reducing 

these effects are proposed. 

4.1 High Frequency Effects in MOSFET-C Filters 

The major degrading factor in MOSFET-C filters, like active RC filters, is 

the performance limitation of the op amps. This is caused by the finite GB of the 

op amps. This causes phase shifts in the filter poles. This effect is very significant 

for high-frequency, high-Q filters and may lead to instability. 

Another performance degradation factor, unique to MOSFET-C filters, is 

the nonidealities associated with the MOSFETs replacing the resistors. This is 

caused by the capacitances of the transistor, especially the channel capacitance. 

The effect of the MOSFET capacitances is to cause a phase shift in the filter, in 

a similar way as the op amps do. These two effects mostly affect the integrators 

used in the filters since the extra ph&8e lag causes them to deviate from the ideal 

90° phase shift, especially for high Q filters. 

Other performance degrading effects include the noise associated with the 

filters. The noise level in MOSFET-C filters is the same as that in active RC 

filters since the noise associated with a MOSFET resistor is the same as that of 

the corresponding resistor in the RC filters [41]. The dc offsets in the op amps for 

the MOSFET-C filters using the proposed Reg circuit is reduced compared to 
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that in RC filter op amps because of the circuit's dc offset compensation nature 

as explained in section 3.3. 

Except for the nonidealities caused by the MOSFETs, solutions to minimize 

the above effects have been suggested for active RC filters. Compensation meth

ods, both passive and active, have been proposed to reduce the nonideal effects of 

the op amps. 

The nonideal effects associated with the MOSFETs greatly depend on the 

type of circuit used to represent the resistors. The MOSFET circuit used in this 

research has the advantage of cancelling the phase errors caused by the MOSFETs. 

The analysis of the MOSFET integrator's quality factor, QI(W) = (GB/w) shows 

that it is identical to that of an RC integrator [2], [31]. This nonideal-efFects can

cellation using the Reg circuit is, however, valid only for frequencies w ~ O.2/Rt Ot 

where Rt is the total small-signal drain-to-source resistance of the channel and Ot 

is the total channel capacitance. The MOSFET effects will, therefore, not be 

analysed further in this research. The MOSFET nonidealities can, however, be 

reduced further by using short-channel-length MOSFETs since the RtOt time con

stant of the MOSFET is proportional to the square of the channel length (section 

2.3.1). Caution must be taken, however, to ensure that short-channel effects of the 

MOSFETs [35] do not affect the operation of the filter. Another possible reduction 

in the MOSFET nonidealities is to use as large integrator capacitors in the filters 

as possible so that the capacitances Ot are negligible compared to the integrator 

capacitors. This also must be balanced with the need for increased capacitor areas 

in integrated filters. 

------------._-_ ... _. 
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4.2 Transfer Function of the 
Resonator Filter with Nonideal Op Amps 

The discussion in the last section indicates that the performance of high

frequency high-Q filters is greatly limited by the GB of the op amps unless com

pensation means are applied to the filters. In this section we analytically study 

the effects of the GB of the op amps on the resonator filter. We then investigate 

means of improving the filter performance at high frequencies. In doing this we 

anticipate that a well designed building block used in higher-order filter design, 

such as the leapfrog technique, produces a superior overall filter. In this analysis 

Re filters will be used. The results obtained also hold for MOSFET-C filters. 

Before derh'ing the transfer function of the resonator filter which uses non

ideal op amps, first consider the inverting amplifier with a summing input shown 

in Fig. 4.1. Let the amplifier use a nonindeal op amp with an open-loop transfer 

function A( s). 

l'inl 

>--...... - ... Vo 

Figure 4.1 Inverting amplifier circuit with a swnming input 

The output voltage, Vo, of the amplifier can be shown to be [40] 

( 
A(s),8(s) ) 

Vo(s) = Voi 1 + ,8(s)A(s) (1) 
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where Voi is the output voltage for an ideal op amp and f3( s) = Vz /Vo with all 

input voltages equal to zero. Hence for the circuit of Fig. 4.1 

( 1 1) ( A(s)f3(s) ) 
Vo(s) = -Z, ZI Yinl + Z2 Yin2 1 + f3(s)A(s) (2) 

Using the output voltage of the inverter given by equation (2), we now 

derive the transfer function of the resonator filter shown in Fig. 4.2. This is done 

by considering the individual building-block sections of the resonator and using 

equation (2) to derive their outputs. 

R3 
r---------------------------~ 

3 v. 
5 

Figure 4.2 RC resonator filter using nonideal op amps 

The lossy integrator section of the resonator filter is shown in Fig. 4.3. 

R3 0 1 
Va 

R& 
'Yin 

Vo 

Figure 4.3 Lossy integrator section using a nonideal op amp 



Comparing this figure to Fig. 4.1, 

Let 

R311~ 
PI = R311~ + Z, 

(S+n) _ 1 1 

- (S+--L+~+-L) 1l1li1 st3~1114(jl 

111 
WI = RICl ' W3 = R

3
C

l
' W4 = ~Cl' Ws =Wl +W3 +W4 

Therefore using equation (4), equation (3) becomes 

f.l _ S +Wl 
fJI - • 

S+W5 

Using equation (2), the output voltage, Vo , is 
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(3) 

(4) 

(5) 

(6) 

Next consider the lossless integrator section of the resonator filter shown in Fig. 4.4. 

V,--" 

Figure 4.4 Lossless integrator section using a nonideal op amp 



For this section 

Let 
1 

W2 = R
2
C

2
' 

Using equation (8) in equation (7) gives 

Also using equation (2) for Fig. 4.4 

Finally, the inverter section of the resonator filter is shown in Fig. 4.5. 

Here 

For Rs = R6 , 

Rs 
Vo--" 

~-""-.. V, 

Figure 4.5 Inverter section using a nonideal op amp 

1 
{32 =-

2 
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(7) 

(8) 

(9) 

(10) 

(11) 

The output voltage V, is therefore obtained using equation (2) for Fig. 4.5 as 

(12) 
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Substituting equation (12) into (10) 

(13) 

Using equation (13) into (6), the output voltage is 

The voltage transfer function is therefore 

-1 ( ,8IAL) 8 
Vo 1fiVi 1 + /31 Al 
Vin = s2 + _l_s + 1 ,81,82,8aAI A2Aa . 

RICI R2RaCIC2 (1 + ,8IAI)(l + ,82A2)(1 + ,8aAa) 

Using equations (4) and (8) 

(14) 

Equation (14) is the transfer function of the resonator filter at the bandpass 

output tenninal. Let the filter op amps have a one-pole open-loop transfer function 

given by 

Alo(s) = AOiWli = GBi . , = 1,2,3 
s +Wli S +Wli 

(15) 

where AOi is the dc gain, Wli is the bandwidth and s = jw. This model assumes 

that the second poles of the op amps are large compared to the frequency range 
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of the filters. Also for high frequency applications, Wli «W. Equation (15) then 

approximates to 

Ai(S) = GBi i = 1,2,3. 
S 

(16) 

From the op amp model given by equation (16) and equation (5) we get 

From which 

f3IAI _ (s +wI)GBI _ (s +wI)GBI 
1+f3IAI - s(s+wli)+(s+wdGBI - s2+(WIi+GBI)s+wIGBI . 

(17) 

Also from equations (11) and (16) 

Therefore 
f32A2 _ GB2 

1 + f32A2 - 2s + GB2' 
(18) 

Similary from equations (9) and (16) 

from which 
f3aAa _ GBa 

1 + f3aAa - S + W2 + GBa . 
(19) 

Equations (17), (18), and (19) finally give 

(1 + f3IAI)(1 + f32A2)(1 + f3aAa) 

(s + wI)GBIGB2GBa 

Substituting equations (17) and (20) into equation (14) gives the transfer function 

-------------------------
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Simplifying 

Vo -(2_+GB2)(_+W2+GBa)W4 GB1_ 

Vin = (_2+(WII+GBd_+GB1Wl)(2_+GB2)(_+W2+GBa)_ +W2waGB 1GB 2GBa • 
(21) 

Let 

(22) 

where from equation (21) 

Na(s) = -(2s + GB2)(s + W2 + GB3)W4GBIS 

= - (2s2 + (GB2 + 2w2 + 2GB3)S + GB2(W2 + GB3)) w"GB1s, (23) 

and 

Da(s) = 2s5 + (2w2 + 2W5 + 2GB1 + GB2 + 2GB3)s4 

+ (2w2W5 + W2GB2 + 2w2GB1 + 2w1 GBI 

+ 2w5GB3 + W5GB2 + GB1GB2 + 2GB1GB3 + GB2GB3)S3 

+ (W2w5GB2 + W5GB2GB3 + W2GBI GB2 

+ WI GB1 GB2 + 2wIW2GBI + 2w1 GB1 GB3 + GB1 GB2GB3)S2 

+ (WIW2GBIGB2 + wIGB1GB2GB3)s 

(24) 

In this analysis, let the op amps be identical so that GB1 = GB2 = GB3 = GB. 

Therefore from equation (23) 

Na(s) = -W4GB (2s2 + (2w2 + 3GB)s + GB(W2 + GB)) 8 

3 ( W2) (3 2w2 2 2) = -w"GB 1 + GB + GB + GB2)S + GB2 s s 



From which 

where 

Similarly from equation (24) 

Therefore 

where 

Do(s) WIW2) 
GB3 = W2W3 + (WI + GB S 

+ (1 + awl +W2 +W5 + 2wIW2 +W2W5) 2 
GB GB2 S 

( 4 2w1 + aw2 + aw5 2w2W5) 3 
+ GB + GB2 + GB3 S 

5 2w2 + 2w5 4 2 5 
+ (GB2 + GB3 )S + GB3 S , 

Do(s) b b b 2 b 3 b 4 b 5 GB3 = 0 + IS + 28 + 3S + 4 S + 58 

W1W2 
b1 =W1 + GB 

b - 1 awl +W2 +W5 2w1W2 +W2W5 
2 - + GB + GB2 

b _ ~ + 2w1 + aw2 + aw5 2w2W5 
3 - GB GB2 + GB3 

5 2w2 + 2w5 
b4 = GB2 + GB3 

2 
bs = GB3' 
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(25) 

(26) 

(27) 

(28) 

Using equations (25) and (27) in equation (22), the transfer function is written as 

(29) 

---------_._--- .. -. - ---- .. _ ...... . 
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It is important to note at this point that the transfer function of the res

onator filter with nonideal op amps has a very different form from the expected 

second-order bandpass one. The extra terms, both in the numerator and denomi

nator, greatly affect the performance of the filter at high frequencies. 

We now make some simplifying approximations to equation (29). These 

approximations assume that the terms divided by GB2 and GBa in equations 

(26) and (28) can be neglected. Applying these approximations results in 

and 

ao = 1 + W2 
GB 

3 
al=-

GB 

a2 = O. 

ho = W2Wa 

hI = WI (1 + ~~) 
h = 1 + awl + W2 + Wt; 

2 GB 
4 

ha = GB 

h4 = ht; = 0 

(30) 

(31) 

Using these approximations in equation (29), the transfer function simplifies to 

from which 

(32) 

Observations of equation (32) shows that the transfer function is still not 

that of a perfect bandpass. In fact, it has been shown that the poles of equation 

(32) can cross the jw axis for large values of Q or center frequency [16]. This 
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makes the resonator filter unstable at high-frequency high-Q operations. In the 

next section we suggest a method of improving the performance of the filter in 

order to achieve better performance. 

4.3 Cancellation of the Op Amp Effects in the Resonator Filter 

The analysis of the resonator filter done in the last section reveals that the 

filter has undesirable zeros and poles at its bandpass output terminal. These op 

amp degrading factors limit the performance of the filter. We now show a design 

approach that minimizes these effects that can be applied to the filter. We desire 

to obtain a transfer function of the form 

(33) 

where He, We, and Q are the desired center gain, center frequency and Q value 

respectively. Dividing the numerator and denominator terms of equation (32) by 

(GB +W2 + 3s) we obtain 

Vo w4(GB+W2)" 

Vin = W2W8GB+(Wl(GB+W2)_3Gi:f!~~)"+( GB+W2+WII+ (~A",+3~r ) ,,2+E(,,) 
(34) 

where E( s) is an error term resulting from the division and is given by 

E(s) = S3 (1 _ 3ws _ 27w2W3 ) 
GB +W2 + 3s GB +W2 (GB +W2)3 • 

(35) 

Comparing equations (33) and (34), the following relations hold 

w2 = ____ W..;;;2_W..;..3_G_B-::--_-==_ 

e 9w2W3GB 
GB+W2 +ws + (GB+W2)2 

3w2w3GB 
Wl-

We (GB+W2)2 
Q = 1 + Ws + 9W2W3GB 

GB + W2 (GB + W2)3 

(36) 

H (we) _ W4 
e Q - 1 + Ws + 9w2W3GB . 

