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ABSTRACT 

This study extends the idea and the technique of realizing 2nd-order state 

variable filters to the realization of single block nth-order state variable filters and 

introduces a modified realization with different design procedures. The effects of 

gain-bandwidth on the performance of state variable filter realizations with respect 

to properties, such as, magnitude and phase characteristics and the actual pole 

locations are investigated and discussed. Various methods of compensation for 

these effects are also addressed. 
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CHAPTER 1 

INTRODUCTION 

Today, the availability of low cost and good quality operational amplifiers 

(op amps) has caused a dramatic change in design techniques so that multiple 

op amp RC-active circuits are often used. Since multiple amplifier realizations can 

provide better performance in many respects than a single-amplifier one, a three op 

amp configuration called the state variable filter (SVF) has become very popular. 

This filter, also called the KHN [1,7] filter from the names (W.J. Kerwin, L.P. 

Huelsman, R.W. Newcomb) of its originators, uses the state-variable technique 

for a second order case. It has extreme flexibility, good performance, and low 

sensitivities. Throughout this study, the original SVF configuration will be refered 

to as the "conventional SVF" (CSVF). The "SVF" will be used to refer to both 

the CSVFs and the modified SVFs which will be introduced in later chapters. 

We will first study the development and analysis of the SVFs with ideal 

op amps, and later complete our study by analyzing the SVFs with non-ideal op 

amps and investigating the GB effects of the SVFs. The previous studies on the 

GB effects of the second order CSVFs [7-19] use the first-order approximation, 

reducing the actual order of the denominator function D( s). In our study, we 

will show that the results of the first-order approximation are not reliable and 

therefor the actual fifth-order denominator function will be used in our analysis. 

In Chapter 2, a brief introduction to the derivation and analysis of the second-order 

CSVF will be given. The introduction of the second-order modified SVF (MSVF) 

and a discussion of its various properties will be presented in Chapter 3. The 

subject of Chapter 4 will be the generalization of the state-variable technique and 

its application to the development of the nth-order modified SVFs. In Chapter 5, 

6 and 7, we will analyze the GB effects on both the conventional and the modifed 
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SVFs of various order8 (up to the sixth order) and introduce a new design for the 

second-order CSVFs which will reduce the amount of minimum GB required for 

stability. We will present an approach as to how to compensate the second-order 

CSVF and MSVF for some of the GB effeds and also give examples to discuss and 

demonstrate the compensation. In Chapter 8, which will be the conclusion chapter 

of this study, we will give an overall performance comparison of the conventional 

and modified SVF realizations. 
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CHAPTER 2 

SECOND-ORDER CSVF 

In this chapter, we will introduce the CSVF in various respects, such as its 

derivation, transfer and sensitivity properties. 

2.1 Development of CSVF 

In this section, we will introduce the general concept of the state variable. 

The name "state variable" is derived from the state-variable method of solving 

differential equations. This method is used in the development of the CSVF's 

realization. For instance, consider the inverting second-order bandpass transfer 

function: 
'V2(s) -Hs 
VI(S) = S2 + als + ao 

(2.1.1) 

where H > O. Multiplying both the numerator and denominator by X (s) / s2, where 

Xes) is an arbitrary frequency domain variable, gives 

V2(s) -HX(s)/s 
Vi(s) = 1-(s) + aIX(s)/S + aoX(s)/s2 

(2.1.2) 

Now, let V2(s) be equal to the numerator, and VI(S) to the denominator, that is: 

V2(s) = -HX(s)/s (2.1.3a) 

(2.1.3b) 

By taking the inverse Laplace transform of both sides of (2.1.3) with zero initial 

conditions and rearranging (2.1.3b), we obtain 

(2.1.4a) 
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(2.1.4b) 

where x(t) = C-l{X(s)}. The C-l denotes the inverse Laplace transformation. 

The quantity x(t) is called a state-variable. An analog computer block diagram for 

(2.1.4) is shown in Figure 2.1.1. Using operational amplifiers to model the inverting 

integrators converts this block diagram to the filter circuit shown in Figure 2.1.2. 

