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ABSTRACT 

This thesis presents the analysis and characterization of a low 

sensitivity dual feedback active RC bandpass filter. Chapter 2 details 

the analysis of the network and a method of simplifying the 

resultant transfer function by a single pole/zero cancellation. 

Chapter 3 characterizes the simplified transfer function through an 

analysis of the quality factor and of the center frequency gain as 

functions of the individual variables of the circuit. It also details 

sensitivity analyses of these characteristic quantities and a stability 

analysis. Lastly, chapter 3 presents graphical representations of the 

equations developed so that they can be used as design tools. It 

then goes through the details of applying these graphs to an example 

network. Chapter 4 explains the differences between experimental 

data and predicted data by discussing some of the nonlinearities 

neglected in the original analysis. Finally chapter 5 restates the 

design technique in light of the predominant nonlinearities. 
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CHAPTER 1 

INTRODUCTION 

One of the primary tradeoffs of active RC bandpass filter design 

is between achieving a high quality factor (Q), center frequency to 

bandwidth ratio, while limiting the gain of the amplifiers involved. 

This is necessary in order to keep the bandwidth of those amplifiers 

significantly higher than the center frequency of the filter. 

Conversely, by keeping the gain of the amplifiers low, the center 

frequency of the filter can be made higher without frequency 

response degradation from amplifier rolloff. 

Figure 1.1 shows a simple bandpass circuit. If, for the 

Figure 1.1 

purpose of example, all passive elements are assumed to have unit 

value, then it is necessary for the gain (K) of the amplifier to be -899 

in order to achieve a Q of 10. See Appendix A for the details of this 

analysis. Therefore, assuming that the amplifier has a gain 
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bandwidth product of IMHz, then the bandwidth of the amplifier is 

only 1.112KHz. This means that the center frequency of the 

amplifier must be kept significantly lower than 1.112KHz to keep the 

amplifier's dominant pole from affecting the filter's performance. 

An alternative network was designed using phantom zero 

synthesis. In this technique, the zeros of the feedback network, 

called phantom zeros, are absorbed into the denominator of the filter 

transfer function. As the gain of the amplifier is increased, the poles 

of the filter function approach the position of the original phantom 

zeros. Therefore, by designing these zeros to be close to the 

imaginary axis, or even slightly to the right of the imaginary axis, 

high Q can be achieved with a relatively low amplifier gain. 

An example of such a network is shown if Figure 1.2. If, for 

1^1 1^2 

\^ 

-r *"3 

Figure 1.2 



the purpose of illustration, Ri, R2, Ci and Cz are all assumed to have 

unit value, R3 to have half unit value, and C3 to have twice unit 

value, then it is only necessary for the gain (K) of the amplifier to be 

-39 in order to achieve a Q of 10. See Appendix B for the details of 

this analysis. Therefore, using the same nominal gain bandwidth 

product of IMHz, the bandwidth of the amplifier is 25.641KHz. 

Although this is quite an improvement over the previous 

network, there are two remaining problems with the second network 

that need to be solved before it is realizable. First is the problem of 

driving a partially capacitive input terminal. The resistance of any 

source will act on the feedforward path thereby changing the filter 

characteristics. In other words, RSOURCE is in between the input 

voltage terminal and the junction of R3 and C3, therefore the transfer 

function changes. The second problem is that since the amplifier 

requires negative gain, the first of the two resistors that fixes the 

gain of this amplifier will affect the feedforward path of the circuit 

again changing the filter characteristics. Not only will this resistor 

affect the feedforward path, but also, being inside the feedback loop, 

it will cause changes in the feedback path. 

The subject of this thesis is illustrated in Figure 1.3. In this 

case, the first amplifier is used as a buffer (noninverting 

configuration) between the passive network and the negative gain 

stage. Therefore the input resistance seen by the network looking 

into the buffer is ideally infinite thereby solving the amplifier's input 

resistor problem. Secondly, the source is connected only to a 
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resistive branch allowing for the source impedance to be directly 

calculated into the value of Rs, thereby solving the second problem. 

In addition, the capacitive branch originally connected to the source 

is connected to the output of the noninverting amplifier in order to 

attempt to use this stage not only as a buffer but also to enhance the 

filter performance. 

MN 

Figure 1.3 

Under most circumstances, the addition of positive gain causes 

severe Q sensitivity problems. For example, the positive gain 

network of Figure 1.4, assuming all unity element values, has a 

sensitivity of 29 while achieving a Q of only 10. Appendix C details 

this analysis. The network of Figure 1.1, on the other hand, has a 

sensitivity of only 0.499 for the same Q of 10. This shows that the 

performance improvements gained by using a buffer with some 
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positive gain as in Figure 1.3 may be offset by increased Q 

sensitivity. 