GB + W2 (GB + W2)3 
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Equations (36) are the new design requirements of the filter instead of 

equations (27) to (29) of Chapter 3. The frequencies WI, W2, W3, W4 and Ws are 

given by equations (4) and (8) as 

1 
WI = RICI ' 

1 
W3 = RaC1 ' 

(37) 

Normalizing equations (36) with respect to a normalizing frequency W n , and let 

We = W2 = Wn, equations (36) then give 

1- W3n GBn 
- G 9wanGBn 

Bn + 1 +Wl n + Wan +W4n + (GBn + 1)2 

3w3nGBn 
1 WIn - (GBn + 1)2 

Q = 1 WIn +W3n +W4n 9W3nGBn 
+ GBn + 1 + (GBn + 1)3 

(38) 

H, (~) = 1 w,. +w,. +w;;. 9w,.GB. 
+ GBn + 1 + (GBn + 1)3 

Given the GB of the op amps used, the design center frequency and gain, and 

the design Q, equations (38) can then be solved simultaneously for Wln,W3n and 

W4n' The resonator resistor and capacitor values can then be determined using 

equations (37). 

4.4 Design example 

As an example of the design technique proposed in section 4.3, consider the 

RC resonator filter designed in section 3.4.1. The filter design specifications are 

fe = 100 KHz, Q = 50, and He = 1. Let us use the LF357 op amps which have a 

GB of 20 MHz. Since equations (38) are linear, they can be solved simultaneously 
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to give the normalized frequencies WIn, Wan and W4n for chosen values of GBn and 

W2n' Let the normalizing frequency Wn = We = W2. Equations (38) are then solved 

simultaneously for GBn = 200 and W2n = 1 to give 

WIn = 0.0351, 

Wan = 1.0106, 

W2n = 1.0, 

W4n = 0.0201. 
(39) 

As in section 3.4.1, for the circuit of Fig. 4.2, let 0 1 = O2 = 0 = 10-9 F and 

R2 = Rs = ~ = R = 1.592 KO. Using equations (39) and (37), the resonator 

element values are 

0 1 = O2 = 10-9 F, 

R2 = Rs = Ra = 1.592 KO, 

~ = 79.138 KO. 

Rl = 45.318 KO, 

R3 = 1.575 KO, 

This filter is simulated using SPICE2. The SPICE2 program used is listed in 

Appendix A.5 and the results are shown in Fig. 4.6. The results show that the 

filter is stable and the actual fo, Q and Ho values obtained are 100 KHz, 63.3 and 

2.495 db respectively. The filter is next simulated using the LF357 op amp model 

but using the filter resistor and capacitor values of section 3.4.1. The SPICE2 

results show that although the filter is stable, it has an fo of 99.48 KHz, a Ho 

value of 40.69 db and a bandwidth of about 0.02 KHz showing that it is almost 

unstable without the suggested design improvements. 

The proposed design technique clearly improved the performance of the 

filter and the obtained center frequency and Q values are closer to the design val

ues. The filter, however, shows characteristics of instability. By considering the 

(wc/Q) term in equations (36), it is clear that the filter will become unstable at 

high frequencies or high Q values since this term can be less than zero. Further 

improvements are therefore required. In the next chapter we consider compensa

tion methods to further improve the performance of high-frequency high-Q filters, 

in particular the resonator filter. 
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Figure 4.6 Magnitude and phase plots obtained from SPICE2 for the RC res
onator filter using the improved design procedure 
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CHAPTER 5 

COMPENSATION OF MOSFET-C FILTERS 

The perfonnance limitations of op amps caused by their finite GBs greatly 

limit the performance of filters to low frequencies unless compensation schemes are 

applied. Compensation schemes, both passive [40] and active [42]-[45], have been 

developed and have greatly improved the performance of high-frequency, high-Q 

filters. 

In passive compensation, resistor and capacitor networks are used. These 

produce an amount of phase lead that compensates for the phase lag produced 

by the op amps. These schemes however require a precise knowledge of the op 

amp GBs and are usually optimized for a fixed frequency. Slight circuit parameter 

and environmental changes such as component mismatch, temperature and power 

supply variations often lead to unsatisfactory compensation. Passive compensation 

is therefore of limited use in integrated filters. 

Active compensation uses one or more op amp networks to provide the 

phase lead in the filter or improve the performance of the individual op amps 

used in the filter. These schemes greatly extend the useful frequency range of 

many filters and are suitable for variable frequency range applications. In early 

active compensation schemes [42]-[44], the compensation networks are used in the 

feedback loops of op amp inverters and integrators. The major disadvantage of 

these techniques is that they change the topology of the circuit being compensated. 

Some of the compensation networks are very complex and require matched op 

amps. A compensation scheme that does not change the topology of the circuit 

being compensated uses composite op amps [45]. In this method, each op amp in 

a given circuit is l'eplaced by a network using two or more op amps. The network 

replacing the op amp has improved open-loop input-output characteristics but 

--------_ .. _ .. - .-
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resembles, externally, a single op amp. In this way, the bandwidth of each block 

employing an op amp is individually extended. This method of compensation is 

very favorable since the analysis and topology of the circuit are not affected. The 

open-loop transfer functions of the op amps in the circuit are simply replaced by 

those of the composite op amps. This method of compensation is adopted in this 

chapter. 

5.1 Transfer Function of the 

Resonator Filter with Composite Op Amps 

The technique of cancelling the op amp effects on filters developed in chap

ter 4 will be combined with the use of composite op amps as the compensation 

scheme for both RC and MOSFET-C filters. Here, as in chapter 4, the RC res

onator filter using composite op amps is analysed and the op amp effects are 

cancelled, resulting in a compensated circuit to be used in higher-order filters. 

The greatest op amp effects on high-frequency filters are on the integrators used 

in the filter since the integrator Q - factor is greatly reduced at high frequen

cies [46]. To improve the resonator filter's performance at high frequencies, its 

integrators are replaced by composite op amps while the inverter uses a single 

op amp. In [45], several composite op amp configurations are considered, each 

suitable for particular applications. The circuit shown in Fig. 5.1 is suitable for 

integrators. The integrators built using this circuit as the op amp greatly extend 

the operating frequency range of integrators beyond the presently available state

of-the-art designs while maintaining low sensitivity to passive and active elements, 

wide dynamic range and stable operation [47]. 
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Figure S.l Composite op amp suitable for compensating integrators 

The open-loop input-output relationship for the composite op amp of 

Fig. 5.1 is given by 

(1) 

where ct is a resistor ratio chosen to satisfy stability conditions of the composite 

op amp. For use in integrators, ct = 1 [47]. Al and A2 in equation (1) are the 

open-loop gains of the single op amps. When Va = 0, the open-loop gain of the 

composite op amp can be obtained from equation (1) as 

For ct = 1 

A(s) = Yo = 
Vi, 

--------- --------------------

(2) 

(3) 
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Let the individual op amps Al and A2 have a one-pole open-loop transfer function 

given by 

A .( ) - AOiWli _ GBi GBi. - 1 2 
• S - - ~-- 1- , • 

S+Wli S+Wli S 
(4) 

Asuming GBI = GB2 = GB, equations (3) and (4) give the open loop transfer 

function of the composite op amp as 

V. GB2 
A(s) =..! =--

Vb 2s2 
(5) 

Now consider the resonator filter shown in Fig. 5.2 where Al (s) and A3 (s ) 

are composite op amps having open-loop transfer functions given by equation (5) 

and A2(S) is a single nonideal op amp having an open-loop tranfer function given 

by 

(6) 

The transfer function of the resonator is determined as in chapter 4 by considering 

the individual building-block sections of the filter. 

1 
3 

4 

v, 
Va 

5 

Figure 5.2 Resonator filter using composite op amps for its integrators. 

----------- ------ -----
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Following the same analysis as in chapter 4, the transfer function of the filter at 

the bandpass output tenninal is given by equation (4) of that chapter as 

where from equations (5), (9), and (11) of that chapter 

and 

Also from chapter 4, 

/3 
- S +Wl 

1- , 
S+Ws 

1 
/32 = -, 

2 

S 
/3a = . 

S+W2 

1 
WI = RIGl ' 

1 
W2 = R2G2' 

1 
Wa = RaGl' 

1 
W4 = R4Gl ' 

Ws = WI +wa +W4. 

Using equations (5) and (8) for the lossy integrator, 

/31 Al _ (s + wt)GB~ 
1 + /31 Al - 2s2(S + ws) + (s + wt)GBr 

(s +Wl)GBr 

Also from equations (6) and (9) for the inverter, 

-------- -------- .. -

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 



86 

and from equations (5) and (10) 

fJ3 A3 GBl GBl 
1 + fJ3A3 = 2s(s +W2) + GBl = 2S2 + 2w2S + GBl' 

(14) 

The above equations finally give 

(1 + fJl Al )(1 + fJ2 A2)(1 + fJ3A3) 

(s +wl)GB1GB2GBl (15) 

Substituting equations (12) and (15) into (7) gives 

(16) 

where 

Da(s) = (s +Wl)S 

W2W3(S + wl)GB~GB2GB~ (17) 
+ (2S3 + 2w5 s2 + GB1s +wlGBn(2s2 + 2w2s + GBi)(2s + GB2)' 

Let 
Vo Nb(S) 
Yin = Db(S) 

where from equations (16) and (17) 

and 

Nb(S) = - (2s2 + 2w2S + GBn (2s + GB2)W4GB~s 

= - (4s4 + (4w2 + 2GB2)S3 + (2GB~ + 2w2GB2)s2 

+ GB2GB~s)W4GBl 

Db(S) =(2s3 + 2w5s2 + GB~s +wlGBl)(2s2 + 2w2s + GB~)(2s + GB2)s 

+ w2w3GB~GB2GB~ 

(18) 

(19) 
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or 

Db(8) =887 + 4(2w2 + GB2 + 2w5)S6 

+ 4(W2GB2 + 2w2W5 + W5GB2 + GBf + GBn85 

+ 2(2w5GB; + 2w2W5GB2 + 2w2GB~ + 2wl GB~ + GB2GBi + GB~GB2)84 
+ 2(W5GB2GBi + w2GB~GB2 + 2wlW2GB~ + wIGB~GB2 + GB~GBns3 
+ (2wIGB~GBi + 2wlW2GBfGB2 + GB~GB2GBn82 

(20) 

Let us assume that the composite op amps Al and A3 of Fig. 5.2 are made of 

identical op amps as A2 so that GBI = GB2 = GB3 = GB. Equation (19) then 

becomes 

Nb(8) _ _ (1 2GB2 + 2w2GB 4w2 + 2GB 2 _4_ 3) 
GB5 - W4 + GB3 8 + GB3 8 + GB3 8 S 

= -W4 [1 + (G
1
B )2(2w2 + 2GB)s + (G~ )3( 4w2 + 2GB)s2 + G~3 S3] 8 . 

(21) 

Also from equation (20), 

(22) 

Substituting equations (21) and (22) into equation (18) we get 

(23) 



where 

and 

hI =Wl 

al = 2 (G~ ) 2 (W2 + GB) 

a2 = 2 (G~ ) 3 (2w2 + GB) 

a3 = 4 (GlB)3 

h2 = (GlB) 2 (2wlW2 + 2wl GB + GB2) 

ha = 2 (G~) a (2w1W2 + (WI + W2 + Wfj)GB + GB2
) 

88 

(24) 

h4 = 4 (GlB) 4 (W2Wfj + (WI + W2 + ws)GB + GB2) (25) 

hfj = 4 (G~) S (2w2WS + (W2 + wfj)GB + 2GB2
) 

h6 = 4 (dB) S (2w2 + 2wfj + GB) 

h7 = 8 (dB) fj 

5.2 Cancellation of the Op Amp Effects in the Resonator Filter 

In order to minimize the op amp effects in the bandpass transfer function 

given by equation (23), we again desire to obtain a transfer function of the form 

Vo _ -H (we) 8 

Vin - e Q 82 + (We/Q)8 + W~ (26) 
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where He, We and Q are the desired center gain, center frequency and Q respec

tively. By dividing the numerator and denominator terms of equation (23) by 

(1 + alS + a2s2 + a3s3) we get 

Vo _ -W4S (27) 
Vin - bo + (bl - boal)S + (b2 - boa2 - albl + boaDs2 + Ed(S) 

where Ed(S) is an error term given by 

Ed(S) = [(b3 - a3bO - a2bl + 2ala2bO - al b2 + a~bl - a~bo)s3 

+ (b4 - a3bl + ala3bO - a2b2 + a~bo + ala2bl - a~a2bo)s4 

+ (bs - a3b2 + a2a3 + ala3bl - a~a3bo)s5 

+ b6 s6 + &rs7] + (1 + aiS + a2s2 + a383) 

Comparing equations (26) and (27) 

2 bo 
We = b2 - bOa2 - albl + boa~ 
We bi - bOal 

Q = b2 - bOa2 - albl + boa~ 
H _ W4 

e - bl - bOai 

Using equations (24) and (25) in equations (29) 
2 W2W3 

W-----:---:--:-~~__:_~__:~~::___:____::____:'_,_~ 

e - 1 + (2w2W3)/GB2 + (4w~W3)/GB3 + (4W:W3)/GB4 
We WI - 2w2W3(GB + w2)/GB2 
Q = 1 + (2w2W3)/GB2 + (4W~W3)/GB3 + (4w~W3)/GB4 

W4 
He= . 