2.2 Analysis of CSVF 

In this section, the lowpass, bandpass, and highpass transfer characteristics 

of the CSVF will be derived. The bandpass transfer function for this circuit is 

developed by first observing that in Figure 2.1.2 

and 

v: () _ -VBP(S) 
LP S - R C 

S 2 2 

v () _ -VHP(S) 
BP S - R G 

S 1 1 

(2.2.1a) 

(2.2.1b) 

Where VLP(S), VBP(S) and VHP(S) are respectively the lowpass, bandpass, and 

highpass outputs. In addition, V H p( s) can be expressed as 

-Rf Rs(R4 + Rf) R3(R4 + Rf) 
VHP(S) = R4 VLP(S) + R4(R3 + Rs) Vt(s) + R4(R3 + Rs) VBP(S) (2.2.2) 

Using (2.2.1) to eliminate VLP(S) and VHP(s), we obtain 

-1 [Rf 1 1 + RJI R4 1 
VBP(S) = sRlGl ~ sR

2
G

2 
VBP(S) + 1 + R3/RS (Vl(S) + VBP(S)) (2.2.3) 

A solution for VBP(S)/Vl(s) in the above, using (2.2.1), provides the lowpass, 

bandpass, and highpass transfer functions as follows: 

1 + Rf/R4 1 
1 + R3/RS Rl R2Gl G2 

D(s) 

1 + Rf/R4 S 
1 + R3/Rs RICI 

D(s) 

(2.2.4a) 

(2.2.4b) 
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(2.2.4c) 

where 

(2.2.4d) 

Rewriting D(s) of (2.2.4d) in the standard form of second-order denominator poly

nomials, we obtain 

D( s) = s2 + ~ S + w! (2.2.5a) 

where 

Wn = (2.2.5b) 

and 

(2.2.5c) 

2.3 Sensitivity Performance of CSVF 

This section is an introduction to the sensitivity analysis of the CSVF. 

Here, we will give the general sensitivity expressions for the CSVF and a brief 

introduction to its sensitivity performance. 

One of the reasons for the popularity of the CSVF is the low sensitivities 

which characterize its performance. Using the definitions of Appendix A and the 

relations of (2.2.5) we find 

(2.3.1a) 

(2.3.1b) 

(2.3.1c) 
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It is clear from (2.3.1) that the Q sensitivity to R I , R2 , G I, G2 and the Wn 

sensitivity to RI, R2 , R&, R" GI , G2 are small (1/2 in magnitude) and independent 

of the element values. The sensitivity of Q to R3 and Rs will always be less than 1 

in magnitude and can even be made smaller by choosing a large ratio for R3 /Rs. 

From (2.3.3) we see that the sensitivity of Q to R4 and Rf can be made zero 

by choosing R f = R4 • Some of the observations made above can be used as a 

criterion for developing different design procedures. However, this will not be done 

here. Instead the development of different design procedures will be given for the 

modified state variable filter. This will be the subject of Chapter 3. 
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CHAPTER 3 

SECOND-ORDER MSVF 

In this chapter, we will present and study a different filter configuration for 

the second-order CSVF. The analog computer block diagram for the CSVF, shown 

in Figure 2.1.1, can also be realized by a different filter configuration, shown in 

Figure 3.1.1. This new realization will be called the "modified state variable filter" 

(MSVF). Different from the CSVF network configuration, the MSVF has an addi

tional resistor, R x , connected from the non-inverting input of the summing op amp 

to ground. There is also a change in the op amps input terminals used for various 

feedbacks from lowpass, bandpass, and highpass outputs. The importance of this 

slightly modified realization and the discussion of the different design procedures 

will also be given here. 

3.1 Analysis of MSVF 

In this section, we will analyze the transfer characteristics of the MSVF 

and show how the modified network greatly simplifies the design equations. The 

lowpass transfer function for this circuit is developed by first observing that in 

Figure 3.1.1, 

(3.1.1a) 

(3.1.1b) 

Rearranging (3.1.1), we find 

(3.1.2) 
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U sing the relations that 

(3.1.3a) 

and 

(3.1.3b) 

we obtain 

(3.1.4) 

where 

(3.1.5a) 

and 

(3.1.5b) 

Note that the denominator function for bandpass and highpass will be the same as 

that of (3.1.4). Using the standard form of the second-order denominator functions, 

we find 

(3.1.6a) 

and 
Q = (G3 +G5 ) 