This thesis details the analysis and characterization of the 

network in Figure 1.3. Chapter 2 explains the analysis of this 

network along with a means to simplify the resultant transfer 

function by cancelling a single pole and zero. It is only through the 

use of this simplifying technique that the network acts as a simple 

bandpass filter and can be characterized in standard bandpass form. 

Chapter 3 presents the details of the characterization of the 

network. First the quality factor, Q, and center frequency gain are 

calculated. Next, the sensitivity of Q to variations in the element 

values and amplifier gains is derived and lastly a stability analysis is 

done. In all cases, the relationships that act as design guides are 

presented in graphical form. One set of graphs relating the quality 

factor to the noninverting and inverting amplifier gains is presented 

and explained. Another set of graphs shows a crucial sensitivity 

relationship. The last graph presented shows the center frequency 

Figure 1.4 



gain in relation to the values determined from the other design 

graphs. In addition, the tradeoff between increased element ratios 

and increased amplifier bandwidth is discussed. 

As an alternative to the graphical design approach, chapter 3 

also presents two equations that can be used to directly calculate the 

circuit parameters from the design specifications. 

Lastly, chapter 3 has a detailed example showing one method 

of applying the previously developed information as a design tool to 

realize a specified network. This section will go through the process 

of choosing values for the amplifier gains and show how to use the 

graphs to easily meet the circuit performance specifications. A 

computer simulation of the suggested network will then be 

presented to prove the validity of the suggested design method. 

Chapter 4 will discuss physical realization limitations. First 

experimental results relating to the previously developed example 

will be presented. Then computer simulations of the ideal circuit and 

several nonideal circuits will be presented and correlated with the 

experimental results. Lastly, the results of this comparison will be 

explained in terms of the simulation models used and the nonideal 

properties of the circuit. 

Finally, Chapter 5 will provide some general guidelines and 

concluding remarks regarding designing and realizing such networks 

using the tools developed in chapters 2 and 3 and the 

approximations developed in chapter 4. 



CHAPTER 2 

NETWORK ANALYSIS 

A detailed analysis of Figure 1.3 is conducted in Appendix D. 

Standard nodal analysis is used to find the transfer characteristic of 

the network but some assumptions are made concerning the 

amplifier blocks. The amplifiers are assumed to have infinite 

impedance and therefore assumed to draw no current. They are also 

assumed to have zero output impedance and therefore to offer 

complete isolation from all branches tied to these outputs. Lastly, 

they are assumed to have an infinite bandwidth, thereby eliminating 

the effects of amplifier poles from the calculations. The effects of 

these nonidealities will be examined in Chapter 4. 

The resultant transfer function is: 

Vo 
(2.1) 

ViN Cs^ + Ds^ + Es + F 

where 

A = KiK2C2C3G3/ ( 1 - K I K 2) 

B = KIK2C2G3(Gi + G2) / (1 - KIK2) 

C = C1C2C3 

(C3G2(Ci + C2)(l - Kl) + C2C3G3) 
D = CIC2(GI + G2) + 

(I-K1K2) 

1 4  
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(C3G2G3(1 - Kl) + C2G3(GI + G2)) 
E = GiG2(CI + C2) + -

(1 - KiK2) 

F = G1G2G3 

In order to make this transfer function conform to the equation 

of a bandpass filter, equation 2.2, 

Vo As 
--- = (2.2) 

ViN Bs^ + Cs + D 

it is necessary to cancel one pole with one zero. Therefore, a zero at 

the origin is factored from the original equation. 

Vo As(s + B/A) 
- - -  =  —  ( 2 . 3 )  

ViN Cs^ + Ds^ + Es + F 

The remaining factor in the numerator, a simple finite zero, must be 

canceled by a pole. 

Vo As(s + B/A) 
- = (2.4) 

ViN (s + B/A)(Cs^ + (D - CB/A)s + (E - DB/A + CB^/A^)) 
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However, in order for this pole to be a perfect factor of the original 

denominator, the remainder in the long division of the denominator 

must equal zero. 

Using A, B, C, D, E, and F developed in Appendix D, it is possible 

to find a solution to equation 2.5. This solution represents the 

condition under which the original network will have a pole/zero 

cancellation to reduce it to simple bandpass form. Appendix E details 

this solution for the limited case when Ci is equal to Gi, Ci is equal to 

G2 and C3 is equal to 03. The result of Appendix E is that when 

where XN = CN = ON, then the network equation can be simplified to 

the form of equation 2.2, where 

C(B/A)3 - D(B/A)2 + E(B/A) - F = 0 (2.5) 

X3 = Xn- X2 (2.6) 

KIK2(1 + X2/X1) 

s 
Vo ( 1 -K1K2) 

(2.7) 
ViN (2 - Ki)(l + X2/X1) 

s 2 + s + 1 
(1 -K1K2) 

Details of this reduction are shown in Appendix F. 



