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ABSTRACT 

The gain-bandwidth (GB) product of an operational amplifier (op 

amp) can effect the filtering characteristics of an infinite gain, 

multiple feedback, low pass active RC filter. In this thesis, the 

characteristics of ideal op amps and actual op amps are compared. The 

op amp is characterized by a dominant single pole, which is used to 

develop a third order voltage transfer function that describes the op 

amp's gain-bandwidth effects on the filter. Optimization theory is 

used to find adjusted values for the filter's elements to compensate 

for these GB effects. Of the sixty five compensation design methods 

examined with the optimization program GOSPEL, twelve methods produced 

useful compensation results. The adjusted element values are 

tabulated and displayed in design graphs for several values of GB and 

quality factor, Q. The twelve design techniques were verified by 

simulating the filter with the adjusted element values using PSpice. 
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Chapter 1 

Introduction 

The purpose of this thesis is to develop methods to compensate for 

the parasitic properties of the elements in an analog active 

electronic filter. The most dominant parasitic property is the 

frequency response characteristic of the active element. It will be 

shown how the gain-bandwidth product of the active element effects the 

active filter and how to adjust the values of the other filter 

elements to compensate for these effects. As part of the development, 

the properties of ideal and actual op amps will be discussed and 

compared. In addition, a discussion will be given of previous work 

done in analog active electric filter compensation. 

The purpose of analog electronic filter circuits is to pass 

sinusoidal signals in a selected frequency range and attenuate the 

signals in other frequency ranges. There are two categories of analog 

filters: ones made from all passive elements and ones made from a 

combination of passive and active elements. The latter is called an 

active filter and, as opposed to passive filters, the active element 

may also be used to provide voltage gain. The most common active 

filters contain, in addition to the active element, only resistors and 

capacitors; unlike passive filters which require resistors, capacitors 

and inductors. Such active filters are usually known as active RC 

filters or inductorless filters. One advantage of active RC filters, 

as opposed to passive filters, is that they can be realized in an 
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integrated circuit. The reason for this is that active RC filters do 

not contain inductors, an element which is difficult to fabricate in 

monolithic integrated circuit form. As a result of these properties, 

active RC filters have become widely used and are offered as off-the-

shelf items by several manufacturers. 

There are two general methods of using active RC filters to realize 

network functions.1 The first of these is the cascade method, which 

is implemented by factoring the network function into a product of 

second order terms. If the network function is of odd order, either a 

passive first order circuit or a third order active RC circuit will be 

needed. Each second order term is then realized by an active RC 

circuit, and a cascade or series connection of these circuits will 

realize the overall network function. The second order circuits, 

however, must be isolated from one another to prevent interaction 

between cascaded stages. The second method used to realize network 

functions is the direct method. In this method, the entire network 

function is realized by a single circuit. The direct method will not 

be discussed in this thesis. 

A general active filter network, for use in cascaded systems, is 

shown in Figure 1.1.1. This network can realize low pass, high pass, 

band pass, or band elimination network functions. Other circuit 

configurations are possible, but this one has been shown to be one of 

the best for practical realizations of voltage transfer functions [1]. 

1The most common network function is the voltage transfer function, 
which is defined as the ratio of the output voltage to the input 
voltage of the active RC filter. 
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Figure 1.1.1. A general active filter network. 
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It consists of an active device and a three port passive network made 

from resistors and capacitors. There are two specific implementations 

of the active element, ie., as a voltage controlled voltage source 

(VCVS) and as an op amp. Circuits using a VCVS are called finite gain 

active filters, because they employ a resistor feedback network around 

an op amp to provide a relatively low positive gain, usually in the 

range 1 to 5. Circuits using an only an op amp as the active element 

are called infinite gain active filters, because the open loop gain of 

an ideal op amp is infinite. Ideally, both the VCVS and the op amp 

have zero output impedance, making this circuit completely independent 

of any network connected at the terminals where V2(s) is defined. 

This active RC configuration, therefore, provides the necessary 

isolation required for the cascade synthesis method. 

The infinite gain active RC filter can be realized in two different 

forms. The first form is called the single feedback configuration, 

because this type of active RC filter has only one path connecting the 

output of the op amp to the passive three port network of Figure 

1.1.1. The second form is the multiple feedback configuration, which 

employs two or more feedback paths from the output of the op amp to 

the interior of the passive network. A general purpose infinite gain, 

multiple feedback, active RC filter is shown in Figure 1.1.2. It 

consists of an op amp and a passive network of six admittances. In 

this circuit, admittances *2 and *6 provide feedback from the op amp's 

output to the passive network, hence, the name multiple feedback. In 

this thesis, only second order, infinite gain, multiple feedback, low 



13 

Figure 1.1.2. An infinite gain, multiple feedback active RC filter. 
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pass, active RC filters will be considered. For convenience of 

notation, the type of filter just defined will be designated, for the 

remainder of the thesis, as an infinite gain filter. A network 

configuration, consisting of three resistors and two capacitors, that 

realizes this type of filter is shown in Figure 1.1.3. It has the 

same topology as the network shown in Figure 1.1.2 and will be 

considered in more detail in Chapter 3. 

Design methods exist to realize infinite gain filters using an 

ideal op amp, namely one with large (ideally infinite) open loop gain 

[2]. The open loop gain of an actual op amp, however, is a function 

of frequency. Since the purpose of an infinite gain filter is to pass 

and attenuate sinusoidal signals in specific frequency ranges, the 

frequency response of the op amp can affect the characteristics of the 

overall filter. In this thesis, methods are developed to compensate 

the infinite gain filter for the frequency response of the op amp by 

using optimization theory. The compensation methods involve adjusting 

the values of the admittances shown in Figure 1.1.2 to realize a 

specified second order network function. If the circuit with adjusted 

element values and an actual op amp, has the same network function as 

a circuit with an ideal op amp and other non-adjusted (original 

design) element values, then the methods have successfully compensated 

for the frequency response of the actual op amp. 

An overview of ideal and actual op amp characteristics is presented 

in Chapter 2. Methods are given to realize a VCVS by providing a 

resistor feedback network around an op amp. A dominant single pole 
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Figure 1.1.3. A low pass, infinite gain, multiple feedback active RC 
filter. 
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model for an actual op amp is discussed along with a second order 

model. It is the dominant single pole model that is used to 

characterize the frequency response of the actual op amp. A 

discussion of compensation techniques found in the literature is also 

provided; these involve pole-zero cancellation and active compensation 

techniques. The latter technique involves employing two or more op 

amps as a composite op amp, which force the composite op amp to behave 

more like an ideal op amp. Compensation techniques similar to those 

presented in this thesis are also discussed. Chapter 3 develops the 

effects of the op amp's frequency response on the voltage transfer 

function of the overall infinite gain filter. A third order voltage 

transfer function is derived that represents the effects of the 

frequency response characteristic of the op amp. To illustrate these 

effects, a plot is constructed of the dominant upper half plane 

complex conjugate pole of the third order voltage transfer function. 

This plot shows how the poles of the voltage transfer function move 

because of the op amp's frequency response. In Chapter 4, an overview 

of optimization theory is provided. The optimization strategy, used 

to derive the compensation methods of Chapter 5, is discussed along 

with the problem formulation procedure. Chapter 5 presents the 

methods to compensate the infinite gain filter for the frequency 

response characteristic of the op amp. The optimization theory of 

Chapter 4 is used to produce graphs and tables that provide adjusted 

element values to compensate the infinite gain filter; these may be 

used to design an infinite gain filter, based on a given set of 
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voltage transfer function and op amp specifications. Finally, Chapter 

6 summarizes the information provided in the body of this thesis. 
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Chapter 2 

Op Aap Models and Op Aap Compensation 

In this chapter, characteristics of ideal and actual op amps will 

be discussed, in addition to compensation methods for an actual op 

amp's frequency response. First, the properties of ideal op amps are 

presented in Section 2.1. The voltage transfer characteristic of the 

ideal op amp is discussed along with two common VCVS configurations. 

Section 2.2 presents properties of actual op amps that most affect an 

infinite gain filter. A single pole model is shown that models the 

frequency response of most internally compensated op amps. A second 

order model is briefly noted, but the single pole model is of most 

interest for this thesis. Finally, techniques to compensate for the 

op amp's frequency response are presented in Section 2.3. 

2.1 The Ideal Op Amp Model 

This section examines the characteristics of an ideal op amp. 

An ideal op amp is essentially a voltage amplifier with infinite open 

loop gain, infinite input impedance, and zero output impedance. 

Feedback is usually applied around the op amp to cause its voltage 

transfer function to be independent of it's open loop gain. Ideal op 

amps have several properties other than infinite open loop gain. The 

first is that a differential input is usually provided, with both an 

inverting terminal and a noninverting terminal. There is a polarity 
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inversion between the input and output when the input is applied to 

the inverting terminal. Direct current offsets are minimized, which 

implies that the input voltage is near zero when the output voltage is 

zero. The ideal op amp's infinite input impedance and zero output 

impedance isolate the op amp from any networks connected to its input 

or output terminals. The ideal op amp, therefore, provides the 

necessary isolation to be used in a cascaded filter system, as 

described in Chapter 1. The output stage is able to deliver or absorb 

a specified maximum current over a specified voltage range. Finally, 

the output voltage depends only on the difference between the input 

voltages, which means infinite common mode rejection ratio[l]. 

A circuit model for an ideal op amp is shown in Figure 2.1.1. In a 

first order analysis, the amplifier output voltage can be considered 

as an ideal voltage source. The voltage transfer characteristic can 

be described by 

V0(s) = A(s)(V+ - V") (2.1) 

where A(s) is the open loop gain of the op amp, and V+ and V~ are the 

input voltages at the noninverting and inverting inputs. The low 

frequency gain, A0 = {A(s >| for s=ju>, is very large, typically greater 

than lOOdB in bipolar op amps, greater than 80dB in MOS op amps, and 

infinite in ideal op amps [3]. Since the input impedance is infinite, 

both currents (I+ and I") into the op amp are zero. If A(s) is 

infinite in equation (2.1), then V+ - V" • 0, which shows that the 

input terminals are at the same voltage. Applying this concept shows 

that if the noninverting terminal (+) is connected to ground potential 
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Figure 2.1.1. An ideal op amp model. 
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(zero volts), then the inverting terminal (-) is at zero volts and is 

said to be at virtual ground [2]. For simplicity, the model shown in 

Figure 2.1.1 can be represented by the op amp symbol shown in Figure 

2.1.2. The symbol implies the input impedance is infinite, the output 

impedance is zero, and the open loop gain, A(s), is infinite. 