(G x + Gf + G4 )G5 
(3.1.6b) 

Note that, if we choose G ev = God i.e., 

(3.1.7) 

and G f = 1.0 [this is justifiable since G f in (3.1.4) is an impedance normalization 

choice] the denominator and numerator functions D(s) and N(s) of (3.1.4) become 

(3.1.8a) 
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(3.1.8b) 

It is clear from (3.1.8) that the denominator and the numerator coefficients 

are simple and can be realized independently of each other. Also note that this 

simplicity and independence are all due to equation (3.1.7), in other words, the 

addition of Rx. As will be seen in the latter chapters, this will prove very efficient in 

the realization of higher-order (n > 2) MSVFs. Now, let us prove that the presence 

of Gx in (3.1.4) will always guarantee the satisfaction of (3.1.7), which otherwise 

would not always be possible. Without 103B of generality in proving our claim, let 

us eliminate Rt, R2 , Ct, C2 from equation (3.1.4) by choosing RICI = R2 C2 = 1.0 

as a frequency normalization. In this case, the transfer function of (3.1.4) becomes 

(3.1.9) 

Now, consider any arbitrary second-order denominator function given in the form 

(3.1.10) 

In this case, our design equations become 

(3.1.11a) 

(3.1.11b) 

Substituting (3.1.11) in (3.1.7), we obtain 

(3.1.12) 

and rearranging (3.1.12), we have 

(3.1.13) 
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It is obvious from (3.1.13) that any desired positive number for G f can be 

obtained .. by choosing Gz > G3 if al > 1 + ao , or Gz < G3 if al < 1 + ao. If 

al = 1 + ao , then Gz is chosen to be equal to G3 • We can also see that, without 

Gz in (3.1.13), 

1. A positive number for G f is possible only if al < 1 + ao 

2. Even in the case of al < 1 + ao, the values of G f and G3 can not be 

chosen independently reducing our freedom in realizing a SVF. 

Now, for example, let us design a second-order normalized lowpass Butter

worth filter, using the MSVF configuration of Figure 3.1.1. The voltage transfer 

function for this case is given by 

VLP(S) _ H 
VI (S) - S2 + V2s + 1 

If we choose 

then using (3.1.11) and (3.1.13), we obtain 

Rs = 0.707 

and 

G3 - Gz = 0.5857 

If we choose R3 = 1.0, then 

Rz = 2.4142 

(3.1.14) 

(3.1.15a) 

(3.1.15b) 

(3.1.15c) 

(3.1.15d) 

(3.1.15e) 

Note from (3.1.15d) that Rz can even be eliminated by choosing R3 = 1.707. So 

far, we have analyzed the MSVF and shown that it provides a simpler and more 

efficient design procedure than the conventional SVF configuration. The sensitivity 

analysis of the MSVF will be discussed in the next section. 
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3.2 Sensitivity Performance of MSVF 

In this section, we will study the sensitivity performance of the second-order 

MSVF by conducting a similar analysis to that of Section 2.3. Using the definitions 

of Appendix A and the relations of (3.1.6) we find 

SQ _ -G:r: 
G: - G:r: + G I + G4 

(3.2.1a) 

(3.2.1b) 

(3.2.1c) 

(3.2.1d) 

(3.2.1e) 

(3.2.2a) 

SGWn G G = 0.0 
:, 3, 5 

(3.2.2b) 

It is clear from the equations of (3.2.1) and (3.2.2) that the Q and Wn sensitivities 

are very small (:5 1 in magnitude). Also note that if G:r: is so chosen to satisfy 

(3.1.7), then these sensitivities will be independent of the element values. This, of 

course, is another advantage of the addition of R:r;. Thus, we can say that the MSVF 

does not disturb the low sensitivity properties of the CSVF. The development of 

different design procedures will be covered in the next section. 
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3.3 Introduction of Designs #1 and #2 

In this section, we will develop and study two different design procedures, 

namely, Design # 1 and Design #2. 