CHAPTERS 

NETWORK CHARACTERIZATION 

Once the transfer function is in bandpass form, Q and wo can be 

found by inspection. 

I-K1K2 
Q = -  (3.1)  

(2 - KI)(1+X2/XI) 

Wo = 1 (3.2) 

The gain at the center frequency can also be found by inspection. 

K1K2 
G(wo) = (3.3) 

2 - Ki 

Additionally, the sensitivity of Q to changes in element values or 

amplifier gains can be calculated. The results of this analysis, 

detailed in Appendix G, are: 

Q X2 
S = (3.4) 

Xi Xi + X2 

1 7  
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Q -X2 
S = (3.5) 

X2 Xi + X2 

Q 
S = 0 (3.6) 

X3 

Q -KiK2 
S = (3.7) 

K2 (I-K1K2) 

Q KI(1-2K2) 
S = (3.8) 

Ki (2-Ki)(1-KIK2) 

Lastly the network function can be studied in terms of its region of 

stability. Routh-Hurwitz analysis shows that in order for this 

network to be stable, each term in the denominator of its transfer 

function must be positive. Therefore, 

(1 + X2/XI)(2-KI) 
- > 0 (3.9) 

(1 - K1K2) 

which can be reduced to, 

Kl < 2 (3.10) 

for the system to be stable. 

Using these characteristic values it is possible to create a 

variety of tables showing relationships between them. These tables 



may in turn be used as a design guide in order to properly select 

amplifier gains and element ratios given any of these characteristic 

values as specifications. To facilitate the use of these tables they will 

be presented in graphical form. 

However, before Ki and K2 can be determined, it is necessary to 

pick a set of element values. Since the element values can be scaled 

to any final values after the design is complete, it is only the ratio of 

values that is important. Therefore all final circuit element values 

will be scaled from the values used in the original circuit. Looking 

ahead at the graphs to be presented, it can be seen that as the ratio 

of Xi to X2 increases, the value of gain K2 can be chosen to be a lower 

value while still achieving the same Q and Q sensitivity. In other 

words, as the element spread increases, K2 can be chosen to be lower 

while still achieving the same characteristic values. Note that K2 is 

the critical parameter in this tradeoff because, as equation 3.10 

indicates, Ki will always be less than 2 while K2 will usually need to 

be larger than 2 to achieve the necessary Q. This in turn will 

enhance the operation of the network because a lower value of K2 

will extend the bandwidth of that amplifier (assuming a constant 

gain bandwidth product). Therefore there is a tradeoff between 

increased element spread and increased center frequency range. 

The first set of graphs to be presented corresponds to equation 

3.1 which relates Q to Ki and K2 with a multiplying factor dependent 

on the ratio of Xi to X2. Figures 3.1, 3.2 and 3.3 can be used to find 



2 0  

the values of Ki and K2 necessary to achieve a specific Q. Each graph 

corresponds to a different ratio of Xi to X2. 

If Q is the only characteristic value specified, then these three 

figures show that there are an infinite number of combinations of K2 

to Ki that will suffice. However, if Q sensitivity is also an issue, then 

the Q sensitivity equations, equations 3.4 through 3.8, need to be 

interpreted. Equations 3.4, 3.5, and 3.6 show that the maximum 

sensitivity of Q to any element value is unity. 

Q 
Lim S 

Xi 00 XN 

Q 
Lim S 

X2 ̂  00 XN 

Q 
Lim S 

XN 00 X3 

The sensitivity of Q to changes in K2, equation 3.7, also approaches 

unity as long as the product of Ki and K2 is significantly larger than 

one. 

Q 
Lim S =1 (3.14) 

K1K2 ^00 K2 

The sensitivity of Q to changes in Ki, equation 3.8, is not so 

easily interpreted in that it does not approach a limit as Ki and K2 

vary. Therefore, it is this equation that will be used to pick specific 

values of Ki and K2 from the infinite number of pairs corresponding 

= 0 N = 1 or 2 (3.11) 

= 1 N = 1 or 2 (3.12) 

= 0 N = 1, 2 or 3 (3.13) 
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to the specified Q. The presentation of this graph is done in such a 

way as to fix K2 and allow a choice of sensitivity versus the specified 

Q. Figures 3.4, 3.5 and 3.6 show this relationship for three different 

ratios of Xi to X2. Once an approximate value of K2 is known from 

these graphs, the first set of graphs can be used to find the necessary 

Ki and exact K2 for the specified Q. An example developed later in 

this chapter will review this process in more detail. 