An op amp is not normally operated without a feedback network 

applied around it to control its voltage transfer characteristic. The 

passive network of Figure 1.1.2 performs this function for the 

infinite gain filter. If the op amp were used in an open loop 

configuration and had infinite open loop gain, even a small input 

voltage would cause the output voltage to saturate at the dc power 

supply voltage. The infinite open loop gain of an ideal op amp allows 

the symbol of Figure 2.1.2 to be used to realize two well known finite 

gain voltage controlled voltage sources using feedback resistors. The 

first is the noninverting finite gain voltage amplifier shown in 

Figure 2.1.3(a). The voltage transfer function of this circuit is 
vo<8> r2 

VsTsT = 1 + *1 • (2*2) 

where VQ(s) is the output voltage and VB(s) is the input voltage. 

This circuit is often used as the VCVS for a finite gain active 

filter. The second common VCVS is the inverting amplifier shown in 

Figure 2.1.3(b). The voltage transfer function for this circuit is 
Vo<B> ^2 „ 
Vs(s) = " Rl * (2>2) 

These two equations are valid only when the op amp is assumed to be 

ideal. A more complex model for the op amp must be used if the open 



Figure 2.1.2. An op amp symbol. 
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Figure 2.1.3. (a) A noninverting VCVS realization. (b) An inverting 
VCVS realization. 
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loop gain is not sufficiently large to justify equation (2.1). The 

next section introduces a more complex model, specifically, a dominant 

single pole model for the open loop gain. 

2.2 The Actual Op Aap Model 

Characteristics of ideal op amps were presented in the preceding 

section. It was shown that the ideal op amp has infinite input 

impedance, zero output impedance and large open loop gain. This 

section considers some non-ideal properties of op amps. Several op amp 

characteristics affect the performance of an infinite gain filter, but 

the op amp's finite gain and bandwidth are the most limiting factors. 

The filter realization, therefore, becomes dependent upon the open 

loop gain of the op amp as the gain decreases. Three models are 

presented for the open loop gain of the op amp: a dominant single pole 

model, a two pole model for high frequency applications, and a 

simplified version of the dominant single pole model. Other 

properties of actual op amps, such as bias current errors, voltage 

offset errors, noise, common mode rejection, and slew rate, will not 

be considered in this section. 

Actual op amps have finite input impedance, non-zero output 

impedance, and frequency dependent open loop gain which is not 

infinite. An actual op amp can be modeled by the circuit in Figure 

2.2.1. In this figure, A(s) is the open loop gain, is the input 

impedance, and ZQ is the output impedance. For the ideal op amp, A(s) 
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Figure 2.2.1. A practical op amp model. 
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is not a function of frequency, but for the actual op amp A(s) is a 

function of frequency. 

Most uncompensated op amps have many poles and zeros, as shown in 

the Bode plots of Figure 2.2.2. In these figures, the magnitude, 

|A( jco) | in dB, and the phase, ̂ (w) in degrees, of the open loop gain 

are plotted as functions of log frequency. The plots show the op amp 

has three poles at cô , o>2> and w3* To assure stability1 in closed-loop 

feedback configurations, most internally compensated̂  op amps have a 

dominant negative real pole at s--<oa, where <oa is the bandwidth of the 

open loop gain. Using this dominant pole model, the open loop gain 

can be written as 

. . . A0 wa 6B A(s) = = , (2.4) 
s + «a s + «a 

where A0 is the dc gain and GB is the gain-bandwidth product. CB is 

also the unity gain bandwidth in most cases. Figure 2.2.3 shows the 

magnitude, |A(jco) | in decibels (dB), and the phase, 0(«) in degrees, 

of the open loop gain of equation (2.4), as functions of log 

frequency. The plots show that «a is the -3dB frequency and GB is the 

unity gain (OdB) bandwidth. The -3dB frequency, «a, is usually very 

small, so w»b)a in most applications. For frequencies near and above 

^Stability can be determined by factoring the denominator of the op 
amp's output-input transfer function. If all the roots (poles of the 
op amp) have negative real parts, then the op amp is said to be 
stable. Stability can also be determined from the Bode plots of the 
op amp transfer function. Chapter 2 of reference [3] discusses 
stability tests. 
T̂his compensation is different than the filter compensation 
technique, which is the subject of this thesis and was briefly 
discussed in Chapter 1. The compensation discussed here refers only 
to the op amp and not to the infinite gain filter as a whole. 
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Figure 2.2.2. Bode plots for an uncompensated op amp. 



20 log(A0) 

30 dB/decade 

*(«) 

GB 

-90* 

( b )  

Figure 2.2.3. (a) Magnitude response for a compensated op amp. 
(b) Phase response for a compensated op amp. 
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GB, however, further deviations in the open loop gain occur. As shown 

in Figure 2.2.3, the second pole at coj, causes the phase to decrease 

below -90°. A more accurate two pole model should be used at high 

frequencies. Using this two pole model, the open loop gain has the 

following form 
6B 

A(S) (s + wa)(l + s/ub) ' (2,5) 

where is 2.5 to 4 times GB. The effect of the second pole can be 

ignored in most applications, since the frequency range for active 

filters is usually in the audio range, which is smaller than 

Since the second pole at can be ignored, equation (2.4) becomes 

a useful model for the op amp's open loop gain. At frequencies above 

coa, equation (2.4), for the one pole model, simplifies to [2] 

A(s) = ™ (2.6) 

This approximation will be used for the analysis performed in Chapter 

3 and Chapter 4. This equation adequately models the op amp's 

frequency response in the useful frequency range of the infinite gain 

filter. 

2.3 Op Amp Compensation Techniques 

This chapter briefly discusses three methods [3-8] to compensate 

for the effects of the op amp's frequency response on active filters. 

They are passive compensation, active compensation, and compensation 

using optimization theory. The first two involve adding extra 

components to the active filter network to create a composite op amp 
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which more closely resembles the ideal op amp discussed in Chapter 2. 

Compensation using optimization theory involves adjusting the active 

filter's element values to realize a set of voltage transfer function 

and op amp specifications. Passive and active compensation techniques 

are well documented, however, filter compensation using optimization 

theory is not well known. 

Passive compensation is generally the least complex of all the 

compensation methods. It involves placing a capacitor, C, across the 

input resistor, R̂  of Figure 2.1.3(b) to create the circuit shown in 

Figure 2.3.1. The parallel combination of Rj and C introduces a zero 

that can be tailored to cancel the internal dominant pole of the op 

amp represented by equation (2.4). Since <oa of equation (2.4) can 

shift with changing operating conditions, the compensation capacitor 

would have to change also. For this reason, other compensation 

methods have been developed, such as active compensation. 

The active compensation method is based on the idea of creating an 

active feedback network instead of a resistive feedback network for 

the circuits of Figures 2.1.3(a) and 2.1.3(b). This creates the 

circuits shown in Figures 2.3.2(a) and 2.3.2(b), which can be used in 

place of a single op amp. Many designs are available in the 

literature [4-7] that have common concepts. These concepts are either 

to structure the circuits of Figures 2.3.2(a) and 2.3.2(b) so the 

characteristics of and A2 match or to shape the higher order 

transfer function of the circuits in a desirable way [3]. Matched op 

amps can be constructed on the same semiconductor chip having similar 



Figure 2.3.1. Composite op eunp for passive compensation. 
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Figure 2.3.2. (a) Noninverting composite op amp with active 
compensation, (b) Inverting composite op amp with active 
compensation. 
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responses to temperature and voltage supply levels. Matched op amps 

on a chip, therefore, can provide compensation for other op amps on 

the same chip. The matching characteristics of one op amp cancels the 

same characteristics of another op amp. This method, as in the 

passive compensation method, requires additional elements to be added 

to the filter, which can increase the filter's cost. 

The last method to be discussed is one that does not require 

additional elements. The method involves two techniques to adjust the 

filter's element values of Figure 1.1.3 to compensate for the 

frequency response of the op amp. The first technique is one in which 

Rl and R3 are equal. The other element values can be determined from 

design equations found in reference [8] to realize a set of voltage 

transfer function and op amp specifications. The second technique is 

one in which R]_, R2 and R3 are equal. As in the R^=R2 design method, 

the other element values can be determined from design equations or 

from a design graph, produced using optimization theory [8]. By 

adjusting the element values to those from the design graph or design 

equations, the infinite gain filter3 will be compensated for the 

frequency response of the op amp. 

The compensation methods presented in this thesis are similar to 

those of the last method just discussed, but are much more exhaustive. 

It will be shown in Chapter 5 that twelve different techniques, to 

adjust the infinite gain filter's element values, will provide 

-̂ Design equations and graphs also exist for the well known Sallen and 
Key low pass active filter. 
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compensation for the frequency response of the op amp. The adjusted 

element values, derived using optimization theory, are presented in 

design tables and design graphs. 

2.4 Suasarf 

The material in this chapter has described the characteristics of 

ideal op amps, actual op amps, and compensation techniques for the 

frequency response of op amps. In Section 2.1, several properties 

that define an ideal op amp were presented. Section 2.2 presented 

three models for an actual op amp. A dominant single pole model was 

discussed for the internally compensated op amp and a simplified 

version of the dominant single pole model was presented that is valid 

for frequencies above <oa. Three different methods were presented to 

compensate for the frequency response of the op amp in active filters 

(infinite gain and finite gain). Finally, the difference between the 

compensation methods of this thesis and other work done in filter 

compensation was discussed. 
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Chapter 3 

Gain-bandwidth Effects 

This chapter shows the effects of the op amp's frequency response 

characteristic on the voltage transfer function of the infinite gain 

filter. Specifically, the frequency response of the op amp transforms 

the second order voltage transfer function (when using an ideal op 

amp) of the network in Figure 1.1.3 to a third order function. It 

will be shown that the gain-bandwidth product is the most dominant 

frequency parameter of the op amp in relation to its effects on the 

infinite gain filter. A plot of the dominant upper half plane complex 

conjugate pole of the third order voltage transfer function will be 

presented. Additionally, an explanation will be given of how the 

poles of the voltage transfer function are shifted by the op amp's 

frequency response characteristic. 