U sing the equations of the previous sections, we have, for the denominator 

and numerator functions of a second-order MSVF, 

(3.3.1) 

(3.3.2a) 

(3.3.2b) 

(3.3.2c) 

Again, for simplici ty, in our derivations let us choose R f = 1. In developing different 

designs, our criterion will be to have as many equal-valued (ideally unity-valued) 

elements as possible. In light of this criterion, we will choose Design #1 to be the 

one in which the values of the resistor and capacitors of the integrating op amps 

are unity. Thus, the design equations for Design #1 become 

Rl = R2 = C1 = C2 = 1.0 

Wn = Va4 

Q= VG4 
Gs 

(3.3.3a) 

(3.3.3b) 

(3.3.3c) 

In this case the numerator constant for the lowpass, bandpass, and highpass func

tions is Ga. If we use Design #1 for the realization of Section 3.1, we find that the 

element values for Ra, R4 , Rs, R;r; will be the same as those of (3.1.15). 
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In a similar fashion, for Design #2, we choose 

(3.3.4a) 

(3.3.4b) 

(3.3.4c) 

For this case, the numerator constants for the lowpass, bandpass, and highpass is 

G3W~. Again, if we use Design #2 in realizing the example of Section 3.1, we obtain 

Rl = 0.707 

R2 = 1.4142 

In this case R;r; can be eliminated by choosing R3 = 1.0. 

(3.3.5a) 

(3.3.5b) 

Other design procedures along with the ones mentioned above can be de

veloped for a given set of requirments. However, in the latter chapters, these two 

design procedures will be used in our further analysis of the MSVF. With the help 

of the topics introduced in Chapters 2 and 3, we now can extend the idea and the 

technique of the CSVF to the higher-order (n > 2) cases. This extension will be 

the subject of the next chapter. 
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CHAPTER 4 

HIGHER-ORDER MSVF 

In this chapter, we will make use of the state variable technique to realize 

higher-order filters for any given order n and develop the general design equations 

for Designs #1 and #2 introduced in Chapter 3. In the actual realizations, the 

modified state variable filter configuration will be used. 

4.1 Development of nth-Order MSVF 

In this section, the general form of the nth-order network configuration and 

its transfer properties will be studied. Consider the nth-order lowpass transfer 

function given below : 

V2(S) _ H 
VI(s) - sn + an_ISn - 1 + ... + als + ao 

(4.1.1) 

As was done in Chapter 2, multiplying both the numerator and denominator by 

X(s)jsn , where X(s) is an arbitrary frequency domain variable, gives 

V2(s) HX(s)/sn 
Vi(s) = X(s) + an-IX(s)/s + ... + aIX(s)/sn-1 + aoX(s)/sn 

( 4.1.2) 

Now, let V2(s) be equal to the numerator and VI(s) to the denominator, i.e., 

V2 (s) = HX(s)/sn ( 4.1.3a) 

Vi(s) = X(s) + an-IX(s)/s + ... + aoX(s)/sn (4.1.3b) 

By taking the inverse Laplace transform of both sides of the (4.1.3) equations and 

rearranging (4.1.3b), we obtain 
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( 4.1.4a) 

where x(t) = .c-1{X(s)}. An analog computer block diagram for (4.1.4) is shown 

in Figure 4.1.1. The rule ( Rule #1) governing how the gain blocks (ak) are 

connected to the summing block is that: If n + k is odd, then ak is connected to 

the inverting input; if not then to the non-inverting input of the summing block. 

Using operational amplifiers to model the integrators converts this block diagram 

to the filter circuit shown in Figure 4.1.2. The rule ( Rule #2) governing how the 

feedback resistors are connected to the summing op amp is that: If k (k ;::: n + 2) 

is odd, then Rk is connected to the inverting input; otherwise to the non-inverting 

input of the summing op amp. 

4.2 Analysis and Design of nth.Order MSVF 

In this section, the lowpass, bandpass, and highpass transfer characteristics 

and the generalized design equations for Designs #1 and #2 will be discussed. The 

lowpass transfer function. for the nth-order circuit is developed by first observing 

that in Figure 4.1.2, 

( 4.2.1) 

where Vj( s) is the output of the ph integrator. In addition, with the help of Rule 

#2, and under the con4ition that 

(k=n+2, ... ,2n+1) (4.2.2) 
k even k odd 

V H P (s) can be exprersed as 
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(4.2.3) 