An alternative method of finding Ki and K2 can be used if the 

quality factor and the sensitivity of Q to Ki are specified as opposed 

to being maximized within certain constraints. Using equations 3.1 

and 3.8, it can be shown that, 

2 1 
Ki = 2 + (3.14) 

S SQ(1 + X2/X1) 

and, 

S + 1 - 2Q(1 + X2/X1) 

K2 = (3.15) 

2(S - 1) + ((1/Q)(1 + X2/X1)) 

where S stands for the sensitivity of Q to KI. See appendix H for the 

details of this analysis. 

Once the element ratios and gains have been fixed, the overall 

center frequency gain can be determined. Because the expression for 

gain, equation 3.3, is independent of element values only one graph, 
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shown in Figure 3.7, is presented. This graph shows center 

frequency gain versus Ki with K2 fixed. In addition to the absolute 

value of the center frequency gain, the sensitivity of this gain to 

changes in Ki or K2 is significant. Appendix G shows that: 

G 
S = 1 N = 1 or 2 (3.16) 

KN 

thereby making the choice of Ki or K2 independent of overall gain 

sensitivity issues. 

As an example of the use of all of these design tools, suppose 

that it is desired to design a circuit with a Q of 50, a maximum Q 

sensitivity of 5, a minimum resistance of 500^2 with minimum 

spread between the element values and a center frequency of lOKHz. 

Using the unity element ratio graph of Q sensitivity versus Q, 

figure 3.4, it can be seen that Kz must be between -20 and -30 in 

order to keep that sensitivity less than 5. All other Q sensitivities 

have been shown to approach 0 or 1. Knowing that approximate 

value of K2 and the desired Q, figure 3.1 indicates that if K2 is chosen 

as -25 and Ki is chosen as +1.6 then the Q will be slightly greater 

than 50. Applying these numbers directly to equations 3.1 and 3.8 

gives the exact result; 

Q 
Q = 51.25 S = 4.976 

Ki 
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If these numbers had been specified in the original problem 

statement, equations 3.15 and 3.16 could have been used 

immediately to determine the same Ki and K2. 

The center frequency gain of this network can be found by 

using figure 3.7. For this case the figure indicates a gain of 40dB at 

the center frequency. Using equation 3.3, the exact center frequency 

gain is: 

G(wo) = 100 (40dB) 

The resultant network must now be scaled to its proper center 

frequency and proper minimum resistance. Since this example used 

minimum element spread, where X3 equals the sum of Xi and Xi, the 

following element values will need to be scaled. 

Ri = IQ 

R2 = IQ 

R3 = 0.5i2 

Ci = IF 

C2 = IF 

C3 = 2F 

For the purpose of an actual realization used for experimental 

purposes in Chapter 4, let the final values of the capacitors be such 

that they are commonly available parts. Therefore, making the 

frequency scaling factor (kf) equal to 62,831.85 and the magnitude 

scaling factor (kz) equal to 1591.55 results in these final values. For 

the details of this analysis, see appendix I. 

Ri = 1591.55n 
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R2 = 1591.55J2 

R3 = 795.78Q 

Ci = lOnF 

C2 = lOnF 

C3 = 20nF 

Using these values in the circuit analysis program PSPICE 

Electrical Circuit Simulator, by Microsim Corporation, the results of 

figure 3.8 are obtained. The center frequency is very close to lOKHz. 

The center frequency gain is 40dB and the -3dB points are 

approximately 9.9KHz and 10.095KHz resulting in a Q of 51.28. 
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3.993E+01 
3.985E+01 
3.974E+01 
3.960E+01 
3.943E+01 
3.924E+01 
3.904E+01 
3.881E+01 
3.857E+01 
3.833E+01 
3.807E+01 
3.781E+01 
3.754E+01 
3.727E+01 
3.700E+01 
3.673E+01 
3.64eE-f'01 
3.e20E+01 
3.593E-t-01 
3.567E+01 
3.S41E-t-01 
3.5ieE+01 
3.491E+01 
3.4e6E-t-01 



CHAPTER 4 

NON-IDEAL EFFECTS 

In an effort to present a design procedure that takes into 

account the effect of real circuit elements, the example circuit 

developed in chapter 3 was constructed and evaluated. The 

following measured component values were used in the network as 

shown in figure 4.1. 