3.1 The Third Order Network Function 

In this section two voltage transfer functions will be derived for 

the infinite gain filter shown in Figure 1.1.3. The first is the 

second order voltage transfer function that results when the op amp is 

ideal. Since the op amp is ideal, the second order voltage transfer 

function is a function only of the infinite gain filter's passive 

elements. The second voltage transfer function is one which results 

when the op amp is modeled by equation (2.6). This second voltage 
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transfer function is of third order, and is a function of the infinite 

gain filter's passive elements and the op amp's gain-bandwidth 

product, 6B. Since the third order voltage transfer function is a 

function of GB, the op amp's frequency response effects on the 

infinite gain filter are called gain-bandwidth effects (GB effects). 

To begin the analysis, the second order and third order voltage 

transfer functions may be derived by considering the general active 

filter network of Figure 1.1.1. The three port passive network can be 

defined by a set of short circuit admittance or y parameters having 

the form 

Tn(s) yi2(s) yi3(8) 

Y2i(s) y22<8) y23<s) 

y3i<s) y32<s> y33(s> 

(3.1) 

The y matrix is symmetric because of the passive nature of the three 

port network; thus, yj.j=yji (i, j=l» 2, 3,...) and i=j. Considering 

the effect of the active element, the equations 

I3(s) = 0 and V2(s) = A(s)V3(s) (3.2) 

"Ti(s7 

I2(s) 
= 

l3<s> 

"V^s") 

V2(s) 

V3(s) 

can be defined. Combining equations (3.1) and (3.2) gives 
V2(s) - A(s) y31(s) 

(3.3) 
vl(8) y33(®> + A(s) y32<8) 

as the overall general active filter voltage transfer function. By 

restricting the network of Figure 1.1.1 to that of the infinite gain 

filter configuration of Figure 1.1.2, the following equations for 

y31(s), y32<s), and y33(s) can be derived as [2] 

" Y3i(8) = 
*1*3 a2e + alB +a0 
D(s) D(s) 

(3.4a) 
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YgfYi + Y2 + Y3 + Y5) + Y2Y3 b2s2 + blS +b0 _ _ 
- y32(s) = 57^ -̂ T) ' and (3-4b) 

(Y3 + Y4 + YeHYn + Y2 + Y5) -I- Y3(Y4 + Y6) C2B2 + CLB +c0 
y33<s> = D(s) = D(a) 

(3.4c) 

where 

D(s)=Yj + Y2 + Y3 + Y5 . (3.4d) 

By further restricting the network of Figure 1.1.2 to that of Figure 

1.1.3, these equations become 
g1g3 

~y3i<8>=F^7 ' (3*5a) 

s2c5c6 + sC6(61 + g2 + g3) + g2g3 
- Y32(s) = ' and (3.5b) 

S2C5C6 + BCgttGi + G2 + G3) + G3C5) + 63(6! + 02) 
y33(S) . (3.5c) 

For the ideal op amp A(s) is infinite, which causes equation (3.3) to 

become 
V2(s) Y3i(s) 

' <3'6) 

Substituting equation (3.5a) and (3.5b) into this equation gives the 

second order voltage transfer function 
V2(s) - GX G3 

VL<8> S2C5C6 + SCGFG! + G2 + G3) + G2G3 

(3.7) 

for the infinite gain filter using an ideal op amp. This equation may 

also be put in the form 
v2<s> -l/R^CgCe 

Vl(" = 2 <. fl „ 1 . Ol . 1 ' 8 + si— + — + — — + 
R2 R3/C5 R2R3C5C6 

where R^=l/G^ (i=l,2,3,...). The general form of the second order low 

pass voltage transfer function may now be introduced as 
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V2<B> _ H0 "n2 3 g 

vl(®) 82 + (wn/Q)s + Wn2 

where Hg is the gain at dc, an is the undamped natural frequency, and 

Q is the quality factor. Comparing equations (3.8) and (3.9) gives 

«n - i 1 » (3.10a) 
-s/R2R3C5C6 

I _ ^ p5ly/*2*3 + 1*3 1*2 

Q~ \J c6\ R2 \J R2 \l R3 
, and (3.10b) 

. . r2 |H0| - — . (3.10c) 

Equation (3.8) shows that the second order voltage transfer function 

of the infinite gain filter using an ideal op amp is a function of 

only the infinite gain filter's passive elements. The second order 

voltage transfer function parameters Hq? u>n, and Q are also functions 

of only the passive elements as shown in equations (3.10a), (3.10b), 

and (3.10c). As stated earlier, however, the voltage transfer 

function of the infinite gain filter with an actual op amp is of third 

order and depends on the op amp's gain-bandwidth product, GB. 

The third order voltage transfer function can now be derived by 

(3.11) 

first putting equation (3.3) in the form 
V2<b) - y3l(fl) 

Vi(.| " y33(.) ' 

-JJ7T y"(" 

where A(s) * GB/s from equation (2.6). Substituting equations (3.4a), 

(3.4b), (3.4c), and (2.6) into this equation produces a result which 

has the general form 
v2<«> ' G1G3 
V (a) * s ' (3»12) 
1 gI(C2b2 + Cl® +Cq) + (b2 + bl® +bo) 
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where the coefficients ĉ  and b^ (i=0,l,2) are functions of the 

network elements. Collecting terms and factoring C2/6B from the 

denominator gives 
V2(B> " g1g3 3 13) 

vi(8) = saf.3 + ,2(fi + + .(fa + + £s£l ' 
GBL \C2 C2 ' ^c2 c2 ' c2 

Substituting the coefficients from 3.5a, 3.5b, and 3.5c into equation 

(3.13) produces 
V2(s) - GjG3 

Vi(s) C5C6[ f (G1  + G2 + G3) G3 
-rr^l s3 + s2l—± — + -*• + GB 
GB I \ C5 Cg 

G3(G1 + G2) GBtG! + G2 +03)^ GBG2G3"| 
+ sl ——— + / + — . (3.14) 

\ C5C6 C5 ' C5C6 

At this point it is convenient to introduce the concept of 

frequency denormalization, which involves a change in the complex 

frequency variable s. Design specifications for filters (active and 

passive) usually involve frequencies in the thousands of hertz range. 

To minimize mistakes, calculations are usually performed using 

frequencies of a few hertz or radians per second (rad/s). To convert 

these low frequencies to frequencies actually required in a filter 

application, a process called frequency denormalization is used. To 

accomplish frequency denormalization, sn is considered the normalized 

frequency variable and s the denormalized frequency variable. With 

these definitions, the frequency denormalization process is defined by 

the relation 

s = 8n ®n ' (3.15) 
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where Qn is called the frequency denormalization constant. The 

opposite process is called frequency normalization and is defined by 

the relation [2] 

Bn = q~ • (3»16) 
"n 

For example, consider a capacitor with a frequency denormalized value 

of C Farads and a corresponding frequency denormalized impedance 

Z(s)=l/sC. The normalized impedance is found from equation (3.16) to 

be Z(sn) = l/snQnC which represents a capacitor of value QnC. Now the 

discussion returns to the third order voltage transfer function 

development. 

If equation (3.14) is normalized by sn = s/<on, where Qn=«n in 

equation (3.16) and wn is the denormalized natural frequency, and ton3 

is factored from the denominator, the following equation is obtained. 
v2 (sn) = - g1g3 

Vl<sn) c5c6 0>n3[ , sn2((Gl + G2 + G3) G3 
S_ + \ + — + GB 

GB L n Wjj * C5 Cg 

Bn /g3<°1 + G2> GB(Gj + G2 + G3)\ GBG2G3 1 

+ o>n2̂  C5C6 + c5 C5C6 

By noting that GBn=GB/wn is the normalized gain-bandwidth and C n̂=unC£ 

is the normalized capacitance value, equation (3.17) becomes 
V2(sn) - I/R1R3 

vl<sn) c5nc6n[ offlllW, 1 . „ 
1 s_ + s_ \ \— + — + —I + + GBn 

GBN L N n WRl R2 R3/C5N R3c6n N 

(1/R! 1/R2) GBntl/Rx + 1/R2 +1/R3)̂  GBn 1 

n R3c5nc6n c5n R2R3c5nc6n  ̂

This is the general third order voltage transfer function, in terms 

of the elements of the infinite gain filter and the op amp's GBn, for 

the circuit of Figure 1.1.3. It can be shown that the denominator of 
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equation (3.18) can be factored Into a first order real pole and a 

pair of complex conjugate poles [8]. The dc gain, Hq, for the third 

order voltage transfer function is equal to the dc gain of the second 

order voltage transfer function of equation (3.8), namely, Hq = R2/RI. 

The quality factor, Q', and the natural frequency, «n', of the second 

order term of the denominator of the third order voltage transfer 

function, however, are not the same as those of the second order 

voltage transfer function. This will be illustrated in the next 

section, where it will be shown how GBn causes a shift in the poles of 

the infinite gain filter by plotting the dominant upper half plane 

complex conjugate pole of equation (3.18). 