The E G k and E G k are respectively the sum of the even and odd numbered 
k even k odd 

conductances connected either to the inverting or non-inverting input of the sum-

ming op amp according to Rule #2. Using (4.2.1) to eliminate VLP(S) and Vj(s)'s, 

we obtain 

VLP(S) _ bo 
V1(s) - sn + an_lSn - 1 + ... + alS + ao 

( 4.2.4) 

where 

( 4.2.5a) 

n-i 
ai = Gn+2+i II _1_ 

Gf k=l RkCk 
(i = 0, ... , n - 1) ( 4.2.5b) 

The denominator of (4.2.4) will be the same for the bandpass and highpass 

cases. The numerator constant for the bandpass and highpass transfer functions can 

be found by using the relation of (4.2.1). As can easily be seen from the equations 

of (4.2.5), the coefficients of the denominator of (4.2.4) are a simple and consistent 

function of the element values, and the numerator and the denominator functions 

can be realized independently of each other. Again, the presence of Rx in the circuit 

guarantees the condition of (4.2.2). The proof of this is similar to the one given in 

Chapter 3 for the second-order case. Under the light of the analysis above, let us 

now obtain the design equations for Designs #1 and #2. Since G f in (4.2.5c) is 

an impedance normalization choice, we can eliminate it by choosing G f = 1. Thus, 

we have 

For Design #1 : 

(k=l, ... ,n) ( 4.2.6a) 

(i=0, ... ,n-1) ( 4.2.6b) 
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For Design #2 : 

/ 

(k=1, ... ,n) & (j=n+1, ... ,2n+1) ( 4.2.7a) 

n-1-i 

ai = II Gk or 
k=1 

(i = 0, ... , n -1) 'A '" ""b' V±·~· j) 

For both design procedures we have very easy-to-solve design equations. Now, let 

us, as an example, design a 4th-order normalized lowpass Butterworth filter. The 

actual network configuration'is shown in Figure 4.2.1. The transfer function for 

this filter is given by 

VLP(S) _ H 
V1(s) - s4 + 2.61312683 + 3.414214s2 + 2.6131268 + 1 

Using the design equations for Designs #1 and #2, we have 

Design #1 : 

R7 = 0.3827 

Rs = 0.2929 

Rg = 0.3827 

If Rs is chosen to be 1.0, then 

R;r; = 1.2315 

Note from (4.2.2) that R;r; can be eliminated by choosing Rs = 5.32. 

( 4.2.8) 

( 4.2.9a) 

(4.2.9b) 

( 4.2.9c) 
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Design #2 : 

( 4.2.10a) 

Rl = 0.3827 

R2 = 0.7653 

R3 = 1.306 

R4 = 2.613126 

and 

Rx =00 (4.2.lOb) 

4.3 Sensitivity Analysis 

In this section, we will analyze the nth-order SVF with respect to its sensi

tivity performance, by making use of the coefficient sensitivities. Again, using the 

definitions of Appendix A and the relations of (4.2.5), we fu'1.d 

(i = 0, ... , n - 1) ( 4.3.1a) 

S ao 
R",c" =-1 (k=l, ... ,n-i) (4.3.1b) 

S bo - Sbo - Sbo - 1 
G, - - G n +1 - Rj,Cj- (j=l, ... ,n) ( 4.3.1c) 

As can be seen from (4.3.1), the MSVFs provide very low (1 in magnitude) co

efficient sensitivities. The equation for the network function sensitivity (Ap

pendix A) is given as 

n 
E aisiS;i 
i=O 

A(s) 
(4.3.2) 
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where 

( 4.3.3) 

and x is any network element. 

Since the coefficient sensitivities of the MSVF are 1.0 in magnitude, both 

quantities of the right hand side of (4.3.2) are less than or equal to 1.0. Thus, using 

the fact that the network function sensitivity is a complex quantity, we find that 

the network function sensitivities for the MSVFs are less than or equal to 2.0 in 

magnitude. Once again, we see that even the higher orders of the MSVFs retain 

the low sensitivity properties of the CSVFs. 
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CHAPTER 5 

GAIN BANDWIDTH EFFECTS of 2nd_ORDER CSVF 

In the previous chapters, we have developed and analyzed the CSVF and 

MSVF with ideal op amps. In this chapter, we will analyze the 2nd-order CSVF, 

taking into consideration the non-ideal characteristics of the op amps used in the 

actual realization. 