Rl R2 R4 R5 D 

\r—A/ -cr^\rT~~Ay "-A/-

R9 <^5 

c 

Figure 4.1 
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Ri = 1593Q 

R2 = 1592i2 

R3 = 792i2 

R4 = 24.67KQ 

R5 = 15.06KQ 

R6 = 985^ 

R7 = 25.00Ki2 

R8 = 958Q 

R9 = 150Q 

Rio = IQ 

Ci = 9.99nF 

C2 = 10.06nF 

C3 = 20.00nF 

C4 = 202pF 

Vcc = +/-12V 

The actual circuit required the use of some additional 

components not mentioned in the ideal analysis. In order to achieve 

a very steady small input the signal source was run through a 

voltage divider, R9 and Rio, as shown in figure 4.1. This arrangement 

yields a source with approximately lii of resistance. Therefore the 

actual value of R3 is approximately IQ less than its calculated value. 

Also shown in figure 4.1 is an additional capacitor, C4, in parallel with 

the feedback resistor R?. This capacitor makes the second amplifier 

act as a low pass filter, and was found to be necessary in order to 



eliminate high frequency noise. Lastly, there is an additional 

resistor, Rs, between the noninverting terminal of the second 

amplifier and ground. It is used to minimize the offset voltage in the 

second amplifier. 

An experimental analysis of this circuit resulted in a Q of 

approximately 30, center frequency of lO.OSKHz and center 

frequency gain of approximately 60. The expected results are 

Q=51.25, fo=10KHz and G(fo)=iOO. 

At this point several nonideal properties were added to the 

computer simulation to see if the simulation results could be made to 

match the experimental results. The operational amplifiers, modeled 

as voltage controlled voltage sources for the ideal simulation in 

chapter 3, were adjusted to each have a finite pole such that the gain 

bandwidth product of each amplifier was IMHz. In addition, 

capacitor C4 was included in the analysis. These additions made no 

significant changes to the ideal simulation results. The further 

addition of finite input resistance and variations on the gain 

bandwidth product and pole location of the amplifiers also had very 

little effect on the simulation results. 

One point worth noting from these simulations is that the finite 

gain bandwidth product of the second amplifier causes a phase shift 

which lowers the center frequency slightly and causes small 

variations in the value of Q. This will only be a factor to consider if 

the pole of this amplifier is within approximately a decade of the 

filter's center frequency. 
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Having eliminated the possibility of the simulation being 

incorrect, the circuit was reevaluated and it was discovered that the 

magnitude of the gain of the second amplifier near the center 

frequency was not 25 but was close to 12. With this gain, equations 

3.1 and 3.3 predict a Q of 25.25 and a center frequency gain of 48 

which are relatively close to the values achieved. Therefore, in order 

to achieve the desired results, the gain of each amplifier was forced, 

by adjusting the values of Rs and R7, to the correct value at lOKHz. 

The final values of these elements are as follows: 

R5 = 16.4KQ 

R7 = 71.29KQ 

These values resulted in gains near the center frequency of 1.617 

and 24.79 respectively. In addition the value of C4 was changed to 

further reduce high frequency noise: 

C4 = 391pF 

Figure 4.2 shows the results of the new analysis. The Q is 

approximately 45, the center frequency is 10.07KHz and the center 

frequency gain is approximately 84. The remaining discrepancy 

between the experimental and the calculated results can be 

explained by a slight mismatch of the pole/r,ero pair that were 

designed to cancel each other, by deviations from the element values 

used in the simulations and from the values actually measured in the 

laboratory, and by capacitive coupling between points on the proto-

board used to build the circuit. Additionally, with the increased 

value of R7, the pole created by the noise suppression capacitor, C4, 
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and the pole of the amplifier both move much closer to lOKHz. This 

causes additional phase shift at the center frequency which will also 

lower the experimental center frequency gain and quality factor. 

The question remains why it was necessary to adjust the 

values of Rs and R?. Since R? is connected to a virtual ground and to 

a supposedly ideal voltage controlled voltage source, it does not seem 

likely that R? is the cause of the problem. Even if the source was not 

ideal, the output resistance of that source would not degrade the gain 

of the amplifier but would enhance it. Rather, looking at the 

connections to R6, if there were some significant output resistance in 

the first amplifier, the gain of the second amplifier would be 

reduced. 

In an effort to prove this theory several observations were 

made. First, if both R6 and R? are increased in magnitude while 

maintaining the same ratio such that the output impedance of the 

first amplifier is less significant in the calculation of the gain of the 

second amplifier, then the gain is found to be much closer to the 

predicted value. Secondly, if a resistor is placed in the feedback path 

between the output and the common node between Ci and Ri, then 

the center frequency gain and the Q both increase. Although the 

output resistance of the first amplifier is unchanged for this case, and 

therefore K2 is also unchanged, the improvements are due, in some 

part, to the reduction of voltage division between the output 

resistance of the second amplifier and the increased impedance seen 

looking into the circuit from the output terminal. 