3.2.Gain-Bandwidth Effects Chart 

In this section it will be shown how equation (3.18) can be 

expressed in terms of GBn and Q. To begin the analysis, the third 

order voltage transfer function of equation (3.17), in terms of the 

network admittances, will be the starting point. Using an equal G 

design (Gj • Gj = G3 = G)̂  and setting C5n « IF, equation (3.17) 

becomes 
v2<sn> - G2 

" ssn—Z,—« ]—( ] 1 •' 1 
ii K̂ • "n ^ • GBNj * + (3G)GBnj • GBnJ 

Assuming the real pole of this equation is negligible, con' and 1/Q' of 

the second order factor can be determined from equations (3.10a) and 

T̂his is the same as the equal R design, except that the resistances 
are expressed as admittances. 
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(3.10b), which were derived for the second order voltage transfer 

function using an ideal op amp. For the equal 6 design and C5n = 1, 

o)n', and 1/Q' become 

a>n' * —— and (3.20a) 
c6n 

£7 = 3 • (3.20b) 

Letting ton' = 1 rad/s in equation (3.20a) results in 

6 = >/c6^- (3.2 i) 

Substituting this into equation (3.20b) gives 

~ = 3G . (3.22) 

Substituting equations (3.20b), (3.21), and (3.22) into equation 

(3.19) produces 
V2(sn) - 1 

Vl<Sn> ifclv + + 3Q' + GBn) + Bn(2 + ̂  + GBn] 

. (3.23) 

Plotting the dominant upper half plane complex conjugate pole of 

equation (3.23) for various GBns and Q's gives the graph shown in 

Figure 3.2.1. The dashed lines are lines of constant GBn and are 

produced by varying Q' for a fixed GBn. For example, the dashed line 

labeled GBn=2 was produced by fixing GBn=2 and solving for the 

dominant upper half plane conjugate pole when Q'-0.5, 0.6, 0.75, 1.0, 

1.75, 3.0, and 10. The other dashed lines were produced by the same 

method. The solid lines, however, are lines of originally specified Q 

and not lines of constant Q. It can be shown that lines of constant Q 

are radial lines through the origin. The solid lines are produced 

similar to the dashed lines except that GBn and Q' are interchanged, 
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Figure 3.2.1. Effect of GB on the poles of the infinite gain filter. 
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For example, the solid line labeled Q=0.5 was produced by fixing 

Q'=0.5 and solving for the dominant upper half plane complex conjugate 

pole of equation 3.23 when GBn=2, 3, 5, 8.5, 16, 35, and infinity. 

The other solid lines were produced by the same method. The chart 

shows that 6B has two effects on the voltage transfer function of the 

infinite gain filter. The first is that the quality factor, Q, 

changes and the second is that the natural frequency wn decreases [9]. 

To see this, assume that a normalized realization in which Q=0.75 and 

o)nn-l is desired after compensation. The term conn is used to denote 

the normalized natural frequency. Also assume the op amp has a GBn=2. 

As shown in Figure 3.2.2, a straight radial line drawn from the origin 

to the point where the Q=1.75 solid line intersects the infinite GBn 

dashed line (point A) represents a line of constant Q=1.75. The 

radial line of constant Q=1.75 intersects the GBn=2 dashed line at 

point B. This is also approximately where the Q=3 solid line 

intersects the GBn=2 dashed line. This shows that the equal G (equal 

R) infinite gain filter must be designed with a Q=3 to actually 

achieve a Q=1.75 with GBn=2. Calculating the natural frequency at 

point B gives unn=0.42 rad/s, which is less than the specified wnn=l 

rad/s. Although an equal G (equal R) infinite gain filter can be 

designed with a Q=3 to actually realize a Q=1.75, it is not possible 

to frequency denormalize the capacitors to obtain the correct 

normalized natural frequency, «nn. Such an operation would also 

require that the GB of the op amp be denormalized, which is not 

possible since a particular op amp has already been specified [8]. An 
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Figure 3.2.2. Example of GB effects on the poles of the infinite gain 
filter. 
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alternate method, therefore, must be developed to compensate the 

infinite gain filter for the op amp's 6B. 

3.3 Summary 

In this chapter, the second order voltage transfer function, 

equation (3.8), was derived for the infinite gain filter using an 

ideal op amp. The third order voltage transfer function was also 

derived that was a function of the op amp's 6B. To illustrate the 

effects of the op amp's GB on the infinite gain filter's voltage 

transfer function, the dominant upper half plane complex conjugate 

pole was plotted for various values of GBn and Q. An example was 

given to provide a numerical illustration of the op amp's GB effects. 

Finally, the reason why data from the chart of Figure 3.2.1 cannot be 

used to compensate the infinite gain filter for the op amp's GB was 

discussed. 
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Chapter 4 

Optimization 

Before proceeding to the compensation techniques for the op amp's 

GB on the infinite gain filter, a brief discussion of optimization 

theory is provided in this chapter. Optimization theory is used in 

the next chapter to generate the compensation data. The optimization 

theory used in this thesis is implemented in the computer program 

GOSPEL (General Optimization Software Package for Electrical networks) 

[10]. In the first section, the optimization theory is introduced as 

a general problem solving technique. The general concept of 

optimization is discussed along with definitions of the terms used in 

optimization theory. The second section discusses the problem 

formulation method, specifically, the complex formulation technique 

which is used to derive the compensation data in the next chapter. 

The third section briefly presents a discussion of the optimization 

strategy that is used to generate the compensation data of Chapter 5. 

Finally, the fourth section summarizes the concepts of optimization 

theory. 

4.1 Introduction to Optimization Theory 

Optimization is a general problem solving technique that is well 

suited for computer implementation. This problem solving technique 

can be applied to electrical networks to solve design problems such as 
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synthesis, approximation1, and compensation for the 6B of an op amp in 

an infinite gain filter. For example, synthesis methods for many 

types of circuits are frequently complicated and error prone. The 

synthesis methods usually require the network elements to be ideal and 

to have no dissipation associated with them. Additionally, it is 

usually difficult to modify the synthesis method to take into account 

the non-ideal nature of the network's elements. Optimization theory 

is well suited for this type and many other types of synthesis 

problems. 

The optimization problem solving technique begins with the 

definition of g, that is a function of the network elements and an 

independent variable. This quantity is called the defining relation 

and may be expressed g=g(h, x), where h is an independent variable and 

x is a vector (x = [x^, *2, ..., XjJ*) of the element values. The 

independent variable is most often frequency or time, and the elements 

are usually called parameters. The parameters (elements) are 

quantities whose values are to be determined to satisfy the 

requirements of the network being synthesized. The desired values 

(specifications) of the defining relation at each value of the 

independent variable are called the requirements. 

Initial values of the parameters (elements) are selected to start 

the optimization process as shown in Figure 4.1.1. Next, g is 

evaluated for each value, hj^ (i=l,2,3...), of the independent 

^Approximation is mentioned only as an example. See Chapter 2 of 
reference [2] for further information on approximation. 
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(Convergence 
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Figure 4.1.1. Flow chart of the overall optimization procedure 
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variable, and each value of the parameters to find g^=g(h, x). The 

defining relation, g(h, x), is used to compute the error, which is 

defined as the difference between the value of the defining relation 

and the requirement for particular values of h and x. This error is 

then compared to the specified minimum error. If the error is less 

than the minimum, then a solution has been found. If the error is 

greater than the minimum and the number of iterations has not exceeded 

some preset value, then the values of the parameters are changed by an 

optimization strategy. The optimization strategy is an algorithm to 

be applied to the parameters to produce a new set of parameters, which 

in turn produce a smaller error than the previous set of parameters. 

The solution is said to be converging if the new error is less than 

the previous error. This entire process continues until the error 

criteria is met or the maximum number of iterations is exceeded. If 

the maximum number of iterations is exceeded, then the optimization 

strategy cannot meet the specifications. A more detailed explanation 

of how the optimization strategy works will be presented in Section 

4.3. In the next section, the problem formulation technique to 

produce a defining relation, g=g(h, x), is discussed. 

4.2 Problea Formulation 

In this section, the complex optimization problem formulation 

technique is discussed. This problem formulation technique 
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essentially is a method to produce the defining relation described in 

the previous section. Several problem formulation methods exist which 

can be used to produce the defining relation. They are the curve 

matching technique, the non-linear equations technique, and the 

complex optimization technique. It will be shown how the last method, 

complex optimization, can be used to derive the defining relation. 

Given the voltage transfer function, V2(s)/Vi(s) of equation 

(3.18), its poles are points on the s-plane where the magnitude, 

|V2(s)/Vj.(s) I' is infinite. The goal is to find the parameter 

(element) values that produce as large a value of |v2(s)/Vi(s)| as 

possible. For a given V2(s)/Vi(s) , the parameter (element) values 

can be found that produce poles at a desired location. Usually, the 

reciprocal of |v2(s)/vi(s)| is minimized, because zero is much easier 

than infinity to represent in a computer. Finding a set of 

parameters (elements) that make the error criteria small gives a 

solution to the problem. 

Using equation (3.18), a defining relation can be derived using 

this technique. Essentially, the reciprocal of the magnitude of 

equation (3.18) at a specified pole location is the defining relation. 

Letting p^n = - ja>in be the specified frequency normalized upper 

half plane complex conjugate pole, the defining relation can be 

expressed as 



52 

c5nc6n[ •» ?/(l , 1 , lU r 1 
vi(Pin) ~^rLpin + Pin ^51 * 57 * + 5^ + GB" 

v2(Pin) - V*l*3 

/(1/Rl + 1/R2) GBn(1/R^ + 1/R2 +1^3)^ OBn 1 
Pin^ R3c5nc6n + C5n / + R2R3C5nC6nJ 

+ =1/5^ •(4-1) 

The parameters are the frequency normalized elements, namely, Rj_, R2, 

R3, C5n, and Cgn. Since the defining relation, equation (4.1), has 

the same value (zero) at each pole location, there is only one 

requirement, namely, zero (0). 

There are several advantages to using the complex optimization 

problem formulation method. The voltage transfer function, 

V2(s)/Vl(8)' need not be found explicitly, although, it has been 

included here for clarity in equation (4.1). A computer program can 

easily determine this function using complex arithmetic.. Trying to 

synthesize specifications which are incompatible with a given network 

is minimized, therefore, convergence is usually guaranteed. The 

defining relation, |V2(s)/V2(s) |, need be evaluated only once for each 

pair of complex poles. This generally leads to fewer evaluations of 

the defining relation as compared to the other problem formulation 

methods, therefore, minimizing computation time. 

4.3 Fletcher-Powell Optimization Strategy 

In this section a brief discussion of the Fletcher-Powell 

optimization strategy, used to generate the compensation data of the 

next chapter, is provided. As stated before, the optimization 
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strategy is an algorithm that changes the parameters in such a way as 

to produce a smaller error than was produced with the preceding 

iteration of the strategy. The GOSPEL software package contains 

several optimization strategies. They are: 

0PT1 - Random Search 

0PT2 - Random Step Search 

0PT3 - Pattern Search 

0PT4 - Newton-Raphson 

0PT5 - Fetcher-Powell 

OPT6 - Powell 

The Fletcher-Powell strategy is used to generate the data displayed in 

the graphs and tables of Chapter 5. This strategy has excellent 

convergence properties near a minimum, and converges even when started 

at a point far from the minimum. This is the most sophisticated 

strategy in the GOSPEL program. The Fletcher-Powell optimization 

strategy involves first and second order partial derivatives and 

applications of matrix theory, which are beyond the scope of this 

thesis. A detailed explanation of the strategy may be found in the 

literature (11]. 