5.1 2nd-Order CSVF with Non-Ideal Op AlllPS 

In this section, we will investigate the GB effects on the dominant pole 

locations for the 2nd-order conventional SVF and its stability performance. It will 

be asswned that all of the op amps used in the actual realization have the same 

GB. The non-ideal op amp model which will be used in our analysis is given in 

Figure 5.1.1. 

+ :-

+ + 

Vi '+ - }(UrU2) Va 
U2 -

- - -

Fig. 5.1.1 A Non-Ideal Model for OP AMPs. 
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Now, consider the 2nd-order filter of Figure 2.1.2. The denominator function 

for this circuit is given by 

(5.1.1) 

where 
m= R, 

Rt 
(5.1.2a) 

1 
(5.1.2b) WI=--

RICI 

1 
(5.1.2c) W2=--

R2C2 
2 Wn = mWIW2 (5.1.2d) 

Wn 1+m 
(5.1.2e) -- WI 

Q 1+a 

where a = Rs/ Ra. At this point, let us define another variable c, which will be 

used later, as 

(5.1.3) 

The previous studies done in this area to investigate the G B effects on the dominant 

pole locations use the first-order approximation; i.e. , by neglecting the 2nd and 3rd _ 

order GB terms, the actual 5th -order D(s) is reduced to a 3rd-order one. However, 

we will conduct the same analysis using the actual 5th -order D(s) and soon prove 

that the results obtained by using the first-order approximation are not reliable. 

The plots of the dominant pole locations as a function of Q and G B, with and 

without the first approximation, are given in Figure 5.1.2 and Figure 5.1.3 for 
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various design procedures, namely Design A, and Design B, which use m and c 

as design parameters. In these plots, 1, 1.5, 3 and 10 are chosen for the constant 

Q values and 3, 5, 8, 16, 35 and 00 for the constant G B values. By looking at 

these plots, we can immediately observe that the results of the 3rd-order case are 

inaccurate and therefore, cannot be used. First of all, the curvature of the constant 

Q and GB lines in the 3rd and 5th -order cases are quite different. To see this more 

clearly, let us use an example: Consider the plots of Figure 5.1.3 and Figure 5.1.3a. 

For a Q of 10.0, The minimum GB required for stability from Figure 5.1.3 is 

approximately 20.0, whereas the one from Figure 5.1.3a is approximately 28.0. 

Since the results of Figure 5.1.3 are not reliable, they will not be used in our 

analysis. 

Before we begin studying the plots of the actual 5th -order case, let us call the 

design in which m = 1.0 and c = 1.0 Design A, and the one in which m = 0.1 and 

c = 1.0 Design B. We soon observe that, for a given Q, the minimum GB required 

for stability in the case of Design B is less than the one in the case of Design A. For 

example, let us take the case of Q of 10.0. In Design A, the minimum GB required 

for stability is approximately 38.0, and in Design B, as already mentioned above, 

it is approximately 28.0. Thus, it is justifiable to say that, in terms of the stability 

perfonnance, Design B is superior to Design A. 

This ovarall situation can even be improved by introducing a new design, 

namely Design C, in which m = 0.1 and c = 10.0. The plots of the dominant pole 

locations in case of Design C are given in Figure 5.1.4 and Figure 5.1.4a. Again, 

we see that the first-order approximation does not produce reliable results. As can 

easily be seen, with Design C, the minimum GB required for stability for a given 

Q, is lower than those of design A and B. For the same Q as the above example, 

the minimum required GB is found to be approximately 16.0, which is a great 

improvement over the other two. 

Once again, from these dominant pole location plots, we can conclude that, 

out of Designs A, B and C, the Design C is the best design in tenns of the lowest 

GB required for stability. However, there is another aspect worth mentioning: We 
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know that in the ideal case (GB = 00) the poles would be on the unit circle, i.e., 

Ipil = 1.0. For a given Q and GB, these plots are also different from each other in 

terms of the closeness of the dominant pole's magnitude to 1.0. For instance, let 

us take the case of GB = 35.0 and Q = 3.0. 