WI - 2w2W3(GB + w2)/GB2 

(28) 

(29) 

(30) 

Equations (30) are the new design requirements of the filter with frequencies WI, 

W2, W3, W4 and W5 given by equations (11). Normalizing equations (30) with respect 

to a normalizing frequency WRj and let We = Wn, equations (30) then become 
• 

1 = 1I.!~;.;.;n~W..;;..3n~~--,,---:_=--_~=...,.. 
1 + (2w2nW3n}/GB~ + (4w~nW3n)/GB! + (4w:nW3n)/GB! 

(31) 

1 WIn - 2w2nW3n(GBn + w2n)/GB; 
Q = 1 + (2w2nW3n)/GB~ + (4w~nW3n)/GB! + (4W~nW3n)/GB! (32) 

H _ W4n 
o - WIn - 2w2nW3n(GBn + w2n)/GB~' (33) 

----- -----.-.-- .. -



90 

In the design, let W2n be known so that we solve for W1, W3, and w". From equation 

(31) 

( 
2w2n 4w~n 4w~n ) 1 

W3n W2n - GB2 - GB3 - GB" = 
n n n 

Therefore 
1 

(34) 
W3n = ( 2 4w2n 4w~n ) 

W2n 1 - GB2 - GB3 - GB" 
n n n 

From equations (31) and (32) 

(35) 

Therefore 

(
1 2 2w2n) 

W1n = W2nW3n Q + GB
n 

+ GB~ (36) 

Also from equations (33) and (35) 

For He = 1 the above equation gives 

(37) 

In this design procedure, the op amps used in the composite op amps are 

assumed to be identical. Therefore given their G B, the design center frequency, 

We, and the design Q value, equations (34), (36) and (37) give the required nor

malized frequencies W1n, W3n, and W4n for a chosen normalized frequency W2n' The 

resonator element values are then calculated using equations (11). 

Some important observations are worthwhile mentioning about this com

pensation scheme. First, it should be noted from equations (30) that We is inde

pendent of W1 and W4 and is equal to the value obtained assuming ideal op amps 

if the terms divided by GB2 or higher are neglected. Second, equation (37) shows 

that W4n is the same as the one obtained for ideal op amps, when terms divided by 
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G B2 or higher are neglected. The only term in the filter elements that has a term 

divided by GB is Win' The above observations suggest that, except for Win, the 

element values for the compensated filter should be very close to those obtained 

using ideal op amps. 

Now let us consider the error term given by equation (28) caused by dividing 

equation (23) by (1 + alS + a2s2 + a3s3). To do this, first let us neglect the 

terms divided by GB2 or higher in the coefficients of equation (28). Using this 

approximation, equations (24) and (25) become 

Also neglecting terms divided by GB2 or higher, 

Using these approximations, equation (28) becomes 

(38) 

Equation (38) shows that the error term caused by equating equation (26) to 

equation (27) is zero when terms divided by GB2 or higher are neglected. The 

transfer function given by equation (27), therefore, is that of a bandpass with 

negligible errors. 

5.3 Design examples 

The design procedure outlined in the last section is now used in designing 

resonator circuits. These compensated circuits are then used in designing leapfrog 
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filters. Let us use the LF357 op amps which have a G B of 20M Hz. let the desired 

center frequency Ie = 100KHz, and let 0 1 = O2 = 10-oF. Let us also choose 

W2n = 1 so that W2 = We. Therefore, for the chosen O2 value, R2 = R5 = lltI = 
1.5915 Kn. Equations (34) , (36), and (37) then give the normalized frequencies 

for various Q values. The resonator element values are then calculated using 

equations (11). Table 5.1 gives these elements obtained by varying the Q value 

of the filter. It should be noted that for Q = 00 for the Resonator, equation (36) 

gives 

Wln = W2nW3n (G~n + ~~i) (39) 

The results in Table 5.1 clearly show that the resonator element values are very 

close to those obtained assuming ideal op amps except for Rl which is lower than 

the ideal value. 

The first example to be simulated is the RC resonator filter having the 

above specifications. let Q = 50. Table 5.1 then gives the element values. This 

filter is simulated using SPICE2. The program used is listed in Appendix A.6 

and the results are shown in Fig. 5.3. From the results, the actual 10, Qo and 

Ho values obtained are the same as the design values, clearly demonstrating the 

improvement in the filter performance. 
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Table S.l 

Resonator circuit resistance values in KG using composite op 
amps for the integrators and a single op amp for the inverter. 
The design center frequency, Ie = 100KHz. The individual op 
amps used have a GB = 20MHz. 01 = O2 = 10-0F. 

Q Rl R2 R3 ~ Rs ~ 

5.0 7.5764 1.5915 1.5914 7.9571 1.5915 1.5915 

10.0 14.4609 1.5915 1.5914 15.9142 1.5915 1.5915 

15.0 20.7441 1.5915 1.5914 23.8713 1.5915 1.5915 

20.0 26.5016 1.5915 1.5914 31.8284 1.5915 1.5915 

25.0 31.7966 1.5915 1.5914 39.7855 1.5915 1.5915 

30.0 36.6827 1.5915 1.5914 47.7426 1.5915 1.5915 

35.0 41.2056 1.5915 1.5914 55.6997 1.5915 1.5915 

40.0 45.4043 1.5915 1.5914 63.6568 1.5915 1.5915 

45.0 49.3124 1.5915 1.5914 71.6139 1.5915 1.5915 

50.0 52.9591 1.5915 1.5914 79.5710 1.5915 1.5915 

55.0 56.3697 1.5915 1.5914 87.5281 1.5915 1.5915 

60.0 59.5665 1.5915 1.5914 95.4852 1.5915 1.5915 

65.0 62.5690 1.5915 1.5914 103.4423 1.5915 1.5915 

70.0 65.3944 1.5915 1.5914 111.3994 1.5915 1.5915 

75.0 68.0579 1.5915 1.5914 119.3565 1.5915 1.5915 

80.0 70.5729 1.5915 1.5914 127.3136 1.5915 1.5915 

85.0 72.9517 1.5915 1.5914 135.2707 1.5915 1.5915 

90.0 75.2049 1.5915 1.5914 143.2278 1.5915 1.5915 

95.0 77.3423 1.5915 1.5914 151.1849 1.5915 1.5915 

100.0 79.3726 1.5915 1.5914 159.1420 1.5915 1.5915 

00 158.3502 1.5915 1.5914 159.1500 1.5915 1.5915 
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Figure 5.3 Simulation results for the compensated RC resonator filter using 
composite op amps. Element values are given in Table 5.1 for 
Q=50. 
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Next we simulate the resonator filter to meet the specifications above using 

MOSFETs for the resistors. The results for this simulation are shown in Fig. 5.4 

generated by the program listed in Appendix A.7 for SPICE2. From the results, 

fo = 100](Hz, Qo = 100 and Ho = 5.Sdb. The values of Qo and Ho obtained from 

the simulation are different from the design values, showing that the MOSFET 

nonidealities can not be completely neglected. Since the center frequency, fo, 

obtained is the same as the design value, Rl can be used as a tuning element 

to obtain the desired Q value. This is done and for Rl = 40.2 ](0, the desired 

filter specifications are obtained. The simulation results with only Rl changed 

are shown in Fig. 5.5. The results of Fig. 5.5 are in agreement with the design 

requirements. It is interesting to note from Fig. 5.5 that Ho ~ Odb as desired at 

the design Q value. In the simulation, instead of calculating Q each time Rl is 

changed, one can only read the gain at the center frequency, demonstrating an 

easy way of tuning the filter. 

As another example, consider the sixth-order MOSFET-C leapfrog filter 

designed in section 3.5 where ideal op amps are assumed. The center frequency, 

fe, for the filter is 100]( H z with a Q value of 50. The block diagram of the filter 

is shown in Fig. 5.6 where Y1 , Z2 and 1'3 are the resonator circuit blocks with 

Q = 50, 00 and 50 respectively, each with a center frequency of 100]( H z. The 

individual resonator blocks are first fine tuned to compensate for the MOSFET 

nonidealities using the procedure of changing Rl explained in the last example. 

For Yi and 1'3 sections, Rl was changed to 40.2 ](0 and for Z2 the required Rl 

for jw-axis poles is SOA ](0. The rest of the MOSFET resistor values are given 

by Table 5.1. This filter is computer simulated using SPICE2. The program used 

is listed in Appendix A.S and the results are shown in Fig. 5.7. From the results, 

the filter has a center frequency of 100]( Hz, a center gain of -6.0db and a BW 

of 2]( Hz as desired. 
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6 Q=50 5 ~ 5 
+ r-- :r + Vin 

Yi -Z2 Y3 

Figure 5.6 Block diagram of a sixth-order leapfrog filter 

The examples considered in this section show that the compensation scheme 

developed in this chapter greatly improves the performance of leapfrog filters using 

RC or MOSFET-C resonator circuits. The resonator element values are identical 

to those obtained assuming ideal op amps except for R1• This scheme also proves 

very effective in the MOSFET-C resonators. In the analysis, it is assumed that the 

MOSFET nonidealities are negligible. The simulations however show that at high 

frequencies, this is not the case. Instead of including the MOSFET nonidealities 

in the analysis (using y-parameters as explained in section 2.3 for example), one 

can just adjust RI in a simulation to obtain the desired filter specifications. In this 

way, the design of MOSFET-C resonator filters using composite op amps reduces 

to using element values calculated assuming ideal op amps. The filter is then 

simulated for various RI values to obtain the desired Q value. 
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Figure 5.7 SPICE2 simulation results for a sixth-order leapfrog bandpass filter 
using individually compensated MOSFET-C resonator circuits. 

--------------_. __ ._------_.-.. _----_._--_ .. 



100 

CHAPTER 6 

CONCLUSIONS 

MOS VLSI technology has made it possible to have fully integrated 

continuous-time filters. MOSFET-C filters are a new class of continuous-time 

MOS integrated filters which use MOS transistors to replace the resistors in ac

tive RC filters. The resulting filters can then be built using MOS transistors, 

capacitors and op amps-fabricated in MOS technology. These filters have many 

advantages over fully integrated switched-capacitor and digital filters, especially 

at high frequencies. 

The design, simulation and compensation of continuous-time MOSFET

C filters has been the goal of this work. This goal has been accomplished and 

the result is a design procedure for compensated continuous-time MOSFET-C 

filters suitable for high-frequency, high-Q bandpass applications. In the course of 

this work, however, a number of other significant accomplishments have resulted. 

The following section summarizes these accomplishments. Suggestions for further 

improvements in MOSFET -C filters are given in section 6.2. 

6.1 Summary and Discussions 

A great deal of attention has been directed towards designing high

perfomance active filters. Because of this, several contributions using a vari

ety of techniques have been reported. Most of these filters are either digital or 

continuous-time filters, each having its special applications and limitations. To 

introduce this work, a comparison between digital and continuous-time filters has 

been made, thereby establishing the need for continuos-time filters suitable for 

high frequency applications. Continuos-time filters avoid the problems associated 
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with digital filters at high frequencies. Continuous-time filters suitable for high

frequency high-Q bandpass applications have been discussed. The problems asso

ciated with continuous-time filters in view of VLSI have led to VariUOB techniques 

of replacing the passive resistors in active RC filters. The advances in this attempt 

have been mentioned, leading to the choice of using MOSFET circuits with de

sirable features to replace the resistors. In this way fully integrated MOSFET-C 

filters can be fabricated. This class of filters has a major advantage of having a 

voltage control the resistance value, thereby making tuning easy. 