CHAPTERS 

CDNCLUSION 

A network is developed, analyzed and characterized, and is 

found to act, under one condition, as a low sensitivity bandpass filter. 

The design procedure consists of using several graphs to maximize 

performance with specified constraints. These graphs and 

accompanying equations provide all the necessary information to 

easily design such a filter. In addition, if specific design parameters 

are available, a second method allowing direct computation of 

element values is presented. 

A specific example reviews the design procedure in some detail 

and is correlated with a computer simulation of the network. Then a 

physical model of the network is studied and its results correlated 

with the computer simulation. From these efforts, it is seen that 

quality amplifiers with low output resistance will improve the 

performance of the circuit. However, within the limitations of the 

availability of parts, large output resistance can be compensated for 

by forcing the amplifier gain to its proper value near the center 

frequency of the filter. Using larger magnitude resistors to set the 

gain also helps to reduce the effects of amplifier output resistance. 

Finally, although this thesis develops a network with improved 

center frequency range, it is seen that limitations on amplifier gain 

bandwidth product still set the upper bound on the useful frequency 

3 9  
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range of the network. Therefore, using an amplifier with a higher 

gain bandwidth product will extend the applicability of this circuit. 



APPENDIX A: SINGLE FEEDBACK INVERTING 

ACTIVE RC BANDPASS CIRCUIT 

Using linear analysis and assuming Vo = K, 

then; 

VB = 1 

IB = sC2 

VA = SC2R1 + 1 

(A.L) 

(A.2) 

(A.3) 

SC2R1 + 1 - K 
LA = (A.4) 

R2 

SC2R1 + 1 - K + SC2R2 

IIN = (A.5) 

R2 

S^CIC2RIR2 + s(CIRI + C2R2 + C2R1) + 1 - K 
VIN = (A.6) 

sCiRi 

4 1  
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Vo sCiRiK 

(A.7) 

VIN S^CIC2RIR2 + s(CIRI + C2R2 + C2R1) + 1 - K 

Assuming all passive elements have unit value: 

Vo sK 

ViN s^ + 3s + (1 - K) 

(A.8) 

V( 1- K ) 
Q = (A.9) 

3 

K = 9Q2 - 1 (A.IO) 

Therefore when Q = 10, K = -899. 

Q K aq K 
S = = (A.ll) 

K Q 3K 2( 1 - K ) 

Q 
And when Q = 10, S = 0.499. 

K 



APPENDIX B: SINGLE FEEDBACK ACTIVE 

RC BANDPASS CIRCUIT (TWIN TEE) 

-n-C 

ViN 1 

Using nodal analysis; 

(VA - ViN)sC3 + (VA - Vo)Gi + (VA - VO/K)G2 = 0 (B.l) 

(VB - VIN)G3 + (VB - Vo)sCi + (VB - VO/K)SC2 = 0 (B.2) 

(Vo/K - VA)G2 + (Vo/K - VB)SC2 = 0 (B.3) 

Rearranging equations B.l through B.3: 

(sC2 + G2) SC2 
Vo - = (VING3 + VO(SCI + SC2/K)) 

K (G3 + sCl + SC2) 

(B.4) 

G2 
+ (VINSC3 + VO(GI + G2/K)) 

(sC3 + GI + G2) 

4 3  
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Therefore, 

Vo As^ + Bs 

ViN Cs^ + Ds^ + Es + F 

where: 

A = K(C2C3G3 + C1C3G2 + C2C3G2) 

B = K(C2G3Gi + C2G2G3 + C3G2G3) 

C = (1 - K)CiC2C3 

D = (1 - K)(CiC2Gi + C1C2G2) + C2C3G3 + C1C3G2 + C2C3G2 

E = (1 - K)(CiGiG2 + C2G1G2) + C3G2G3 + C2G1G3 + C2G2G3 

F = (1 - K)GiG2G3 

Assuming that: Ri = 1 R2 = 1 R3 = 0.5 

Ci = l C2=l C3 = 2 

Equation B.5 reduces to: 

Vo 4sK 

ViN s^(l - K) + 4s + (1 - K) 

(B.5) 

(B.6) 

1 - K 
Q = (B.7) 

4 

K = 1 - 4Q (B.8) 

Therefore when Q = 10, K = -39. 