4.4 Suauaary 

A brief summary of the information presented in this chapter is 

given in this section. An introduction to optimization theory and a 

definition of its terms were given in Section 4.1. It was shown how 
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the optimization procedure iterates through an optimization strategy 

to find a set of parameters (elements) that meet a set of 

specifications called the requirements. The concepts of defining 

relations, parameters, independent variables, error criteria, 

requirements, maximum number of iterations, and convergence were 

discussed. In Section 4.2, the complex formulation method was 

presented and, it was used to generate the defining relation of 

equation (4.1). It was also shown that the defining relation is 

usually represented as the reciprocal of the magnitude of the voltage 

transfer function. This is because the magnitude of the voltage 

transfer function, evaluated at a pole location, is infinite. The 

reciprocal of the magnitude of the voltage transfer function, 

therefore, is zero which is easier, than infinity, to represent in a 

computer. Finally, in Section 4.3, the Fletcher-Powell optimization 

strategy was briefly discussed. 
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Chapter 5 

Compensation Techniques 

In Chapter 3, the third order voltage transfer function of the 

infinite gain filter using an actual op amp was derived and shown in 

equation (3.18). The effects of the op amp's GB on this voltage 

transfer function were also illustrated by plotting the dominant upper 

half plane complex conjugate pole of this function. In Chapter 4, the 

third order voltage transfer function was used to derive the defining 

relation, equation (4.1). In this chapter, the techniques to 

compensate for the op amp's GB are presented. The defining relation, 

equation (4.1), is used, along with the Fletcher-Powell optimization 

strategy, to derive the compensation data displayed in graphs and 

tables. These graphs and tables display the adjusted element values 

necessary to compensate the infinite gain filter for the op amp's GB. 

Specifically, twelve design methods are presented that compensate for 

the GB effects of an actual op amp on an infinite gain filter. The 

results are discussed in relation to PSpice [12] simulations and 

spread of element values. 

5.1 Compensation Design Methods 

In this section, twelve methods to compensate for the op amp's GB 

effects on the infinite gain filter are presented. To begin the 

discussion, an equal R design (Rj=R2=R3) and an Ri=R3 design, as 
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discussed in Chapter 2, produce useful compensation data for the 

infinite gain filter [8]. Other design methods, however, can be 

developed using optimization theory. The defining relation of 

equation (4.1) is a function of the five passive network elements, Rj, 

R2» R3, C5n, and Cgn. Using the optimization terminology of Chapter 

4, compensation design procedures can be defined by considering all 

the element values as parameters or fixing some elements as convenient 

constant values and considering the others as parameters. For 

example, the equal R design discussed in Chapter 2 fixes Rj=R2=R3=lO 

and sets Cgn and Cgn equal to the parameters x[l] and x[2] in the 

defining relation of equation (4.1). The optimization program, 

GOSPEL, then solves for the parameters x[l] and x[2] at a given pole 

location and specified GBn. At the other extreme, all the elements 

could be set equal to parameters in the defining relation. This would 

require R2=x[l], R2=x[2], R3=x[3], C5n=x[4], and C6n=x[5]. Again, the 

GOSPEL optimization program would then solve for the parameters x[l], 

x[2], x[3], x[4], and x[5] at a given pole location and specified GBn. 

To compute the number of possible designs, the number of possible 

combinations of the five elements must be counted. Using probability 

theory, for five variables, there are 10 combinations of two 

variables, 10 combinations of three variables, five combinations of 

four variables, and one combination of five variables [13]. This 

gives 26 combinations of the parameters that can be used as possible 

compensation design procedures. Fixing some elements to convenient 

constant values, as in the equal R example above, leads to thirty nine 
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additional compensation design procedures and 65 total possible design 

procedures. The Fletcher-Powell optimization strategy was used in the 

optimization program GOSPEL to test all 65 possible compensation 

design methods for their usefulness in compensating the infinite gain 

filter for the op amp's 6B. 

Not all compensation design procedures produced useful compensation 

data. Several design procedures did not converge, indicating the 

design was not suited for compensation. Table 5.1.1 shows the design 

methods that yielded useful results for compensation. Table 5.1.2 

shows all the compensation design methods examined. Tables 5.1.1 and 

5.1.2 reflect the elements' representation as parameters from the x 

vector, x=[xi, x2, ..., xn]*, discussed in the previous chapter. 

Figures 5.1.1 and 5.1.2 graphically show the compensation data for 

designs A and C. These charts show adjusted and frequency normalized 

(un=l rad/s) element values that compensate the infinite gain filter 

for the op amp's GB. To use these charts, first find the point where 

the specified Q and GBn intersect, then read the corresponding 

normalized element values from the x and y axes. Set the other 

elements to the values given at the bottom of the chart. As an 

example, given a GBn=5 and Q=0.707, it is desired to find the element 

values to compensate for GB effects using the chart of Figure 

5.1.1(a). The point where the normalized GB and Q intersect is shown 

in Figure 5.1.3. The corresponding element values from the x and y 

axes are 1*2=1*3=0. 5fl and C5n=2 .67F. The design method also requires 

Rl=lG, and Cgn=lF. The compensation data for design B and designs 0 
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Table 5.1.1. Design methods that yielded useful compensation 
results. 

Design *1 R2 *3 c5n c6n 
A 1 x[l] x[l] x[2] 1 
B x[l] x[l] x[l] x[2] 1 
C x[l] x[l] X[1J 1 x[2] 
D X[l] x[l] x[2] 1 1/m* 
E 1 1 x[l] x[2] x[3] 
F x[l] 1 1 x[2] x[3] 
6 X[l] X[1J x[2] x[3] 1 
H x[l] x[l] x[2] 1 x[3] 
I 1 x[l] x[l] x[2] x[3] 
J x[l] x[2] x[l] x[3] 1 
K x[l] x[l] x[l] x[2] x[3] 
L 1 xrn xf 21 xf 31 xf 41 

*m = 1/8Q2 



Table>J5i;il;^_flJL^_comjj>ensatior^_deBi2r^Jt!ethods_examinedi 
Design *1 *2 *3 c5n C6N 

A 1 x[lj x[l] x[2] 1 
B x[l] x[l] X[1J x[2] 1 
C x[l] x[l] x[l] 1 x[2] 
D x[l] x[l] x[2] 1 1/m* 
E 1 1 x[l] x[2] x[3] 
F x[l] 1 1 x[2 ] x[3] 
G x[l] x[l] x[2] x[3] 1 
H x[l] x[l] x[2] 1 x[3] 
I 1 x[l] x[l] x[2] x[3] 
J x[l] x[2] x[l] x[3] 1 
K x[l] x[l] x[l] x[2] x[3] 
L 1 x[l] x[2] x[3] x[4] 
**  1 1 x[l] x[l] x[2] 
**  x[l] 1 1 x[2 J 1 
**  x[l] 1 1 1 x[2] 
**  x[l] x[2] 1 1 1 
**  x[l] 1 x[2] 1 1 
**  1 x[l] x[2] 1 1 
*•  1 x[l] 1 x[2] 1 
* * 1 x[l] 1 1 x[2] 
**  1 1 x[l] x[2] 1 
**  1 1 x[l] 1 x[2] 
* * x[l] x[l] x[2] 1 1 
•k k x[l] x[l] 1 x[2] 1 
•kit x[l] x[l] 1 1 x[2] 
* * x[l] 1 x[l] x[2] 1 
* * x[l] 1 x[l] 1 x[2] 
**  x[l] x[2] x[l] 1 1 
**  1 x[l] x[l] 1 x[2] 
**  x[2 ] x[l] x[l] 1 1 
**  x[l] 1 1 x[2] x[2] 
**  1 x[l] 1 x[2] x[2] 
**  1 1 x[l] x[2] x[2] 
** x[l] x[l] 1 x [ 2 ] x[2] 
*•  x[l] 1 x[l] x[2] x[2] 
•  *  1 X[L) x[l] x[2] x[2] 
**  x[l] x[i] x[l] x[2] x[2] 
it it x[l] x[2] x[3J 1 1 
it it x[l] x[2] 1 x[3] 1 
**  x[l] x[2] 1 1 x[3] 
•kit x[l] 1 x 12 J x[3] 1 
kit x[l] 1 x[2] 1 x[3J 
•kit 1 x[l] x[2] x[3] 1 
k k 1 x[l] x[2] 1 x[3) 
k k x[l] 1 1 x[2] x[3] 
kk x[l] X[L] 1 x[2] x[3] 
kk x[2] X[L] x[l] x[3] 1 
kk x[2] X[L] x[l) 1 x[3J 
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Table 5.1.2. Continued. 
Design *1 R2 «3 c5n c6n 

* *  x[l] x[2] x[l] 1 x[3] 
* *  x[l] 1 x[l] x[2] x[3] 
* *  x[l] x[2 ] 1 x[3] x[3] 
* *  x[l) 1 x[2] x[3] x[3] 
* *  1 x[l] x[2J x[3] x[3] 
* *  x[l] x[l] x[2] x[3] x[3] 
* *  x[l] x[2] x[l] x[3] x[3] 
* *  x[2] x[l] x[l] x[3] x[3] 
* *  x[lj x[2] x[3] x[4] x[5] 
* *  x[l] x[2] x[3] x[4] 1 
** x[l] x[2] x[3] 1 x[4] 
* it x[l] x[2] 1 x[3] x[4] 
* *  x[l] 1 x[2] x[3] x[4] 
* *  x[l] x[l] x[2] x[3] x[4] 
* *  x[l] x[2] x[l] x[3] x[4] 
*  *  x[2] x[l] x[l] x[3] x[4] 
it* x[l) K[2] X [ 4 ]  

*m = 1/8Q2. 
**Did not produce useful compensation results. 
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through L are shown in tables 5.1.3 through 5.1.12 for selected GBn 

and Q. These tables show, as in the compensation graphs, adjusted 

element values that compensate the infinite gain filter for the op 

amp's GB. 

5.2 Design Analysis 

In this section, the data displayed in the graphs of Figures 

5.1.1(a-c) and 5.1.2(a-c) and the design tables 5.1.3 through 5.1.12 

are analyzed. The relative magnitude of the adjusted element values 

are discussed along with the ratios of like elements. PSpice 

simulations are also presented to verify the design graphs and design 

tables. 