The analysis of the MOS transistor in view of filter application and its use 

as a voltage controlled resistor has been followed by a step-by-step design and 

compensation of MOSFET-C filters. It has been shown that MOSFET-C filters 

can be designed by replacing the resistors in well established active RC filters with 

MOSFET circuits without changing the analysis nor the transfer functions of these 

filters. 

Although NMOS devices have been used as design examples here, PMOS 

devices can also be used as voltage controlled resistors. PMOS devices have smaller 

mobility than NMOS devices, therefore, for the same resistance value, PMOS 

devices require smaller channel lengths. NMOS devices, however, have a faster 

response time compared to PMOS devices. 

The design technique adopted in this work is one of using building blocks 

to design high-order filters. In this design technique, the inverters and integrators 

are each analysed, taking into account the op amp nonidealities. The analysis 

shows that the integrators are greatly affected by the op amps nonidealities. A 

compensation scheme of using composite op amps is applied to the integrators of a 

filter. The filter transfer function is then derived and its element values are chosen 

to minimize the op amps effects. A resonator filter is used as a design example. 

The results show that such a compensation scheme is very effective, with only one 
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element in the filter being different from the ideal-op-amp-design element values 

as shown in Table 5.1. 

The design technique of compensating individual building blocks proved 

very viable when used in designing higher order filters. A sixth-order leapfrog 

bandpass filter has been designed using resonator circuit building blocks, each 

compensated to meet its individual center frequency, center gain and Q values. 

The simulated output of such a filter meet the overall filter specifications. 

The use of MOS transistors introduces some nonidealities unique to 

MOSFET-C filters. The capacitances of the transistors tend to cause a phase 

shift in the filter, in a similar way as the op amps do. A high frequency MOSFET 

model using v-parameters that can be used to include the MOSFET nonidealities 

in a circuit analysis has been presented. In developing the compensation scheme, 

it has been assumed that the MOSFET nonidealities of the equivalent circuit used 

are negligible. This assumption is based on earlier analyses on the circuit which 

show that their effects can be neglected because of the circuit's inherent phase

effects cancellation [2], [3]. In simulating the compensated MOSFET-C resonator 

filters using composite op amps, however, it has been shown that, at the design 

frequency of 100[( H z used, the MOSFET nonidealities can not be neglected. The 

simulation results, however, show that the only effect the MOSFET nonidealities 

have on the compensated filter is to increase the Q of the filter (with, of course, the 

associated increase in center gain). The design center frequency did not change. 

Simulations of the compensated resonator have been done whereby the lossy 

integrator's feedback resistor, Regl in Fig. 3.6 of chapter 3 is adjusted to obtain 

the desired Q. When the desired Q is obtained, it is noticed that the center 

gain is also of the design magnitude. This result was anticipated, since the filter 

element values shown in Table 5.1 clearly show that the only element value very 

different from ideal-op-amp-design values is R I . This observation suggests another 

way of including the MOSFET nonidealities in the compensated filter. Instead 
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of analysing the filter, as is done in chapter 5, with the MOSFET nonidealities 

included (using y - parameters, for example), a simpler approach is to design the 

filter assuming ideal conditions and then adjust Rl to obtain the desired center 

gain. The design of compensated resonator filters using composite op amps then 

reduces to calculating the resonator element values assuming ideal conditions. For 

RC resonator filters, equations (36) and (11) of Chapter 5 (or a table similar to 

Table 5.1 for the given GBn and /0) are then used to obtain the value of R I • For 

the MOSFET-C resonators, RegI is adjusted to obtain the desired center gain. 

In an actual MOSFET-C filter, this procedure is reduced to adjusting a control 

voltage for Reg1 and reading an output voltage. 

6.2 Suggestions for Further Study 

The study of MOSFET-C filters and the compensation scheme presented 

here have shown a systematic approach to designing and analysing such filters 

for high frequency applications. Important considerations in choosing the MOS

FET circuits have been presented. This saves as a guide to many other MOSFET 

circuits that are suitable for applications in MOSFET-C filters. The equivalent 

resistor circuit used in this dissertation requires that the output nodes have the 

same potential. This circuit, though has many attractive features, can not be 

used in cases where such a condition can not be met. Developing more MOSFET 

circuits suitable for replacing the resistances in active RC filters is therefore nec

essary. MOSFET circuits which take into account the short-channel effects of the 

transistors will greatly advance the design of integrated MOSFET-C filters. 

The results presented here are obtained by circuit simulations. It is sug

gested that an actual MOSFET-C filter, based on the compensation scheme pre

sented, be fabricated. Measured results from such a filter would provide an exper

imental evaluation of these filters. 
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The compensation scheme developed in Chapter 5 works very well for the 

design of both RC and MOSFET-C filters using resonator circuits. While the 

procedure is general, the results are applicable to the resonator circuits only. Gen

eralization from only these examples is, therefore, risky. A study of the method on 

other filters suitable for high-frequency, high-Q applications is therefore necessary. 

Another area of improvement in MOSFET-C filters is tuning. To date, 

there are a number of on-chip automatic tuning schemes, both direct and indirect, 

suitable for MOSFET-C filters [1], [3]. However, a detailed study and compari

son of them is lacking. 'I\ming MOSFET-C filters is simplified by the fact that 

the resistor values are voltage controlled. By adjusting control voltages, the RC 

products in the filter can be adjusted to desired values. This way, the capacitor 

values, which are hard to control during fabrication, are compensated for. The 

results of the compensated MOSFET-C resonator filters using composite op amps 

show that only one equivalent resistor need be adjusted to obtain both the desired 

Q and center gain. A great advantage of that result is in automatic tuning of 

resonator filters. For example, a comparison circuit could be used to compare the . 

filter output voltage and the desired center gain of the filter. The control voltage 

for the resistor is then tuned. Such a tuning scheme could be easily incorporated 

in a filter and is suggested for further study. 

In recent years, the question as to whether analog or digital filtering tech

niques will dominate in applications where either technique can be used has been 

of considerable discussion. With the invention and improvements of both analog 

and digital filters, in integrated form, the overlap in the areas of application of 

these techniques will continue to grow. This work provides a good example of such 

improvements in filter design. 



APPENDIX A 

SPICE2 SIMULATION PROGRAMS 

* A.l n-channel MOSFET Resistor simulation 
* 
* 
* 
* 
* 
* 
* 
* 

This program simulates the MOSFET equivalent resistor 
shown in Fig. 3.1 for various circuit parameters. 

* 

Input voltage: V1 
Control voltage: VG1 - VG2 
Output current: I(VIO) 

* This typical listing shows how the I-V characteristics of Fig. 3.2 
* are obtained. The resistance value is calculated from the ratio of 
* the input voltage to the output current difference in the linear 
* region. By varying VG2 and calculating the resistance in each case, 
* Fig. 3.3 is obtained. If the aspect rario (W /L) in .SUBCKT Req is 
* varied and the computations in equations (16) and (17) of Chapter 3 
* are done in each case, Table 3.1 is obtained. 
* 
* 
**************** Main circuit **************** 
* 
** Resistor model 
Xl 1 2 3 4 5 6 Req 
* ** Bias voltages 
VG1 2 0 5.0 
VG2 3 0 4.0 
VB 6 0 -5.0 
* 
V1 1 0 
VIA 4 0 
VIB 5 0 
VIO B 0 
* ** Current difference I(VIO) = IA - IB 
FlO B 0 POLY(2) VIA VIB 0 -1 1 
* 
** Input voltage 
.DC V1 -5.0 5 0.1 
* 
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** Output 
.PRlNT DC .I(VIO) 
*.PLOT DC I(VIO) 
* 
* 
********* The Equivalent Resistor Sub circuit ********* 
* 
.SUBCKT Req 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs: 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
*** W/L = 1 
* 
M1 1 2 4 6 MODN W=1.0E-3 L=1.0E-3 
M2 1 3 5 6 MODN W=1.0E-3 L=1.0E-3 
M3 0 3 4 6 MODN W=1.0E-3 L=1.0E-3 
M4 0 2 5 6 MODN W=1.0E-3 L=1.0E-3 
* 
.ENDS Req 
* 
* 
********************** MOSFET model ********************** 
* 
.MODEL MODN NMOS VTO 1.0 UO 600 TOX 7.0E-6 NSUB 1.0E15 
+ GAMMA 0.46 XJ 4.2E-5 LD 3.5E-5 NFS 1.5Ell PB O.B 
+ CGS 4.0E-13 CGD 4.0E-13 CGB 2.0E-12 CBS 2.0E-B 
+ CBn 2.0E-B 
* 
* 
.END 
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* A.2 MOSFET-C Resonator Circuit Simulation 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

(AC Analysis) 

This program simulates the MOSFET-C resonator 
circuit shown in Fig. 3.6(b) using ideal op amps. 
Ac analysis is performed. 

Input voltage: Yin 
Output voltage: Vo 
Design values: Q = 50, /0 = 100KHz 

**************** Main circuit **************** 
* ** Resonator model 
Xl 1 2 3 RESONT 
* 
** Input voltage 
Yin 1 24 AC 1.0 0 
* 
VDD 24 0 -1.0 
* 
.AC DEC 4400 98.9K 101.1K 
* 
.OPTIONS OPTS 
.OPTIONS LIMPTS=5000 
.OPTIONS NUMDGT=5 
* 
** Output 
.PRINT AC VDB(3) VP(3) 
.PLOT AC VDB(3) VP(3) 
* 
* **************** Resonator sub circuit **************** 
* 
.SUBCKT RESONT 1 3 4 
* 
* Input node: 1, 
* Inverting Bandpass output node: 3, 
* Noninverting Bandpass output node: 4. 
* 
** MOSFET lossy integrator: 
Xl 6 7 3 OPAMP1 
XR4 1 12 14 6 7 22 Req-1/3 
XR1 3 12 14 6 7 22 Req-1/3 
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* 
C1A 3 6 1.0E-9 
C1B 7 0 1.0E-9 
* ** MOSFET inverter: 
X2 8 9 4 OPAMP1 
XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 

* ** MOSFET lossless integrator: 
X3 10 11 5 OPAMP1 
XR2 4 12 13 lO 11 22 Req-9 
* 
C2A 5 lO 1.0E-9 
C2B 11 0 1.0E-9 

* ** MOSFET feedback resistor 
XR3 5 12 13 6 7 22 Req-9 
* 
** Bias voltages 
VG1 12 0 5.0 
VG2a 13 0 2.763 
VG2b 14 0 3.746 
* 
VB 22 0 -5.0 
* 
.ENDS RESONT 
* 
* 
********* The Equivalent Resistor Sub circuits 
* 
.SUBCKT Req-1/3 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
***** 
* 

W/L = (1/3) 

M1 1 2 4 6 MOON W=1.0E-3 L=3.0E-3 
M2 1 3 5 6 MODN W=1.0E-3 L=3.0E-3 
M3 0 3 4 6 MOON W=1.0E-3 L=3.0E-3 
M4 0 2 5 6 MOON W=1.0E-3 L=3.0E-3 
* 
.ENDS Req-1/3 
* 
* 
.SUBCKT Req-9 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
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* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
***** W/L = 9 
* 
M1 1 2 4 6 MODN W=9.0E-3 L=1.0E-3 
M2 1 3 5 6 MODN W=9.0E-3 L=1.0E-3 
M3 0 3 4 6 MODN W=9.0E-3 L=1.0E-3 
M4 0 2 5 6 MODN W=9.0E-3 L=1.0E-3 

* 
.ENDS Req-9 
* 
* 
********************** MOSFET model ********************** 
* 
.MODEL MODN NMOS VTO 1.0 UO 600 TOX 7.0E-6 NSUB 1.0E15 
+ GAMMA 0.46 XJ 4.2E-5 LD 3.5E-5 NFS 1.5Ell PB O.B 
+ CGS 4.0E-13 CGD 4.0E-13 CGB 2.0E-12 CBS 2.0E-B 
+ CBD 2.0E-B 
* 
* 
************* Operational amplifier model ************* 
* 
.SUBCKT OPAMPI 1 2 3 
* 
* This is an ideal Op Amp model with AO being the DC gain. 
* This model uses a VCVS formulation for AO. 
* 
*Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
RI 1 2 1.0Ell 
RCM1 1 0 1.0E13 
RCM2 2 0 1.0E13 
* 
EAO 4 0 2 1 2.0E5 
RO 4 3 1.5K 
* 
.ENDS OPAMP1 
* 
* 
.END 

-------- ~----~-------~ 
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* A.3 MOSFET-C Resonator Circuit Simulation 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

(Transient Analysis) 

This program simulates the MOSFET-C resonator 
circuit shown in Fig. 3.6(b) using ideal op amps. 
Transient analysis is performed. 