APPENDIX C: SINGLE FEEDBACK NONINVERTING 

ACTIVE RC LOWPASS CIRCUIT 

R 

^IN V 
'IN 

Using linear analysis and assuming Vo = K, 

then: 

VB 

IB 

VA 

lA 

1 

SC2 

SC2R2 + 1 

(SC2R2 + 1 - K)sCi 

(C.l) 

(C.2) 

(C.3) 

(C.4) 

ILN s2CiC2R2 + sCl(l - K) + sC2 (C.5) 

ViN = 

Vo 

VIN 

s2ciC2RiR2 + s(CiRi(l - K) + C2R2 + C2R1) + 1 (C.6) 

K 

s'^CiC2RiR2 + s(CiRi(l - K) + C2R2 + C2R1) + 1 

(C.7) 
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Assuming all passive elements have unit value: 

Vo K 

ViN s^ + (3 - K)s + 1 

1 
Q = 

3 - K 

(C.8) 

(C.9) 

K = 3 - 1/Q (CIO) 

Therefore when Q = 10, K = +2.9. 

Q K aQ K 
S = = - (C.ll) 

K Q 3K ( 3 - K ) 

Q 
And when Q = 10, S = 29. 

K 



APPENDIX D: LOW SENSmVITY DUAL FEEDBACK 

ACTIVE RC BANDPASS CIRCUIT 

V, IN 

Using nodal analysis: 

(VA - VO/K2)SC3 + (VA - Vo)GI + (VA - VO/KIK2)G2 = 0 (D.l) 

(VB - VIN)G3 + (VB - Vo)sCi + (VB - VO/KIK2)SC2 = 0 (D.2) 

(V0/K1K2 - VA)G2 + (V0/K1K2 - VB)SC2 = 0 (D.3) 

Rearranging equations D.l through D.3: 

G2 
V0(SC2+G2) = (G1K1K2 + G2 + SC3KI)V0 

(GL + G2 + sC3) 

sC2 

(D.4) 

+ (G3K1K2VIN + (SC1K1K2G1 + sC2)Vo) 

(sCl + sC2 + G3) 
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Therefore, 

Vo 

ViN 

where; 

A = KIK2C2C3G3/(1 - KIK2) 

B = KIK2C2G3(GI + G2)/(1 - K1K2) 

C = C1C2C3 

(C3G2(Ci + C2)(L - Kl) + C2C3G3) 
D = CIC2(GI + G2) + 

( 1 -K1K2) 

(C3G2G3(1 - Kl) -f- C2G3(Gi + G2)) 
E = GIG2(CI + C2) + - -

(1 -  K1K2) 

F = G1G2G3 

As^ + Bs 

Cs^ + Ds^ + Es + F 

(D.5) 



APPENDIX E: CONDITION FOR POLE/ZERO CANCELLATION 

Using the expressions for A, B, C, D, E, and F from appendix D, and 

letting, 

Gi = Ci = Xi 

G2 = C2 = X2 

03 = C3 = X3 

and multiplying through by a factor of (1 - K1K2) results in these new 

coefficients in equation 2.1 (E.l): 

Vo As^ + Bs 
--- = (E.l) 

ViN Cs^ + Ds^ + Es + F 

A = KIK2X2X3^ 

B = KIK2X2X3(XI + X2) 

C = XlX2X3(l - K1K2) 

D = XlX2(XL + X2)(l - K1K2) + (X2X3(XL + X2)(1-KI) 4-X22X3) 

E = XlX2(Xl + X2)(l - K1K2) + (X22X3(1-Ki) +X2X3(X1 + X2)) 

F = XIX2X3(1 - K1K2) 

The condition for pole/zero cancellation is: 

C(B/A)3 - D(B/A)2 + E(B/A) - F = 0 (E.2) 
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Using the coefficients above: 

B Xn- X2 
- - = (E.3) 

A X3 

Therefore: 

C(B/A)3 = XiX2X3(l - KIK2)(XI + X2)3/X3^ 

D(B/A)2 = (XiX2(Xi + X2)(l - KiK2))(XI + X2)2/X32 (E.5) 

+ (X2X3(1 - Kl) + X2X3^))(Xl + X2)^IX3^ 

E(B/A) = (XiX2(Xi + X2)(l - KiK2))(Xi + X2)/X3 (E.6) 

+ (X2X32(2 - Kl) + XlX2X3))(Xl + X2)/X3 

a 
Multiplying each term by X3 and collecting like terms from equation 

E.2 yields: 

X3'^(KiK2XIX2 - KiXi^  + X2^ - K1X1X2) + (E.7) 

X3^((KI-1)X2'^ + (3Ki-KIK2-2)X I X 23 + 

(3Ki-2KIK2-1)XI2X22 + (KI-KIK2)XI3X2) = 0 

Removing the common factor X3^ (trivial solution X3 = 0), the 

remaining equation can be rewritten: 

(1-Ki)X2'^ + (KIK2+2-3KI)XIX2^ + (2KIK2+1-3KI)XI2X2^ 

+ (KiK2-KI)XI3X2 

X s ^  =  ( E . 8 )  