The graphs of Figures 5.1.1(a-c) and 5.1.2(a-c), and the design 

tables 5.1.3 through 5.1.12 show large element spreads when Q is high. 

In general, as Q increases so does the capacitor ratio C5n/C6n. To 

illustrate this, consider the adjusted element values of the design 

table of Table 5.1.3. For GBn=35 and Q=0.6, the value of C5n/C6n is 

3.19. The capacitor ratio C5n/Cgn, however, is 6783 for GBn-35 and 

Q=15. Of the twelve designs (A-L) presented in the previous section, 

Design A, Design C, and Design D have the lowest capacitor ratios. 

For Design A, the maximum capacitor ratio Cgn/Cgn is approximately 

1650 for GBn=10K and Q-20. For Design C, the maximum capacitor ratio 

Csn/Cgn is approximately 2000 for GBn-35 and Q=15. For Design D, the 
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Table 5.1.3. Design table for an infinite gain filter using Design 
B. C6n=lF. 

GB. r1=r2=r3 C5n 

2 
2 
2 

0.6 
0.707 
0.75 

0.271410 
0.177464 
0.145704 

4.006451 
7.491398 
9.776773 

3 
3 
3 
3 

0.6 
0.707 
0.75 
1 

0.385489 
0.296550 
0.267391 
0.142857 

3.158770 
4.840370 
5.685702 
13.999985 

0.6 
0.707 
0.75 
1 

1.75 
2 

0.466048 
0.379527 
0.351506 
0.234667 
0.075078 
0.045600 

3.026640 
4.309647 
4.903992 
9.442944 
47.728025 
88.489786 

8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 

0.6 
0.707 
0.75 
1 

1.75 
2 

4 

0.508205 
0.423053 
0.395596 
0.282077 
0.132582 
0.106701 
0.007146 

3.068712 
4.275609 
4.820352 
8.709041 
29.793030 
41.358344 
1120.400560 

16 
16 
16 
16 
16 
16 
16 
16 

0.6 
0.707 
0.75 
1 

1.75 
2 
4 
6 

0.532398 
0.447965 
0.420793 
0.308886 
0.163814 
0.139315 
0.051005 
0.018677 

3.134354 
4.342700 
4.883611 
8.662643 
26.838751 
35.401908 
172.289564 
658.844395 

35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

0.6 
0.707 
0.75 
1 

1.75 
2 
4 
6 
8 
10 
15 

0.545544 
0.461383 
0.434319 
0.323023 
0.179635 
0.155656 
0.071073 
0.042182 
0.027267 
0.017960 
0.004462 

3.187745 
4.416817 
4.966428 
8.791908 
26.701722 
34.827530 
141.062329 
334.799360 
656.400000 
1196.051252 
6783.392024 

10000 
10000 

0.6 
0.707 

0.555522 
0.471443 

3.239805 
4.498321 
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Table 5.1.3. Continued. 
GBn Q Rl=R2*sR3 c5n 
10000 0.75 0.444411 5.062119 
10000 1 0.333300 8.999088 
10000 1.75 0.190443 27.557576 
10000 2 0.166633 35.992791 
10000 4 0.083300 143.942499 
10000 6 0.055524 323.787540 
10000 8 0.041633 575.539067 
10000 10 0.033300 899.091810 
10000 15 0.022193 2021.293749 
10000 20 0.016633 3592.795924 
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Table 5.1.4. Design table for an infinite gain filter using Design 

D. CSn=lF, C6n=l/8Q2F. 

GBN Q R1=R2 R3 

5 0.6 1.448186 1.286168 
5 0.707 1.700597 1.419311 
5 0.75 1.802047 1.462532 

8.5 0.6 1.636482 1.375331 
8.5 0.707 1.898802 1.585213 
8.5 0.75 2.002780 1.665400 
8.5 1 2.597175 2.077650 

16 0.6 1.820593 1.388713 
16 0.707 2.109206 1.630974 
16 0.75 2.223289 1.727101 
16 1 2.868911 2.268964 
16 1.75 4.694818 3.658021 
16 2 5.286800 4.020895 
16 4 1.584650 4.045921 

35 0.6 1.993155 1.359857 
35 0.707 2.316462 1.608755 
35 0.75 2.444590 1.708810 
35 1 3.171771 2.289273 
35 1.75 5.217662 3.988455 
35 4 10.756598 8.229025 
35 6 15.543860 10.282234 
35 8 20.873330 9.880001 
35 1 30.563949 3.292159 

10000 0.6 2.373866 1.212924 
10000 0.707 2.794571 1.430515 
10000 0.75 2.963459 1.518046 
10000 1 3.943896 2.027652 
10000 1.75 6.870172 3.563691 
10000 2 7.841672 4.077562 
10000 4 15.554641 8.216259 
10000 6 23.185238 12.392901 
10000 8 30.748339 16.600106 
10000 10 38.255298 20.832136 
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Table 5.1.5. Design table for an infinite gain filter using Design 
E. R1=R2=lO. 

GBn Q *3 c5n C6n 

2 0.707 0.6878 1.3642 0.2174 

4 0.707 0.5044 1.7805 0.5125 

6 0.707 0.5341 2.0059 0.5721 
6 2 0.6076 4.4047 0.0942 

8 0.707 0.5531 2.1319 0.5945 
8 2 0.5181 4.9205 0.1456 

10 0.707 0.5276 2.2672 0.6274 
10 2 0.5196 5.2513 0.1698 
10 4 0.7913 8.2767 0.0259 

20 0.707 0.4650 2.6337 0.7034 
20 2 0.5447 6.0972 0.2080 
20 4 0.5501 10.4412 0.0827 
20 6 0.5081 14.1706 0.0403 
20 8 1.3353 15.9159 0.0096 

50 0.707 0.4333 2.9083 0.7464 
50 2 0.5571 6.8545 0.2257 
50 4 0.5211 12.9152 0.1101 
50 6 0.4709 18.5880 0.0717 
50 8 0.4109 24.0769 0.0523 
50 10 0.4348 27.7479 0.0368 
50 15 0.9134 32.3610 0.0119 
50 20 2.0446 38.7127 0.0029 

100 0.707 0.4245 3.0078 0.7594 
100 2 0.5583 7.1897 0.2312 
100 4.000 0.5117 14.2146 0.1179 
100 6 0.4698 21.0771 0.0797 
100 8 0.4295 27.8288 0.0604 
100 10 0.4029 34.1012 0.0480 
100 15 0.3925 46.6475 0.0291 
100 20 0.4406 55.3255 0.0183 

10000 0.707 0.4186 3.1022 0.7698 
10000 2 0.5585 7.5767 0.2361 
10000 4 0.5024 15.9433 0.1247 
10000 6 0.4606 24.9780 0.0867 
10000 8 0.4242 34.7644 0.0676 
10000 10 0.4152 43.9357 0.0546 
10000 15 0.4484 63.1473 0.0351 
10000 20 0.4054 88.7167 0.0276 
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Table 5.1.6. Design table for an infinite gain filter using Design 
P. RJ*R3B1Q. 

GB. R2 c5n c6n 
0.707 0.5525 2.0703 0.5642 

0.707 0.6648 2.0491 0.5407 

8 
8 

0.707 
2 

0.6910 
0.4951 

2.1066 
6.2396 

0.5469 
0.1952 

10 
10 

0.707 
2 

0.7078 
0.6231 

2.1435 
5.7114 

0.5493 
0.1786 

20 
20 
20 

0.707 
2 
4 

0.7216 
0.7711 
0.6942 

2.2538 
5.6918 
10.8743 

0.5624 
0.1771 
0.0822 

50 
50 
50 
50 
50 
50 

0.707 
2 
4 
6 
8 
10 

0.7351 
0.8090 
0.8616 
0.8725 
0.8613 
0.7237 

2.3184 
6.0539 
11.1472 
15.8357 
20.3594 
26.6727 

0.5664 
0.1841 
0.0841 
0.0523 
0.0370 
0.0318 

100 
100 
100 
100 
100 
100 
100 
100 

0.707 
2 

4 
6 
8 
10 
15 
20 

0.7390 
0.8028 
0.8922 
1.1505 
0.9154 
1.0827 
0.9611 
0.9562 

2.3418 
6.2705 
11.6483 
15.3900 
21.7500 
24.7425 
36.7417 
46.7928 

0.5677 
0.1886 
0.0862 
0.0465 
0.0402 
0.027 
0.018 
0.012 

10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 

0.707 
2 
4 
6 
8 
10 
15 
20 

0.7429 
0.7959 
0.9125 
1.0684 
0.8890 
3.3803 
0.8624 
0.8232 

2.3654 
6.5105 
12.3743 
17.5939 
24.9608 
22.8584 
47.2614 
64.0623 

0.569 
0.192 
0.0885 
0.0531 
0.0450 
0.0128 
0.0244 
0.0189 
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Table 5.1.7. Design table for an infinite gain filter using Design 
H. C6n=lF. 

GBn Q Rl-R2 *3 c5n 
4 0.707 0.4354 0.3023 3.8158 

6 0.707 0.7270 0.2213 3.2981 

8 0.707 0.8755 0.1792 3.5446 
8 2 0.0687 0.1212 58.6728 

10 0.707 0.7712 0.2565 3.5291 
10 2 0.1682 0.0892 31.0678 

20 0.707 0.7454 0.3058 3.7418 
20 2 0.2529 0.0895 28.1852 
20 4 0.0825 0.0457 126.3902 
20 6 0.0414 0.0197 346.0210 
20 8 0.0105 0.0121 1535.3732 

50 0.707 0.7492 0.3220 3.8977 
50 2 0.2753 0.1007 30.0632 
50 4 0.0812 0.0722 133.4098 
50 6 0.0713 0.0340 259.7039 
50 8 0.0553 0.0198 453.8353 
50 10 0.0426 0.0125 720.5469 
50 15 0.0069 0.0140 4282.6303 

100 0.707 0.7508 0.3267 3.9549 
100 2 0.2867 0.1012 31.3573 
100 4 0.1056 0.0666 123.6950 
100 6 0.0739 0.0404 268.5071 
100 8 0.0590 0.0266 462.4978 
100 10 0.0486 0.0190 709.9924 
100 15 0.0307 0.0105 1584.7808 
100 20 0.0199 0.0071 2931.3225 

10000 0.707 0.7524 0.3310 4.0146 
10000 2 0.2957 0.1021 33.0883 
10000 4 0.1008 0.0745 132.8759 
10000 6 0.0781 0.0442 288.7964 
10000 8 0.0638 0.0305 511.3901 
10000 10 0.0544 0.0227 804.5494 
10000 15 0.0424 0.0121 1936.1591 
10000 20 0.0301 0.0099 3324.2272 
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Table 5.1.8. Design table for an infinite gain filter using Design 
H. C5n=lF. 