Input voltage: Vin 
Output voltage: Vo 
Design values: Q = 50, Wn = 1 

**************** Main circuit **************** 
* ** Resonator model 
Xl 1 2 3 RESONT 
* 
** Input voltage 
Vin 1 24 PULSE 0 1 0 0 0 20 40 
* 
VDD 24 0 -1.0 
* 
.THAN 0.3 15 
* 
.OPTIONS OPTS 
.OPTIONS LIMPTS=5000 
.OPTIONS NUMDGT=5 
* ** Output 
.PLOT THAN V(3) 
* 
* 
**************** Resonator sub circuit **********:****** 
* 
.SUBCKT RESONT 1 3 4 
* * Input node: 1, 
* Inverting Bandpass output node: 3, 
* Noninverting Bandpass output node: 4. 
* ** MOSFET lossy integrator: 
Xl 6 7 3 OPAMP1 
XR4 1 12 14 6 7 22 Req-1/3 
XR1 3 12 14 6 7 22 Req-1/3 
* 
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CIA 3 6 6.281E-4 
C1B 7 0 6.281E-4 
* ** MOSFET inverter: 
X2 8 9 4 OPAMP1 
XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 
* ** MOSFET lossless integrator: 
X3 10 11 5 OPAMPI 
XR2 4 12 13 10 11 22 Req-9 
* 
C2A 5 10 6.281E-4 
C2B 11 0 6.281E-4 
* 
** MOSFET feedback resistor 
XR3 5 12 13 6 7 22 Req-9 
* ** Bias voltages 
VG1 12 0 5.0 
VG2a 13 0 2.763 
VG2b 14 0 3.746 
* 
VB 22 0 -5.0 
* 
* 
.ENDS RESONT 
* 
* ********* The Equivalent Resistor Subcircuits ********* 
* 
.SUBCKT Req-1/3 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
***** 
* 

W/L = (1/3) 

M1 1 2 4 6 MODN W =1.0E-3 L=3.0E-3 
M2 1 3 5 6 MODN W =1.0E-3 L=3.0E-3 
M3 0 3 4 6 MODN W =1.0E-3 L=3.0E-3 
M4 0 2 5 6 MODN W=1.0E-3 L=3.0E-3 
* 
.ENDS Req-1/3 
* 
* 
.SUBCKT Req-9 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 

---------- ------ -- -- - - - --------------- --- ----------- - ---
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* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
***** w/L = 9 
* 
Ml 1 2 4 6 MODN W=9.0E-3 L=1.0E-3 
M2 1 3 5 6 MODN W=9.0E-3 L=1.0E-3 
M3 0 3 4 6 MODN W=9.0E-3 L=1.0E-3 
M4 0 2 5 6 MOON W=9.0E-3 L=1.0E-3 
* 
.ENDS Req-9 

* 
* 
********************** MOSFET model ********************** 
* 
.MODEL MOON NMOS VTO 1.0 UO 600 TOX 7.0E-6 NSUB 1.0E15 
+ GAMMA 0.46 XJ 4.2E-5 LO 3.5E-5 NFS 1.5E11 PB O.S 
+ CGS 4.0E-13 CGD 4.0E-13 CGB 2.0E-12 CBS 2.0E-S 
+ CBD 2.0E-S 
* 
* 
************* Operational amplifier model ************* 
* 
.SUBCKT OPAMPI 1 2 3 
* 
* This is an ideal Op Amp model with AO being the DC gain. 
* This model uses a VCVS formulation for AO. 
* 
*Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
RI 1 2 1.0Ell 
RCMl 1 0 1.0E13 
RCM2 2 0 1.0E13 
* 
EAO 4 0 2 1 2.0E5 
RO 4 3 1.5K 

* 
.ENDS OPAMPI 
* 
* 
.END 

-------_._-----_._---.. _---_._.-. --
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* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

A.4 MOSFET-C Leapfrog Fllter Simulation 

(AC Analysis) 

This program simulates a sixth-order Butterwoth bandpass 
leapfrog filter shown in Fig. 3.12. The filter uses MOSFET-C 
resonator circuits as buliding blocks. Ideal op amp models 
are used. Ac analysis is performed. 

Input voltage: Yin 
Output voltage: vo 
Design values: Q = 50, fo = 100/( H z 

**************** Main circuit **************** 
* ** Resonator models 
XY1 1 2 3 4 RESONT1 
XZ2 4 5 1 6 RESONT2 
XY3 1 7 5 RESONT3 
* 
Yin 2 24 AC 1.0 0 
* 
VDD 24 0 -1.0 
* 
.AC DEC 4400 98.9K 101.1K 
* 
.OPTIONS OPTS 
.OPTIONS LIMPTS=5000 
.OPTIONS NUMDGT=5 
* ** Output 
.PRINT AC VDB(7) VP(7) 
.PLOT AC VDB(7) VP(7) 
* **************** Resonator subcircuits **************** 
* 
.SUBCKT RESONT1 1 2 3 4 
* * Input nodes: 1 and 2, 
* Inverting Bandpass outputnode: 3, 
* Non inverting Bandpass output node: 4. 
* 
** MOSFET lossy integrator: 
Xl 6 7 3 OPAMP1 
XR41 1 12 14 6 7 22 Req-1/3 
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XR42 2 12 14 6 7 22 Req~1/3 
XR1 3 12 14 6 7 22 Req-1/3 
CIA 3 6 1.0E-9 
C1B 7 0 1.0E-9 ... 
...... MOSFET inverter: 
X2 8 9 4 OPAMP1 
XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 
... 
...... MOSFET lossless integrator: 
X3 10 11 5 OPAMP1 
XR2 4 12 13 10 11 22 Req-9 
C2A 5 10 1.0E-9 
C2B 11 0 1.0E-9 
... 
...... MOSFET feedback resistor 
XR3 5 12 13 6 7 22 Req-9 
... 
...... Bias voltages 
VG1 12 0 5.0 
VG2a 13 0 2.763 
VG2b 14 0 3.746 
VB 22 0 -5.0 
... 
. ENDS RESONTI 
... 
... 
... 
. SUBCKT RESONT2 1 2 3 4 
... 
... Input nodes: 1 and 2, 
... Inverting Bandpass outputnode: 3, 
... Non inverting Bandpass output node: 4 . 
... 
...... MOSFET lossy integrator: 
Xl 6 7 3 OPAMP1 
XR41 1 12 14 6 7 22 Req-1/6 
XR42 2 12 14 6 7 22 Req-1/6 
CIA 3 6 1.0E-9 
C1B 7 0 1.0E-9 
... 
...... MOSFET inverter: 
X2 8 9 4 OPAMP1 
XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 ... 
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** MOSFET lossless integrator: 
X3 10 11 5 OPAMPI 
XR2 4 12 13 lO 11 22 Req-9 
C2A 5 10 1.0E-9 
C2B 11 0 1.0E-9 
* ** MOSFET feedback resistor 
XR3 5 12 13 6 7 22 Req-9 
* * Bias voltages 
VGl 12 0 5.0 
VG2a 13 0 2.763 
VG2b 14 0 3.737 
VB 22 0 -5.0 
* 
* 
.ENDS RESONT2 
* 
* 
* 
.SUBCKT RESONT3 1 3 4 
* * Input node: 1 
* Inverting Bandpass outputnode: 3, 
* Non inverting Bandpass output node: 4. 

* ** MOSFET lossy integrator: 
Xl 6 7 3 OPAMP1 
XR4 1 12 14 6 7 22 Req-1/3 
XR1 3 12 14 6 7 22 Req-1/3 
CIA 3 6 1.0E-9 
C1B 7 0 1.0E-9 
* ** MOSFET inverter: 
X2 8 9 4 OPAMP1 
XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 

* ** MOSFET lossless integrator: 
X3 lO 11 5 OPAMP1 
XR2 4 12 13 lO 11 22 Req-9 
C2A 5 lO 1.0E-9 
C2B 11 0 1.0E-9 
* ** MOSFET feedback resistor: 
XR3 5 12 13 6 7 22 Req-9 
* 

-------- --- _. __ ._----
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**. Bias voltages: 
VG1 12 0 5.0 
VG2a 13 0 2.763 
VG2b 14 0 3.746 
VB 22 0 -5.0 

* 
.ENOS RESONT3 
* 
* 
* ********* The Equivalent Resistor Subcircuits 

.SUBCKT Req-1/6 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 

* ***** W/L = (1/6) 
* 
M1 1 2 4 6 MOON W=1.0E-3 L=6.0E-3 
M2 1 3 5 6 MOON W =1.0E-3 L=6.0E-3 
M3 0 3 4 6 MOON W=1.0E-3 L=6.0E-3 
M4 0 2 5 6 MOON W =1.0E-3 L=6.0E-3 
* 
.ENOS Req-1/6 
* 
* 
.SUBCKT Req-1/3 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
***** 
* 

W/L = (1/3) 

M1 1 2 4 6 MOON W =1.0E-3 L=3.0E-3 
M2 1 3 5 6 MOON W =1.0E-3 L=3.0E-3 
M3 0 3 4 6 MOON W =1.0E-3 L=3.0E-3 
M4 0 2 5 6 MOON W =1.0E-3 L=3.0E-3 
* 
.ENOS Req-1/3 
* 
* 
.SUBCKT Req-9 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* ***** W/L = 9 
* 
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Ml 1 2 4 6 MODN W=9.0E-3 L=1.0E-3 
M2 1 3 5 6 MODN W=9.0E-3 L=1.0E-3 
M3 0 3 4 6 MODN W=9.0E-3 L=1.0E-3 
M4 0 2 5 6 MODN W=9.0E-3 L=I.0E-3 
* 
.ENDS Req-9 
* 
* 
********************** MOSFET model ********************** 
* 
.MODEL MODN NMOS VTO 1.0 UO 600 TOX 7.0E-6 NSUB 1.0E15 
+ GAMMA 0.46 XJ 4.2E-5 LD 3.5E-5 NFS 1.5E11 PB O.B 
+ CGS 4.0E-13 CGD 4.0E-13 CGB 2.0E-12 CBS 2.0E-B 
+ CBD 2.0E-B 
* 
* 
************* Operational amplifier model ************* 
* 
.SUBCKT OPAMPI 1 2 3 
* 
* This is an ideal Op Amp model with AO being the DC gain. 
* This model uses a VCVS formulation for AO. 
* 
*Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
RI 1 2 1.0Ell 
RCMl 1 0 1.0E13 
RCM2 2 0 1.0E13 
* 
EAO 4 0 2 1 2.0E5 
RO 4 3 1.5K 
* 
.ENDS OPAMPI 
* 
* 
.END 

------------------- - -------------
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'" 
'" 
'" 
'" 
'" 
'" '" 
'" 
'" 
'" '" 
'" 
'" 
'" 
'" 

A.S RC Resonator Circuit Simulation 

CAC Analysis) 

This program simulates the RC resOnator circuit 
shown in Fig. 4.2 using nonideal op amps modeled by 
.SUBCKT OPAMP2. The filter is designed using the design 
technique described in section 4.3. Ac analysis is performed. 

Input voltage: Yin 
Output voltage: Vo 
Design values: Q = 50, 10 = 100KHz 

**************** Main circuit ******"'********* 

* 
** Resonator model 
Xl 1 2 3 RESONT 
* 
** Input voltage 
Yin 1 0 AC 1.0 0 
* 
.AC DEC 4400 98.9K 101.1K 

* 
.OPTIONS OPTS 
.OPTIONS LIMPTS=5000 
.OPTIONS NUMDGT=5 
* 
** Output 
*.PRINT AC VDB(3) VP(3) 
.PLOT AC VDB(3) VP(3) 
* 
* 
**************** Resonator sub circuit **************** 
* 
.SUBCKT RESONT 1 3 4 
* 
* Input node: 1, 
* Inverting Bandpass output node: 3, 
* Noninverting Bandpass output node: 4. 
* 
** Lossy integrator: 
Xl 6 0 3 OPAMP2 
R4 1 6 79.138K 
R1 3 6 45.318K 

* 
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C1 3 6 1.0E-9 

* 
** Inverter: 
X2 8 0 4 OPAMP2 
R5 3 8 1.592K 
R6 4 8 1.592K 

* 
** Lossless integrator: 
X3 10 0 5 OPAMP2 
R2 4 10 1.592K 
* 
C2 5 10 1.0E-9 
* 
** Feedback resistor 
R3 5 6 1.575K 
* 
.ENDS RESONT 
* 
* 
* 
************* Operational amplifier models 

* 
.SUBCKT OPAMP1 1 2 3 
* 

************* 

* This is an ideal Op Amp model with AO being the DC gain. 
* This model uses a VCVS formulation for AO. 
* 
*Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 

* 
RI 1 2 1.0Ell 
RCM1 1 0 1.0E13 
RCM2 2 0 1.0E13 
* 
EAO 4 0 2 1 2.0E5 
RO 4 3 1.5K 
* 
.ENDS OPAMP1 
* 
* 
* 
.SUBCKT OPAMP2 123 
* 
* 
* This non-ideal Op Amp model includes the finite gain-bandwidth 
* product effects, i.e. A(s) = AO/(1 + s/wl). 