(1-KI)X22 + (KIK2-KI)XIX2 
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Which can further be reduced to: 

((1-KI)X2^ + (KIK2-KI)XIX2) (XI+X2)2 

X3^ = (E.9) 

(1-KI)X22 + (KIK2.KI)XIX2 

Cancelling like terms and taking the square root: 

X3 = XI+X2 (E.IO) 



APPENDIX F; NETWORK REDUCTION BY 

POLE/ZERO CANCELLATION 

If X3 = Xi + X2 in equation 2.1 (F.l), 

Vo As^ + Bs 
- - -  =  ( F . l )  

ViN Cs^ + Ds^ + Es + F 

where: 

A = K1K2X2X32 

B = KIK2X2X3(XI + X2) 

C = XIX2X3(l - KIK?) 

D = XlX2(XL + X2)(l - K1K2) + (X2X3(XL + X2)(1-KI) +X2^X3) 

E = XlX2(Xl + X2)(l - K1K2) + (X22X3(1-Ki) +X2X3(Xi + X2)) 

F = XIX2X3(1 - K1K2) 

then equation F.l can be rewritten as, 

Vo As (s + 1) 
--- = (F.2) 

ViN (s + l)(Bs^ + Cs + D) 

where: 

A = K1K2X2X32 

B = XIX2X3(1 - K1K2) 

C = X22X3(2 - Ki) 

D = XIX2X3(1 - K1K2) 
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which can be further reduced to. 

where: 

Vo As 

ViN (Bs^ + Cs + D) 

KIK2(1 - X2/X1) 
A = 

(I-K1K2) 

B = 1 

(2 - Ki)(l - X2/X1) 

(1 - K1K2) 

D = 1 

(F.3) 



APPENDIX G: SENSITIVITY ANALYSES 

I-K1K2 

( 2  -  KI) (1 - X2/X I )  

( G . l )  

Q  x i a q  X 2  
S  =  =  ( 0 . 2 )  

X l  q a x i  X 1  +  X2 

Q X2dQ -X2 
S =  =  ( G . 3 )  

X2 QdX2 X l  +  X2 

Q  X33Q 
S  =  =  0  ( G . 4 )  

X3 Qaxs 

Q  K 2 a Q  -K1K2 
S  =  =  ( G . 5 )  

K2 Q9K2 (I-K1K2) 

Q  K i a q  K i ( 1 - 2 K2) 
S  =  =  -  ( G . 6 )  

K i  Q a K i  ( 1 - K i K2) ( 2 - K I )  
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KIK2 
G(wo) = (0.7) 

2 - Ki 

0 Ki8G 
S = = 1 (G.8) 

Ki GdKi  

G K2aG 
S = = 1 (G.9) 

K2 GaK2 



APPENDIX H: DERIVATION OF EXACT EQUATIONS 

FOR AMPLIFIER GAINS 

1 - K1K2 
Q = (H.l) 

(1 + X2/XI)(2 - Ki) 

Ki(l - 2K2) 
S = (H.2) 

(1 - KIK2)(2 - KI) 

Where S stands for the sensitivity of Q to KI. Now isolating K2 in 

equation I.l: 

K2 = (1/Ki) - (2/KI)(1+X2/XI)Q + (1+X2/XI)Q (H.3) 

Substituting this into equation 1.2 and isolating Ki: 

-2Q(1+X2/XI) + 4SQ(I-i-X2/XI) + 1 +/- V(2Q(1+X2/Xi)-1)2 
KI = - - (H.4) 

2SQ(1+X2/XI) 

When, 

1 
Q > (H.5) 

2(1+X2/XI) 

then: 

2 1 
Ki = 2 + (H.6) 

S SQ(1+X2/XI) 
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and using this in equation 1.3 gives: 

S + 1 - 2Q(1+X2/XI) 

K2 = (H.7) 

2(S - 1) + (1/Q(1+X2/XI)) 



APPENDIX I: SCALING OF EXPERIMENTAL CIRCUIT 

R' = kzR (1.1) 

C 
C  =  - - - -  ( 1 . 2 )  

kzkf 

Wdesired 

kf = = 62831.85 (1.3) 
Wo 

It is desired that C be a common value and Rmin > 500. 

kzR3 > 500 (1.4) 

C 
= common value (1.5) 

kzkf 

therefore, if 

then: 

kz = 1591.55 

Ri = IQ Ri' = 1591 .55a 

R2 = la R2' = 1591 .55a 

R3 = 0.5Q R3' = 795 .78a 

Ci = IF Ci' = lOnF 

C2 = IF C2' = lOnF 

C3 = 2F C3' = 20nF 

(1.6) 
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