GBr Q r1=r2 «3 c6n 
4 

6 

0.707 

0.707 

0.707 

1.4736 

2.1402 

2.5006 

1.9950 

0.9250 

0.8867 

0.1934 

0.2954 

0.2913 

10 
10 

0.707 
2 

2.3760 
5.4747 

1.1063 
2.4022 

0.2807 
0.0335 

20 
20 
20 

0.707 
2 
4 

2.0057 
6.5686 
10.8626 

1.9180 
2.8934 
5.0932 

0.2327 
0.0351 
0.0082 

50 
50 
50 
50 
50 

100 
100 
100 
100 
100 
100 
100 
100 

0.707 
2 
4 
6 
8 

0.707 
2 
4 
6 
8 
10 
15 
20 

2.1591 
6.9876 
13.2435 
19.8873 
22.4498 

2.4687 
7.5874 
13.4499 
18.4924 
19.7997 
31.5788 
43.2769 
73.7621 

I.8819 
3.7161 
6.4531 
7.6910 
II.7194 

1.5874 
3.7599 
7.8672 
12.2202 
25.0434 
15.7185 
21.7051 
10.2781 

0.2353 
0.0331 
0.0086 
0.0039 
0.0021 

0.2488 
0.0324 
0.0082 
0.0036 
0.0016 
0.0014 
0.0006 
0.0003 

10000 
10000 
10000 
10000 
10000 
10000 
10000 

0.707 
2 
4 
6 
8 
10 
15 

2.5624 
11.1117 
11.8511 
21.2616 
33.4338 
315.3667 
58.4642 

1.5768 
3.1205 
12.2797 
13.7258 
15.2675 
10.3297 
30.5358 

0.2474 
0.0288 
0.0069 
0.0034 
0.0020 
0.0003 
0.0006 
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Table 5.1.9. Design table for an infinite gain filter using Design 
I. Rj-lQ. 

GBn Q R2=R3 c5n c6n 
4 0.707 0.6186 2.1463 0.7139 

6 0.707 0.5953 2.4539 0.8203 
6 2 0.3049 9.9268 0.5147 

S 0.707 0.6908 2.3197 0.6993 
8 2 0.4130 8.2895 0.3944 

10 0.707 0.7395 2.2818 0.6525 
10 2 0.4456 8.1970 0.3834 
10 4 0.4417 14.2231 0.1321 

20 0.707 0.8348 2.2391 0.5779 
20 2 0.4896 8.5984 0.3814 
20 4 0.4158 17.4709 0.2100 
20 6 0.3691 26.4563 0.1415 
20 8 0.4417 28.5462 0.0661 
20 10 0.3990 36.7996 0.0452 
20 15 0.2098 87.0106 0.0227 

50 0.707 0.7923 2.4225 0.6318 
50 2 0.4968 9.3327 0.3936 
50 4 0.4429 19.2338 0.2197 
50 6 0.3959 29.9574 0.1624 
50 8 0.3675 40.4852 0.1284 
50 10 0.4125 44.0426 0.0849 
50 15 0.4413 57.2811 0.0443 
50 20 0.4429 71.2775 0.0264 

100 0.707 0.7825 2.4787 0.6459 
100 2 0.5050 9.5464 0.3909 
100 4 0.4475 20.3208 0.2233 
100 6 0.3841 33.4769 0.1764 
100 8 0.3661 45.0789 0.1382 
100 10 0.3553 56.1721 0.1129 
100 15 0.5352 56.6311 0.0430 
100 20 0.4618 80.4142 0.0367 

10000 0.707 0.7761 2.5285 0.6564 
10000 2 0.5132 9.7899 0.3876 
10000 4 0.4513 21.7095 0.2259 
10000 6 0.4064 35.4873 0.1704 
10000 8 0.3758 50.4911 0.1400 
10000 10 0.3545 66.2797 0.1198 
10000 15 0.4511 81.2549 0.0602 
10000 20 0.5163 97.0800 0.0384 
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Table 5.1.10. Design table for an infinite gain filter using Design 
J • Cgn=lF • 

GBr Q Rl=R3 R2 -5n 
0.707 0.5490 0.2005 3.9635 

4 
4 

0.707 
2 

0.5258 
0.0791 

0.3217 
0.0446 

3.7295 
67.2675 

6 
6 
6 

0.707 
2 
4 

0.5391 
0.1382 
0.0827 

0.3600 
0.0841 
0.0139 

3.7926 
38.4601 
288.0012 

8 
8 
8 
8 

0.707 
2 
4 
6 

0.5436 
0.2795 
0.1385 
0.0460 

0.3790 
0.0739 
0.0179 
0.0062 

3.8586 
33.0788 
211.2605 
942.1756 

10 
10 
10 
10 
10 

0.707 
2 
4 
6 
8 

0.5486 
0.2237 
0.1833 
0.0372 
0.0359 

0.3891 
0.1001 
0.0122 
0.0121 
0.0032 

3.9036 
30.6244 
287.2763 
603.0670 
2270.7071 

20 
20 
20 
20 
20 
20 
20 

0.707 
2 
4 
6 
8 
10 
15 

0.5591 
0.1279 
0.1528 
0.0478 
0.0482 
0.0320 
0.0085 

0.4073 
0.1497 
0.0364 
0.0306 
0.0169 
0.0105 
0.0020 

4.0145 
37.4241 
135.0903 
333.3246 
602.1686 
1157.7041 
8726.2204 

50 
50 
50 
50 
50 
50 
50 
50 

0.707 
2 
4 
6 
8 
10 
15 
20 

0.5677 
0.1498 
0.1455 
0.1194 
0.0966 
0.0683 
0.0478 
0.0279 

0.4157 
0.1630 
0.0478 
0.0205 
0.0113 
0.0119 
0.0054 
0.0051 

4.0905 
36.0928 
126.4530 
350.0796 
758.0902 
955.2338 
2751.2838 
4127.8713 

100 
100 
100 
100 
100 
100 
100 
100 

0.707 
2 
4 
6 
8 
10 
15 
20 

0.5703 
0.1628 
0.1537 
0.0989 
0.0804 
0.0739 
0.0404 
0.0148 

0.4183 
0.1633 
0.0464 
0.0318 
0.0205 
0.0117 
0.0108 
0.0116 

4.1188 
35.4346 
131.7958 
288.6128 
540.3166 
1021.5004 
1835.9913 
3462.1604 
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Table 5.1.10. Continued. 
GBn Q RL=R3 R2 c5n 
10000 0.707 0.5729 0.4207 4.1481 
10000 2 0.1848 0.1575 34.3229 
10000 4 0.1536 0.0482 135.0187 
10000 6 0.1099 0.0284 320.3807 
10000 8 0.0931 0.0160 672.7392 
10000 10 0.0732 0.0134 1019.8627 
10000 15 0.0508 0.0079 2483.9732 
10000 20 0.0407 0.0047 5269.4165 
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Table 5.1.11. 

GBr 

Design table for an infinite gain filter using Design 
K. 

Q Rl*R2=R3 c5n c6n 
0.707 

0.707 

0.4108 

0.7294 

3.2363 

2.1232 

0.4320 

0.4798 

6 
6 

0.707 
2 

0.8121 
0.5498 

2.0948 
7.5303 

0.4900 
0.1312 

8 
8 

0.707 
2 

0.8563 
0.6509 

2.0925 
6.7022 

0.4899 
0.1565 

10 
10 
10 

0.707 
2 
4 

0.8818 
0.7070 
1.0259 

2.0987 
6.4367 
7.9164 

0.4892 
0.1667 
0.0223 

20 
20 
20 
20 
20 

0.707 
2 
4 
6 
8 

1.0212 
0.8270 
1.4392 
3.6231 
1.7270 

1.9377 
6.1581 
6.3612 
3.5239 
9.4203 

0.4437 
0.1762 
0.0410 
0.0078 
0.0066 

50 
50 
50 
50 
50 
SO 
50 
50 

0.707 
2 
4 
6 
8 
10 
15 
20 

0.9500 
0.9209 
1.4492 
2.1032 
2.1899 
2.3312 
3.0342 
2.5902 

2.1707 
6.0541 
7.2395 
7.1044 
8.7018 
9.8336 
10.5293 
15.7092 

0.4890 
0.1729 
0.0519 
0.0223 
0.0148 
0.0101 
0.0037 
0.0018 

100 
100 
100 
100 
100 
100 
100 
100 

0.707 
2 
4 
6 
8 

10 
15 
20 

0.9582 
0.9547 
1.5196 
2.1363 
2.0800 
1.2702 
2.9110 
2.4671 

2.1826 
6.0487 
7.3412 
7.5876 
10.0916 
20.1082 
12.4073 
18.5880 

0.4885 
0.1709 
0.0524 
0.0242 
0.0181 
0.0229 
0.0061 
0.0048 

10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 

0.707 
2 
4 
6 
8 
10 
15 
20 

0.9687 
1.0027 
1.5767 
2.1114 
2.1679 
2.3635 
1.7198 
1.5676 

2.1893 
5.9816 
7.6048 
8.5149 
11.0528 
12.6682 
26.0879 
38.1221 

0.4867 
0.1662 
0.0528 
0.0263 
0.0192 
0.0141 
0.0129 
0.0106 
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Table 5.1.12. Design table for an infinite gain filter using Design 
L. Rĵ lO. 