------------ .-.---.... 
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... AO is the DC gain, w1 the bandwidth . 

... In this case f1 = 100Hz, GB = 20MHz . 
... This model uses a VCVS for A(s) . 
... 
,.. Nodes: Inverting input: 1; 
,.. Non-inverting input: 2; 
,.. Output: 3 . 
... 
RI 1 2 1.0Ell 
RCM1 1 0 1.0E13 
RCM2 2 0 1.0E13 
... 
EAO 4 0 2 1 2.0E5 
Rwl 4 3 1.5K 
Cw1 3 0 1.06033E-6 
... 
. ENDS OPAMP2 
... 
... 
. END 
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* 
* 
* 
* 
* 
* 
* 
* 

A.6 Compensated RC Resonator Circuit Simulation 

(AC Analysis) 

This program simulates the compensated RC resonator circuit 
using composite op amps modeled by .SUBCKT COA4 for the 
integrators and a nonideal op amp for the inverter modeled 
by .SUBCKT OPAMP2. The filter is designed using the design 
teclmique described in section 5.2. Ac analysis is performed. 

Input voltage: Yin 
Output voltage: Vo 
Design values: Q = 50, fo = 100KHz 

**************** Main circuit **************** 
* 
** Resonator model 
Xl 1 2 3 RESONT 
* 
** Input voltage 
Yin 1 0 AC 1.0 0 
* 
.AC DEC 4400 98.9K 101.1K 
* 
.OPTIONS OPTS 
.OPTIONS LIMPTS=5000 
.OPTIONS NUMDGT=5 
* 
** Output 
*.PRINT AC VDB(3) VP(3) 
.PLOT AC VDB(3) VP(3) 
* 
* 
**************** Resonator sub circuit **************** 
* 
.SUBCKT RESONT 1 3 4 
* 
* Input node: 1, 
* Inverting Bandpass output node: 3, 
* Noninverting Bandpass output node: 4. 
* 
** Lossy integrator: 
Xl 6 0 3 COA4 
R4 1 6 79.571K 
R1 3 6 52.959K 

----------------... _-_._--- . 
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" 

... 
Cl 3 6 1.0E-9 
... 
...... Inverter: 
X2 8 0 4 OPAMP2 
R5 3 8 1.5915K 
R6 4 8 1.5915K 
... 
...... Lossless integrator: 
X3 10 0 5 COA4 
R2 4 10 1.5915K 
... 
C2 5 10 1.0E-9 ... 
...... Feedback resistor 
R3 5 6 1.5914K 
... 
. ENDS RESONT 
... 

'" 
'" 
"''''''''''''''''* "'* "'''''''''' Operational amplifier models 

'" .SUBCKT OPAMP1 1 2 3 

'" 

"'''''''* "'''''''''''''''''''* * 

'" This is an ideal Op Amp model with AO being the DC gain. 
'" This model uses a VCVS formulation for AO. 

'" "'Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
'" Output: 3. 

'" RI 1 2 1.0Ell 
RCM1 1 0 1.0E13 
RCM2 2 0 1.0E13 

'" EAO 4 0 2 1 2.0E5 
RO 4 3 1.5K ... 
. ENDS OPAMP1 
... 

'" 
'" .SUBCKT OPAMP2 
... 

'" 

123 

'" This non-ideal Op Amp model includes the finite gain-bandwidth 

---------------------------_. 
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... product effects, i.e. A(s) = AO/(l + s/w1) . 

... AO is the DC gain, w1 the bandwidth . 

... In this case f1 = 100Hz, GB = 20MHz . 

... This model uses a VCVS for A(s) . 

... 

... Nodes: Inverting input: 1; 

... Non-inverting input: 2; 

... Output: 3 . 

... 
RI 1 2 1.0Ell 
RCM1 1 0 1.0E13 
RCM2 2 0 1.0E13 ... 
EAO 4 0 2 1 2.0E5 
Rw1 4 3 1.5K 
Cw1 3 0 1.06033E-6 ... 
. ENDS OPAMP2 ... 
... 
... 
. SUBCKT COA4 1 2 3 ... 
... 
... This is the composite Op Amp model given in 
... Fig. 5.1 used to compensate the integrators . 
... The model uses the nonideal op amps of OPAMP2 above . 
... 
... Nodes: Inverting input: 1; 
... Non-inverting input: 2; 
... Output: 3 . 
... 
Xl 1 2 4 OPAMP2 
X2 1 5 3 OPAMP2 
R1 2 5 10K 
R2 4 5 10K 
... 
.ENDS COA4 ... 
... 
. END 
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* 
* 
* 
* 
* 

A.1 Compensated MOSFET·C Resonator Circuit Simulation 

(AC Analysis) 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

This progt'am simulates the compensated MOSFET-C resonator 
circuit using composite op amps modeled by .SUBCKT COA4 for 
the integrators and a nonideal op amp for the inverter modeled 
by .SUBCKT OPAMP2. The filter is designed using the design 
technique described in section 5.2. Ac analysis is performed. 

Input voltage: Yin 
Output voltage: Vo 
Design values: Q = 50, fo = 100KHz 

**************** Main circuit **************** 
* ** Resonator model 
Xl 1 2 3 RESONT 
* 
** Input voltage 
Yin 1 24 AC 1.0 0 
* 
VDD 24 0 -1.0 
* 
.AC DEC 4400 98.9K lO1.lK 
* 
.OPTIONS OPTS 
.OPTIONS LIMPTS=5000 
.OPTIONS NUMDGT=5 
* 
** Output 
.PRINT AC VDB(3) VP(3) 
.PLOT AC VDB(3) VP(3) 
* 
* 
**************** Resonator subcircuit **************** 
* 
.SUBCKT RESONT 1 3 4 
* * Input node: 1, 
* Inverting Bandpass output node: 3, 
* Noninverting Bandpass output node: 4. 
* 
** MOSFET lossy integrator: 
Xl 6 7 3 COA4 



XR4 1 12 15 6 7 22 Req-1/3 
XR1 3 12 14 6 7 22 Req-1/3 
* 
C1A 3 6 1.0E-9 
C1B 7 0 1.0E-9 
* 
** MOSFET inverter: 
X2 8 9 4 OPAMP2 
XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 
* ** MOSFET lossless integrator: 
X3 10 11 5 COA4 
XR2 4 12 13 10 11 22 Req-9 
* 
C2A 5 10 1.0E-9 
C2B 11 0 1.0E-9 
* ** MOSFET feedback resistor 
XR3 5 12 13 6 7 22 Req-9 
* ** Bias voltages 
VG1 12 0 5.0 
VG2a 13 0 2.763 
VG2c 14 0 3.118 
VG2b 15 0 3.746 
* 
VB 22 0 -5.0 
* 
.ENDS RESONT 
* 
* ********* The Equivalent Resistor Subcircuits ********* 
* 
.SUBCKT Req-1/3 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
***** W/L = (1/3) 
* 
M1 1 2 4 6 MODN W=1.0E-3 L=3.0E-3 
M2 1 3 5 6 MODN W=1.0E-3 L=3.0E-3 
M3 0 3 4 6 MODN W=1.0E-3 L=3.0E-3 
M4 0 2 5 6 MODN W=1.0E-3 L=3.0E-3 
* 
.ENDS Req-1/3 
* 
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* 
.SUBCKT Req-9 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
***** W/L = 9 
* 
Ml 1 2 4 6 MODN W=9.0E-3 L=1.0E-3 
M2 1 3 5 6 MODN W=9.0E-3 L=1.0E-3 
M3 0 3 4 6 MODN W=9.0E-3 L=1.0E-3 
M4 0 2 5 6 MODN W=9.0E-3 L=1.0E-3 
* 
.ENDS Req-9 
* 
* 
********************** MOSFET model ********************** 
* 
.MODEL MODN NMOS VTO 1.0 UO 600 TOX 7.0E-6 NSUB 1.0E15 
+ GAMMA 0.46 XJ 4.2E-5 LD 3.5E-5 NFS 1.5Ell PB 0.8 
+ CGS 4.0E-13 CGD 4.0E-13 CGB 2.0E-12 CBS 2.0E-8 
+ CBD 2.0E-8 
* 
* 
************* Operational amplifier models ************* 
* 
.SUBCKT OPAMPI 1 2 3 
* 
* This is an ideal Op Amp model with AO being the DC gain. 
* This model uses a VCVS formulation for AO. 
* 
*Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
RI 1 2 1.0Ell 
RCMl 1 0 1.0E13 
RCM2 2 0 1.0E13 
* 
EAO 4 0 2 1 2.0E5 
RO 4 3 1.5K 
* 
.ENDS OPAMPI 
* 
* 
* 
.SUBCKT OPAMP2 123 
* 

-------------- .. -------_.-
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* * This non-ideal Op Amp model includes the finite gain-bandwidth 
* product effects, i.e. A(s) = AO/(l + s/wl). 
* AO is the DC gain, wI the bandwidth. 
* In this case f1 = 100Hz, GB = 20MHz. 
* This model uses a VCVS for A(s). 
* * Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
RI 1 2 1.0Ell 
RCM1 1 0 1.0E13 
RCM2 2 0 1.0E13 
* 
EAO 4 0 2 1 2.0E5 
Rw1 4 3 1.5K 
Cw1 3 0 1.06033E-6 
* 
.ENDS OPAMP2 
* 
* 
* 
.SUBCKT COA4 1 2 3 
* 
* 
* This is the composite Op Amp model given in 
* Fig. 5.1 used to compensate the integrators. 
* The model uses the nonideal op amps of OPAMP2 above. 
* * Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
Xl 1 2 4 OPAMP2 
X2 1 5 3 OPAMP2 
R1 2 5 10K 
R2 4 5 10K 
* 
.ENDS COA4 
* 
* 
.END 

127 



* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

A.S Compensated MOSFET-C Leapfrog Filter Simulation 

(AC Analysis) 

This program simulates a sixth-order Butterwoth bandpass 
leapfrog filter shown in Fig. 5.6. The filter uses compensated 
MOSFET-C resonator circuits satisfying their individual Q and 
center frequency values as buliding blocks. 
Ac analysis is performed. 

Input voltage: vin 
Output voltage: vo 
Design values: Q = 50, fo = 100KHz 

**************** Main circuit **************** 
* ** Resonator models 
XY1 1 2 3 4 RESONT1 
XZ2 4 5 1 6 RESONT2 
XY3 1 7 5 RESONT3 
* 
Vin 2 24 AC 1.0 0 
* 
VDD 24 0 -1.0 
* 
.AC DEC 4400 98.9K 101.1K 
* 
.OPTIONS OPTS 
.OPTIONS LIMPTS=5000 
.OPTIONS NUMDGT=5 
* 
** Output 
.PRlNT AC VDB(7) VP(7) 
.PLOT AC VDB(7) VP(7) 
* 
**************** Resonator subcircuits **************** 
* 
.SUBCKT RESONT1 1 2 3 4 
* 
* Input nodes: 1 and 2, 
* Inverting Bandpass outputnode: 3, 
* Non inverting Bandpass output node: 4. 
* ** MOSFE'l' lossy integrator: 
Xl 6 7 3 COA4 

-----------_._ •.. _._ ......... . 
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XR41 1 12 15 6 7 22 Req-1/3 
XR42 2 12 15 6 7 22 Req-1/3 
XR1 3 12 14 6 7 22 Req-1/3" 
CIA 3 6 1.0E-9 
C1B 7 0 1.0E-9 
* ** MOSFET inverter: 
X2 8 9 4 OPAMP2 
XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 
* ** MOSFET lossless integrator: 
X3 10 11 5 COA4 
XR2 4 12 13 10 11 22 Req-9 
C2A 5 10 1.0E-9 
C2B 11 0 1.0E-9 
* ** MOSFET feedback resistor 
XR3 5 12 13 6 7 22 Req-9 
* ** Bias voltages 
VG1 12 0 5.0 
VG2a 13 0 2.763 
VG2b 14 0 2.513 
VG2c 15 0 3.746 
VB 22 0 -5.0 
* 
.ENDS RESONT1 
* 
* 
* 
.SUBCKT RESONT2 1 2 3 4 
* 
* Input nodes: 1 and 2, 
* Inverting Bandpass outputnode: 3, 
* Non inverting Bandpass output node: 4. 
* ** MOSFET lossy integrator: 
Xl 6 7 3 COA4 
XR41 1 12 15 6 7 22 Req-1/6 
XR42 2 12 15 6 7 22 Req-1/6 
XR1 3 12 14 6 7 22 Req-1/3 
CIA 3 6 1.0E-9 
C1B 7 0 1.0E-9 
* ** MOSFET inverter: 
X2 8 9 4 OPAMP2 
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XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 
... 
...... MOSFET lossless integrator: 
X3 10 11 5 COA4 
XR2 4 12 13 10 11 22 Req-9 
C2A 5 10 1.0E-9 
C2B 11 0 1.0E-9 
... 
...... MOSFET feedback resistor 
XR3 5 12 13 6 7 22 Req-9 
... 
... Bias voltages 
VG1 12 0 5.0 
VG2a 13 0 2.763 
VG2b 14 0 3.759 
VG2c 15 0 3.737 
VB 22 0 -5.0 
... 
... 
. ENDS RESONT2 ... 
... 
... 
. SUBCKT RESONT3 1 3 4 ... 
... Input nodes: 1 and 2, 
... Inverting Bandpass outputnode: 3, 
... Non inverting Bandpass output node: 4 . 
... 
...... MOSFET lossy integrator: 
Xl 6 7 3 COA4 
XR4 1 12 15 6 7 22 Req-1/3 
XR1 3 12 14 6 7 22 Req-1/3 
CIA 3 6 1.0E-9 
C1B 7 0 1.0E-9 ... 
...... MOSFET inverter: 
X2 8 9 4 OPAMP2 
XR5 3 12 13 8 9 22 Req-9 
XR6 4 12 13 8 9 22 Req-9 ... 
...... MOSFET lossless integrator: 
X3 10 11 5 COA4 
XR2 4 12 13 10 11 22 Req-9 
C2A 5 10 1.0E-9 
C2B 11 0 1.0E-9 
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* ** MOSFET feedback resistor 
XR3 5 12 13 6 7 22 Req-9 

* ** Bias voltages 
VGl 12 0 5.0 
VG2a 13 0 2.763 
VG2b 14 0 2.513 
VG2c 15 0 3.746 
VB 22 0 -5.0 
* 
* 
.ENDS RESONT3 
* 
* 
* ********* The Equivalent Resistor Subcircuits 
* 
.SUBCKT Req-1/6 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* ***** 
* 

W/L = (1/6) 

Ml 1 2 4 6 MODN W =1.0E-3 L=6.0E-3 
M2 1 3 5 6 MODN W=1.0E-3 L=6.0E-3 
M3 0 3 4 6 MODN W =1.0E-3 L=6.0E-3 
M4 0 2 5 6 MODN W =1.0E-3 L=6.0E-3 
* 
.ENDS Req-l/6 
* 
* 
.SUBCKT Req-l/3 1 2 3 4 5 6 
* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* ***** 
* 

W/L = (1/3) 

Ml 1 2 4 6 MODN W=1.0E-3 L=3.0E-3 
M2 1 3 5 6 MODN W =1.0E-3 L=3.0E-3 
M3 0 3 4 6 MODN W =1.0E-3 L=3.0E-3 
M4 0 2 5 6 MODN W=1.0E-3 L=3.0E-3 
* 
.ENDS Req-l/3 
* 
* 
.SUBCKT Req-9 1 2 3 4 5 6 

131 

********* 



* Nodes: Input: 1; Outputs 4 and 5; 
* Gate voltages: 2 and 3; Bulk voltage: 6. 
* 
***** W/L = 9 
* 
Ml 1 2 4 6 MODN W=9.0E-3 L=1.0E-3 
M2 1 3 5 6 MODN W=9.0E-3 L=1.0E-3 
M3 0 3 4 6 MODN W=9.0E-3 L=1.0E-3 
M4 0 2 5 6 MODN W=9.0E-3 L=1.0E-3 
* 
.ENDS Req-9 
* 
* 
********************** MOSFET model ********************** 
* 
.MODEL MODN NMOS VTO 1.0 UO 600 TOX 7.0E-6 NSUB 1.0E15 
+ GAMMA 0.46 XJ 4.2E-5 LD 3.5E-5 NFS 1.5Ell PB 0.8 
+ CGS 4.0E-13 CGn 4.0E-13 CGB 2.0E-12 CBS 2.0E-8 
+ CBD 2.0E-8 
* 
* 
************* Operational amplifier models 
* 
.SUBCKT OPAMPI 1 2 3 
* 

************* 

* This is an ideal Op Amp model with AO being the DC gain. 
* This model uses a VCVS formulation for AO. 
* 
*Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
RI 1 2 1.0Ell 
RCMl 1 0 1.0E13 
RCM2 2 0 1.0E13 
* 
EAO 4 0 2 1 2.0E5 
RO 4 3 1.5K 
* 
.ENDS OPAMPI 
* 
* 
* 
.SUBCKT OPAMP2 123 
* 
* 
* This non-ideal Op Amp model includes the finite gain-bandwidth 

132 

-------------------------- ------------------------------ ------ - -- -------



* product effects, i.e. A(s) = AO/(l + s/w1). 
* AO is the DC gain, wI the bandwidth. 
* In this case n = 100Hz, GB = 20MHz. 
* This model uses a VCVS for A(s). 
* * Nodes: :Jnverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
RI 1 2 1.0Ell 
RCM1 1 0 1.0E13 
RCM2 2 0 1.0E13 
* 
EAO 4 0 2 1 2.0E5 
Rw1 4 3 1.5K 
Cw1 3 0 1.06033E-6 
* 
.ENDS OPAMP2 
* 
* 
* 
.SUBCKT COA4 1 2 3 
* 
* 
* This is the composite Op Amp model given in 
* Fig. 5.1 used to compensate the integrators. 
* The model uses the nonideal op amps of OPAMP2 above. 
* * Nodes: Inverting input: 1; 
* Non-inverting input: 2; 
* Output: 3. 
* 
Xl 1 2 4 OPAMP2 
X2 1 5 3 OPAMP2 
R1 2 5 10K 
R2 4 5 10K 
* 
.ENDS COA4 
* 
* 
.END 
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APPENDIX B 

MOSFET EQUIVALENT RESISTANCES 

This appendix lists the MOSFET equivalent resistances, Reg, obtained by 

simulating the Reg circuit of Fig. 3.1 for various control voltages VG2 and aspect 

ratios W IL. The simulation procedure is described in section 3.2 and the simulation 

program is listed in Appendix A.1. In the simulation, The control voltage VGl is 

kept constant at 5 Volts. 6VG = VGl- VG2 is the resistor control voltage and J(c 

is calculated using equation (16) of that section. 
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B.1 MOSFET Resistor values Cor 
W 9.0 -=-L 1.0 

VG2 8VG log(8VG) Reg log(Reg) Kc 

4.600 0.4000 -0.3980 8.9900 0.9540 3.5960 

4.500 0.5000 -0.3010 7.1890 0.8570 3.5950 

4.400 0.6000 -0.2220 5.9890 0.7770 3.5930 

4.300 0.7000 -0.1550 5.1300 0.7100 3.5910 

4.200 0.8000 -0.0970 4.4870 0.6520 3.5900 

4.100 0.9000 -0.0460 3.9870 0.6010 3.5880 

4.000 1.0000 0.0000 3.5870 0.5550 3.5870 

3.900 1.1000 0.0410 3.2590 0.5130 3.5850 

3.800 1.2000 0.0790 2.9850 0.4750 3.5820 

3.700 1.3000 0.1140 2.7540 0.4400 3.5800 

3.600 1.4000 0.1460 2.5560 0.4080 3.5780 

3.500 1.5000 0.1760 2.3840 0.3770 3.5760 

3.400 1.6000 0.2040 2.2340 0.3490 3.5750 

3.300 1.7000 0.2300 2.1020 0.3230 3.5730 

3.200 1.8000 0.2550 1.9840 0.2980 3.5710 

3.100 1.9000 0.2790 1.8780 0.2740 3.5680 

3.000 2.0000 0.3010 1.7830 0.2510 3.5660 

2.900 2.1000 0.3220 1.6970 0.2300 3.5630 

2.800 2.2000 0.3420 1.6190 0.2090 3.5610 

2.763 2.2370 0.3500 1.5920 0.2020 3.5610 

2.760 2.2400 0.3500 1.5890 0.2010 3.5600 

2.700 2.3000 0.3620 1.5480 0.1900 3.5590 

2.600 2.4000 0.3800 1.4840 0.1710 3.5610 

2.500 2.5000 0.3980 1.4260 0.1540 3.5650 
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B.2 MOSFET Resistor values for 
W 6.0 -=-L 1.0 

Va2 6.Va log(6.Va) Reg log(Reg) Kc 

4.600 0.4000 -0.3980 13.4830 1.1300 5.3930 

4.500 0.5000 -0.3010 10.7840 1.0330 5.3920 

4.400 0.6000 -0.2220 8.9820 0.9530 5.3890 

4.300 0.7000 -0.1550 7.6950 0.8860 5.3870 

4.200 0.8000 -0.0970 6.7300 0.8280 5.3840 

4.100 0.9000 -0.0460 5.9800 0.7770 5.3820 

4.000 1.0000 0.0000 5.3790 0.7310 5.3790 

3.900 1.1000 0.0410 4.8880 0.6890 5.3770 

3.800 1.2000 0.0790 4.4780 0.6510 5.3740 

3.700 1.3000 0.1140 4.1320 0.6160 5.3710 

3.600 1.4000 0.1460 3.8350 0.5840 5.3690 

3.500 1.5000 0.1760 3.5770 0.5540 5.3660 

3.400 1.6000 0.2040 3.3520 0.5250 5.3630 

3.300 1.7000 0.2300 3.1530 0.4990 5.3600 

3.200 1.8000 0.2550 2.9750 0.4730 5.3550 

3.100 1.9000 0.2790 2.8170 0.4500 5.3520 

3.000 2.0000 0.3010 2.6750 0.4270 5.3500 

2.900 2.1000 0.3220 2.5450 0.4060 5.3450 

2.800 2.2000 0.3420 2.4280 0.3850 5.3420 

2.700 2.3000 0.3620 2.3220 0.3660 5.3400 

2.600 2.4000 0.3800 2.2250 0.3470 5.3410 

2.500 2.5000 0.3980 2.1390 0.3300 5.3470 

2.400 2.6000 0.4150 2.0590 0.3140 5.3550 

2.300 2.7000 0.4310 1.9870 0.2980 5.3640 
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B.3 MOSFET Resistor values for 
W 3.0 -=-L 1.0 

VG2 AVG log(AVG) Reg log(Reg) Kc 

4.600 0.4000 -0.3980 26.9690 1.4310 10.7870 

4.500 0.5000 -0.3010 21.5630 1.3340 10.7820 

4.400 0.6000 -0.2220 17.9690 1.2550 10.7820 

4.300 0.7000 -0.1550 15.3890 1.1870 10.7720 

4.200 0.8000 -0.0970 13.4620 1.1290 10.7700 

4.100 0.9000 -0.0460 11.9620 1.0780 10.7660 

4.000 1.0000 0.0000 10.7580 1.0320 10.7580 

3.900 1.1000 0.0410 9.7750 0.9900 10.7530 

3.800 1.2000 0.0790 8.9570 0.9520 10.7480 

3.700 1.3000 0.1140 8.2630 0.9170 10.7420 

3.600 1.4000 0.1460 7.6690 0.8850 10.7360 

3.500 1.5000 0.1760 7.1530 0.8540 10.7300 

3.400 1.6000 0.2040 6.7030 0.8260 10.7250 

3.300 1.7000 0.2300 6.3050 0.8000 10.7180 

3.200 1.8000 0.2550 5.9510 0.7750 10.7110 

3.100 1.9000 0.2790 5.6340 0.7510 10.7040 

3.000 2.0000 0.3010 5.3490 0.7280 10.6980 

2.900 2.1000 0.3220 5.0910 0.7070 10.6910 

2.800 2.2000 0.3420 4.8560 0.6860 10.6840 

2.700 2.3000 0.3620 4.6440 0.6670 10.6800 

2.600 2.4000 0.3800 4.4510 0.6480 10.6830 

2.500 2.5000 0.3980 4.2770 0.6310 10.6930 

2.400 2.6000 0.4150 4.1180 0.6150 10.7080 

2.300 2.7000 0.4310 3.9730 0.5990 10.7280 
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B.4 MOSFET Resistor values for 
W 2.0 -=-
L 1.0 