GBn Q *2 *3 c5n c6n 
4 0.707 0.5777 0.7972 2.1075 0.6404 

6 0.707 0.4954 0.9586 2.4075 0.6703 
6 2 0.1994 1.1649 10.6869 0.2537 

8 0.707 0.6917 0.7865 2.2359 0.6432 
8 2 0.1959 1.3347 11.1613 0.2456 
8 4 0.1859 0.8237 22.3795 0.1386 
8 6 0.0241 0.9980 196.6738 0.0852 

10 0.707 0.7560 0.7238 2.2752 0.6512 
10 2 0.2557 0.9920 9.7887 0.2988 
10 4 0.1739 1.2886 23.2271 0.1137 
10 6 0.1211 1.1845 45.4925 0.0685 
10 8 0.0883 0.7306 84.0722 0.0474 

20 0.707 0.7179 0.5409 2.7656 0.8338 
20 2 0.3911 0.6436 8.9154 0.3666 
20 4 0.2764 0.7265 19.5894 0.1849 
20 6 0.2191 0.7279 32.3863 0.1246 
20 8 0.1566 0.8996 51.9873 0.0808 
20 10 0.1393 0.7981 70.1967 0.0654 
20 15 0.1230 0.5069 121.3431 0.0335 

50 0.707 0.6314 0.6315 2.8645 0.8432 
50 2 0.4521 0.5731 9.2748 0.3810 
50 4 0.3759 0.5430 19.5759 0.2133 
50 6 0.2917 0.5758 31.9203 0.1517 
50 8 0.3125 0.4368 42.1140 0.1281 
50 10 0.3427 0.3624 50.5789 0.1040 
50 15 0.2558 0.3549 83.4844 0.0756 
50 20 0.2231 0.3379 115.8269 0.0553 

100 0.707 0.8400 0.7136 2.5009 0.6530 
100 2 0.4665 0.5605 9.5133 0.3841 
100 4 0.4119 0.4965 20.3430 0.2202 
100 6 0.3166 0.5573 32.8280 0.1547 
100 8 0.3545 0.3966 44.5447 0.1344 
100 10 0.3810 0.3983 52.1761 0.1012 
100 15 0.2916 0.3374 89.3855 0.0841 
100 20 0.2649 0.3120 122.2784 0.0669 

10000 0.707 0.7453 0.7435 2.6063 0.6924 
10000 2 0.5017 0.5248 9.7935 0.3876 
10000 4 0.4533 0.4542 21.6128 0.2245 
10000 6 0.4098 0.4089 35.2726 0.1689 
10000 8 0.2463 0.6216 53.2953 0.1224 
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Table 5.1.12. Continued. 
GBN Q R2 *3 c5n c6n 
10000 10 0.3607 0.3609 65.3069 0.1174 
10000 15 0.3211 0.3214 108.0724 0.0894 
10000 20 0.2946 0.2950 155.0744 0.0739 
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maximum capacitor ratio C5n/C6n is 800 for Q = 10 regardless of GBn. 

These ratios are still quite high, even though they are the lowest. 

The resistor ratios for all designs are much lower. They are in the 

range of 1 (R̂  = 1*2= R3) to 50 (Designs A and L). It is usually not 

possible to have similar elements have the same value in this type of 

circuit. There is usually a large spread in element values of the 

same type even for low gain infinite gain filters with an ideal op amp 

if Q is moderately high [1]. 

Of the twelve designs, Design C provides an equal R design with 

minimum capacitance ratio. From this view point, Design C is the most 

advantageous of the twelve designs. Designs B and K provide equal 

resistance values, but their capacitance ratios are high. The 

advantage for using Design A is that its capacitance ratio is low when 

compared to the other designs. Design D is useful, because its method 

is found in most active filter texts [1,2]. There are no specific 

advantages for using Designs E-J, and L, although they all provide 

compensation for the op amp's GB. 

All compensation methods were simulated with PSpice. Figure 

5.2.1(a) shows the magnitude of the voltage transfer function, 

|v2<jw)/Vi(jw)| of equation (3.18) for design A, as a function of log 

frequency for various GBns and Q=0.707. Figure 5.2.1(b) shows similar 

results for design A for the maximum Q of the given GBn. For example, 

from the graph of Figure 5.1.1(b), for GBn=5 the maximum Q is Q=2. 

The plots of Figures 5.2.1(a-b) show different low frequency gains for 

each combination of GBn and Q, which must be true from equation 
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Figure 5.2.1(a). Magnitude plot for high Q, Design A. 
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Figure 5.2.1(b). Magnitude plot for low Q, Design A. 
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(3.10c) given the different ratios of R2/R1 from the graphs of Figure 

5.1.1(a-c). To illustrate this, from the graph of Figure 5.1.1(a), 

for GBn=5 and Q=0.707, R2=0.5Q and design A requires Ri=lQ. From 

equation (3.10c), the dc gain is H0=0.5 and is shown in Figure 

5.2.1(a) for the curve labeled GBn=5, Q=0.707. From the same graph, 

Figure 5.1.1(a), for GBn=16 and Q=0.707, R2=0.54fl and design A 

requires Ri=l0. Again, from equation (3.10c), the dc gain is Hg=0.54 

and is shown in Figure 5.2.1(a) for the curve labeled GBn=16, 

Q=0.707. As can be seen in the plots of Figures 5.2.1(a-b), all wn=l 

rad/s (fn=0.159 Hz) and all Qs meet the required Qs. Designs B, C, 

and D through L have similar magnitude graphs and meet the specified 

<un=l rad/s and Q. Phase plots show the gain at DC is negative, which 

verifies equation (3.18). These plots are not included here for 

brevity. 

5.3 Summary 

In this chapter, the defining relation of equation (4.1) was used 

to develop 65 possible compensation techniques. Of these 65 possible 

compensation techniques, twelve were found useful for compensating the 

infinite gain filter for the op amp's GB. The adjusted element values 

were displayed in the graphs of Figures 5.1.1(a-c) and 5.1.2(a-c) and 

the design tables of Tables 5.1.3 through 5.1.12. An example was 

given to show how to use the design graphs. Section 5.2 discussed the 
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compensation data generated in Section 5.1. It was shown how large 

the capacitor ratio C5n/Cgn can be for large values of Q and this was 

illustrated in an example. The resistor ratios were shown to be 

considerably lower than the capacitor ratios. Design C was shown to 

be the most advantageous of the twelve designs. Finally, PSpice 

simulations were provided for designs A to show that the 

specifications were met despite the op amp's GB. All the other 

designs have similar results, but were omitted for brevity. 
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Chapter 6 

Conclusion 

This thesis has investigated the effects of the frequency response 

characteristic of an actual op amp on an active RC filter. It was 

shown how the op amp's gain-bandwidth product, GB, causes a shift in 

the poles of the filter's voltage transfer function. A general filter 

compensation technique was developed, using optimization theory, to 

adjust the filter's element values to compensate for the op sump's 

frequency response. Specifically, this general filter compensation 

technique was applied to a second order, infinite gain, multiple 

feedback, low pass active RC filter, which was termed infinite gain 

filter throughout the thesis. It was shown that the infinite gain 

filter's element values can be adjusted, using the design graphs and 

design tables of Chapter 4, to meet a specified pole location and op 

amp GB. 

In Chapter 2, section 1, the ideal op amp model was presented in 

addition to two common VCVS configurations. It was shown that the 

ideal op amp, modeled by Figure 2.1.2, has infinite input impedance, 

zero output impedance, and infinite open loop gain. It was shown that 

the op amp is usually operated with some sort of feedback around it to 

control its voltage gain characteristic. This was evidenced by a 

noninverting VCVS and an inverting VCVS. In Chapter 2, section 2, the 

model for an actual op amp was introduced. It was shown that 

compensated op amps can be modeled by a dominant single pole defined 
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by equation (2.1). At frequencies above the -3dB frequency, toa, the 

op amp can be modeled by equation (2.6). This model was used in 

Chapters 3, 4, and S. A second order model for the actual op amp was 

briefly discussed. Since the frequencies of interest in most filter 

applications are much lower than the second pole, the second pole can 

be ignored. Previous work done in the filter compensation area was 

also discussed. Passive compensation techniques were presented, but 

these were found to be impractical. Active compensation was 

discussed, which involves using an active feedback network around an 

op amp instead of a passive feedback network. This effectively 

creates a composite op amp that can be used in place of single op amp 

in a filter application. A design method was given that included two 

techniques (R̂ =R2=R3 and Rj=R3> to compensate the infinite gain filter 

by adjusting its element values in such a way as to negate the GB of 

the op amp. Chapter 3, section 1, developed the second and third 

order voltage transfer functions for the infinite gain filter. The 

second order voltage transfer function is one that can be derived when 

the op amp is ideal. The third order voltage transfer function 

includes the op amp's 6B effects on the infinite gain filter using 

equation (2.6) as a model for the open loop gain, A(s). To illustrate 

the op amp's GB effects on the infinite gain filter, the dominant 

upper half plane complex conjugate pole of the third order voltage 

transfer function was plotted. This plot showed how the poles shift 

with changing GBn. In Chapter 4 a brief discussion of optimization 

theory and the Fletcher-Powell optimization strategy was presented. 
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The defining relation was defined, and it was derived from the third 

order voltage transfer function of equation (3.17). Chapter 5, 

section 1, provided the adjusted element values to compensate the 

infinite gain filter for the op amp's 6B. Sixty five compensation 

techniques were examined to determine their usefulness for 

compensating the infinite gain filter. Of the 65, twelve were found 

to be suitable for compensating the infinite gain filter. The 

adjusted element values from these twelve techniques were displayed in 

the design graphs of Figures 5.1.1(a-c) and 5.1.2(a-c) and the design 

tables of Tables 5.1.3 through 5.1.12. An example of how to use the 

graphs to meet a specified Q and GBn was presented. In Chapter 5, 

section 2, the element value spread was discussed. It was shown that 

the capacitor ratio c5n/c6n -*-s generally large as Q increases, 

however, the resistor ratios are small (<50) when compared to the 

capacitor ratios. Finally, PSpice simulations were presented to 

verify that the adjusted element values in the design graphs and 

design tables provide compensation for the infinite gain filter. 

The general filter compensation technique of optimization theory is 

not restricted to the low pass infinite gain filter investigated in 

this thesis. This general compensation technique can be applied to 

several other networks. Specifically, this technique can be applied 

to high pass, bandpass, and band elimination configurations of the 

infinite gain filter. In addition, the compensation technique can be 

applied to other types of active filters such as finite gain filters, 

the resonator filter, and the state variable filter. 
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