VG2 AVG log(AVG) Reg log(Reg) Kc 

4.600 0.4000 -0.3980 40.4530 1.6070 16.1810 

4.500 0.5000 -0.3010 32.3570 1.5100 16.1790 

4.400 0.6000 -0.2220 26.9420 1.4300 16.1650 

4.300 0.7000 -0.1550 23.0880 1.3630 16.1610 

4.200 0.8000 -0.0970 20.1880 1.3050 16.1510 

4.100 0.9000 -0.0460 17.9430 1.2540 16.1480 

4.000 1.0000 0.0000 16.1380 1.2080 16.1380 

3.900 1.1000 0.0410 14.6630 1.1660 16.1290 

3.800 1.2000 0.0790 13.4350 1.1280 16.1220 

3.700 1.3000 0.1140 12.3940 1.0930 16.1120 

3.600 1.4000 0.1460 11.5030 1.0610 16.1040 

3.500 1.5000 0.1760 10.7300 1.0310 16.0940 

3.400 1.6000 0.2040 10.0540 1.0020 16.0860 

3.300 1.7000 0.2300 9.4560 0.9760 16.0760 

3.200 1.8000 0.2550 8.9270 0.9510 16.0690 

3.100 1.9000 0.2790 8.4510 0.9270 16.0560 

3.000 2.0000 0.3010 8.0240 0.9040 16.0470 

2.900 2.1000 0.3220 7.6370 0.8830 16.0370 

2.800 2.2000 0.3420 7.2840 0.8620 16.0250 

2.700 2.3000 0.3620 6.9650 0.8430 16.0200 

2.600 2.4000 0.3800 6.6780 0.8250 16.0270 

2.500 2.5000 0.3980 6.4160 0.8070 16.0390 

2.400 2.6000 0.4150 6.1780 0.7910 16.0630 

2.300 2.7000 0.4310 5.9600 0.7750 16.0920 

-------.-.•. -~ ... -.--.--... 
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B.5 MOSFET Resistor values 101' 
W 1.0 
-=-
L 1.0 

VG2 8VG log(8VG) Reg log(Reg) Kc 

4.600 0.4000 -0.3980 80.9170 1.9080 32.3670 

4.500 0.5000 -0.3010 64.6970 1.8110 32.3490 

4.400 0.6000 -0.2220 53.8940 1.7320 32.3360 

4.300 0.7000 -0.1550 46.1750 1.6640 32.3230 

4.200 0.8000 -0.0970 40.3820 1.6060 32.3060 

4.100 0.9000 -0.0460 35.8830 1.5550 32.2950 

4.000 1.0000 0.0000 32.2770 1.5090 32.2770 

3.900 1.1000 0.0410 29.3280 1.4670 32.2610 

3.800 1.2000 0.0790 26.8710 1.4290 32.2450 

3.700 1.3000 0.1140 24.7920 1.3940 32.2300 

3.600 1.4000 0.1460 23.0030 1.3620 32.2040 

3.500 1.5000 0.1760 21.4600 1.3320 32.1900 

3.400 1.6000 0.2040 20.1140 1.3030 32.1820 

3.300 1.7000 0.2300 18.9160 1.2770 32.1560 

3.200 1.8000 0.2550 17.8520 1.2520 32.1330 

3.100 1.9000 0.2790 16.9010 1.2280 32.1130 

3.000 2.0000 0.3010 16.0470 1.2050 32.0940 

2.900 2.1000 0.3220 15.2710 1.1840 32.0690 

2.800 2.2000 0.3420 14.5670 1.1630 32.0470 

2.700 2.3000 0.3620 13.9310 1.1440 32.0410 

2.600 2.4000 0.3800 13.3540 1.1260 32.0500 

2.500 2.5000 0.3980 12.8310 1.1080 32.0790 

2.400 2.6000 0.4150 12.3560 1.0920 32.1250 

2.300 2.7000 0.4310 11.9210 1.0760 32.1880 

--------_.-.... _._-_._-
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B.G MOSFET Resistor 'V8lues for 
W 1.0 
-=-
L 2.0 

Va2 AVa log(AVa) Reg log(Reg) Kc 

4.600 0.4000 -0.3980 165.2440 2.2180 66.0970 

4.500 0.5000 -0.3010 132.1880 2.1210 66.0940 

4.400 0.6000 -0.2220 110.1320 2.0420 66.0790 

4.300 0.7000 -0.1550 94.3840 1.9750 66.0690 

4.200 0.8000 -0.0970 82.5650 1.9170 66.0520 

4.100 0.9000 -0.0460 73.3770 1.8660 66.0390 

4.000 1.0000 0.0000 66.0210 1.8200 66.0210 

3.900 1.1000 0.0410 60.0000 1.7780 66.0000 

3.800 1.2000 0.0790 54.9900 1.7400 65.9880 

3.700 1.3000 0.1140 50.7440 1.7050 65.9680 

3.600 1.4000 0.1460 47.1070 1.6730 65.9500 

3.500 1.5000 0.1760 43.9560 1.6430 65.9340 

3.400 1.6000 0.2040 41.1970 1.6150 65.9160 

3.300 1.7000 0.2300 38.7550 1.5880 65.8830 

3.200 1.8000 0.2550 36.6030 1.5640 65.8860 

3.100 1.9000 0.2790 34.6580 1.5400 65.8500 

3.000 2.0000 0.3010 32.9250 1.5180 65.8510 

2.900 2.1000 0.3220 31.3410 1.4960 65.8170 

2.800 2.2000 0.3420 29.9070 1.4760 65.7960 

2.700 2.3000 0.3620 28.6310 1.4570 65.8520 

2.600 2.4000 0.3800 27.4650 1.4390 65.9160 

2.500 2.5000 0.3980 26.4060 1.4220 66.0150 

2.400 2.6000 0.4150 25.4420 1.4060 66.1490 

2.300 2.7000 0.4310 24.5590 1.3900 66.3090 

.... --.. -------.~- ---_.-. --- - --"---~' •... 
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B.T MOSFET Resistor values for 
W 1.0 -=-L 3.0 

Va2 AVa log(AVa) Reg log(Reg) Kc 

4.500 0.5000 -0.3010 199.7340 2.3000 99.8670 

4.400 0.6000 -0.2220 166.3890 2.2210 99.8340 

4.300 0.7000 -0.1550 142.6190 2.1540 99.8340 

4.200 0.8000 -0.0970 124.7660 2.0960 99.8130 

4.100 0.9000 -0.0460 110.8850 2.0450 99.7970 

4.000 1.0000 0.0000 99.8000 1.9990 99.8000 

3.900 1.1000 0.0410 90.7030 1.9580 99.7730 

3.800 1.2000 0.0790 83.1370 1.9200 99.7640 

3.759 1.2410 0.0940 80.3860 1.9050 99.7590 

3.746 1.2540 0.0980 79.5440 1.9010 99.7480 

3.700 1.3000 0.1140 76.7260 1.8850 99.7440 

3.600 1.4000 0.1460 71.2340 1.8530 99.7270 

3.500 1.5000 0.1760 66.4670 1.8230 99.7010 

3.400 1.6000 0.2040 62.3050 1.7950 99.6880 

3.300 1.7000 0.2300 58.6280 1.7680 99.6680 

3.200 1.8000 0.2550 55.3610 1.7430 99.6490 

3.118 1.8820 0.2750 52.9380 1.7240 99.6290 

3.100 1.9000 0.2790 52.4340 1.7200 99.6240 

3.000 2.0000 0.3010 49.8050 1.6970 99.6100 

2.900 2.1000 0.3220 47.4230 1.6760 99.5890 

2.800 2.2000 0.3420 45.2730 1.6560 99.6000 

2.700 2.3000 0.3620 43.3370 1.6370 99.6750 

2.600 2.4000 0.3800 41.5860 1.6190 99.8060 

2.513 2.4870 0.3960 40.1960 1.6040 99.9660 



Va2 

4.600 

4.500 

4.400 

4.300 

4.200 

4.100 

4.000 

3.900 

3.800 

3.737 

3.700 

3.600 

3.500 

3.400 

3.300 

3.200 

3.100 

3.000 

2.900 

2.800 

2.700 

2.600 

2.500 

2.400 

B.8 MOSFET Resistor values Cor 

AVa 

0.4000 

0.5000 

0.6000 

0.7000 

0.8000 

0.9000 

1.0000 

1.1000 

1.2000 

1.2630 

1.3000 

1.4000 

1.5000 

1.6000 

1.7000 

1.8000 

1.9000 

2.0000 

2.1000 

2.2000 

2.3000 

2.4000 

2.5000 

2.6000 

log(AVa) 

-0.3980 

-0.3010 

-0.2220 

-0.1550 

-0.0970 

-0.0460 

0.0000 

0.0410 

0.0790 

0.1010 

0.1140 

0.1460 

0.1760 

0.2040 

0.2300 

0.2550 

0.2790 

0.3010 

0.3220 

0.3420 

0.3620 

0.3800 

0.3980 

0.4150 

Reg 

503.0600 

402.4140 

335.3080 

287.4660 

251.4670 

223.4720 

201.1530 

182.8150 

167.5510 

159.1930 

154.6790 

143.6090 

134.0180 

125.6540 

118.2500 

111.6690 

105.7640 

100.4690 

95.6790 

91.3660 

87.4760 

83.9750 

80.7750 

77.8720 

log(Reg) 

2.7020 

2.6050 

2.5250 

2.4590 

2.4000 

2.3490 

2.3040 

2.2620 

2.2240 

2.2020 

2.1890 

2.1570 

2.1270 

2.0990 

2.0730 

2.0480 

2.0240 

2.0020 

1.9810 

1.9610 

1.9420 

1.9240 

1.9070 

1.8910 

201.2240 

201.2070 

201.1850 

201.2270 

201.1730 

201.1250 

201.1530 

201.0970 

201.0610 

201.0610 

201.0830 

201.0530 

201.0270 

201.0470 

201.0250 

201.0050 

200.9520 

200.9380 

200.9250 

201.0050 

201.1960 

201.5400 

201.9390 

202.4660 
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B.9 MOSFET Resistor values for 
W 1.0 -=-
L 9.0 

VG2 AVG log(AVG) Reg log(Reg) Kc 

4.600 0.4000 -0.3980 756.4300 2.8790 302.5720 

4.500 0.5000 -0.3010 605.1440 2.7820 302.5720 

4.400 0.6000 -0.2220 504.2440 2.7030 302.5470 

4.300 0.7000 -0.1550 432.1830 2.6360 302.5280 

4.200 0.8000 -0.0970 378.0480 2.5780 302.4380 

4.100 0.9000 -0.0460 336.0590 2.5260 302.4530 

4.000 1.0000 0.0000 302.4650 2.4810 302.4650 

3.900 1.1000 0.0410 274.9640 2.4390 302.4610 

3.800 1.2000 0.0790 252.0580 2.4020 302.4700 

3.700 1.3000 0.1140 232.6660 2.3670 302.4660 

3.600 1.4000 0.1460 216.0450 2.3350 302.4630 

3.500 1.5000 0.1760 201.5720 2.3040 302.3580 

3.400 1.6000 0.2040 188.9760 2.2760 302.3620 

3.300 1.7000 0.2300 177.8830 2.2500 302.4010 

3.200 1.8000 0.2550 167.9730 2.2250 302.3520 

3.100 1.9000 0.2790 159.1510 2.2020 302.3870 

3.000 2.0000 0.3010 151.1330 2.1790 302.2670 

2.900 2.1000 0.3220 143.9540 2.1580 302.3030 

2.800 2.2000 0.3420 137.4890 2.1380 302.4750 

2.700 2.3000 0.3620 131.6370 2.1190 302.7650 

2.600 2.4000 0.3800 126.3690 2.1020 303.2860 

2.500 2.5000 0.3980 121.5810 2.0850 303.9520 

2.400 2.6000 0.4150 117.2100 2.0690 304.7470 

2.300 2.7000 0.4310 113.1860 2.0540 305.6030 
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