Design A: 

Pre = -0.105 Pim = 0.97 

Ipi = Wn = 0.975 Qact = 4.64 

Design B: 

Pre = -0.125 Pim = 0.92 

Ipi = Wn = 0.928 Qact = 3.71 

Design C: 

Pre = -0.14 pim = 0.84 

Ipl = Wn = 0.85 Qact = 3.04 

We can see that the best W n , i.e. ,the one closest to 1 rad/s, is obtained in Design A, 

and the best Q, i.e., the one closest to the actual Q, in Design C. Design B seems 

better than Design A and worse than Design C in terms of Q, and better than 

Design C and worse than Design A in terms of W n • 

5.2 Magnitude and Phase Characteristics 

In this section, we will investigate how GB affects the magnitude and phase 

characteristics of the 2nd-order CSVF. The magnitude and phase plots for Design B 

obtained by utilizing the computer simulation program SPICE are given in Fig

ure 5.2.1 and Figure 5.2.2 for various GB values, and a Q of 0.707. In these figures, 

For both types of plots, the X-axis, which is the frequency axis, ranges from 0 to 

2.0 in rad/s. The normalized cut-off frequency is at 1 rad/s and shown with a 

vertical line. The Y-axis of the magnitude plots is the magnitude of the transfer 

function in (V IV), and the Y-axis of the phase plots is the phase of the transfer 

function in degrees. Wherever it is necessary, an appropriate scaling factor, which 
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is also shown in the magnitude plots, is used for the Y-axis of the magnitude plots 

to normalize the actual gain at DC to 1.0. A horizontal line is drawn at Y = 0.707, 

to indicate the 3 dB magnitude which, in the ideal case, would occur at 1 rad/s. 

The sudden jumps sometimes seen in the phase plots are dne to the fact that the 

inverse tangent function of SPICE is defined in the (-7r,+7r) range. Doth types 

of plots are of the 2nd-order normalized low-pass Butterworth filter. The design 

values (Design B) are as follows: 

(5.2.1a) 

Rs = 0.414213 (5.2.1b) 

and 

Ho = 0.58578 (5.2.1c) 

As can be seen, for small GO values, the effects are great. As GO increases, the 

effects are naturally reduced. The monotonic decrease in the phase plots suggests 

that the filter is stable even in the case of G B = 5.0. This, of course, is expected, 

since the plots of Section 5.1 already proved it. The various effects of GO on the 

magnitude characteristics is given in Table 5.2.1. 

111 Low Pass Butt. CSVF 

Order 

____________ 1 _____________________ _ 

GB " Max. Peak 3 dB Freq. 
n (%) (rls) 

============1=========== =========== 
5.0 ,24.3 1.357 

------------,----------- -----------
10.0 ,1.98 1.23 ------------,----------- -----------
20.0 ,0.32 1.10 

------------)--------_ ..... -_ .. _-------
50.0 ,0.03 t.04 

------------,----------- -----------
100.0 ,0.0 1.01 

============1=========== =========== 

====== 

2 

====== 

---- ______ 1 ______ ---

Normal ized'Stabil ity 
Magnitude AnalySiS 

{O (Phase 
1 rls Char.) 

========== ========= 
1.22 + 

0.88 + 

0.78 + 

0.734 + 

0.720 + 
========== ========= 

able 5.2.1 GB Effects on CSVF's Magnitude and Phase Charac. 
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As can be seen from Table 5.2.1, the 2nd-order CSVF is always stable for the given 

GB range of Table 5.2.1. The resonant peaking is not excessive, even for small GB 

values, and rapidly drops after GB > 10.0. We see the biggest effect of the GB 

with the actual 3 dB frequency. Actually, very large values of GB are required in 

order to have the actual 3 dB point close to 1 rad/s. 

A similar analysis for the CSVF and the MSVF of various orders and a 

comparison of those will be presented in the latter chapters. 

5.3 Compensation of 2nd·Order CSVF 

As we have seen in Section 5.1, because of the GB effects the dominant 

poles of the 2nd-order CSVF's denominator function D(s) are not located where 

they would ideally be. In this section, we will give an approach as to how some 

of the design parameters can be changed to compensate for the GB effects on the 

dominant pole locations. 

In general, the denominator function of (5.1.1) with m and Wn normalized 

to 1 can be expressed as 

(5.3.1) 

where WI, W2 and a are as defined in Section 5.1. For a given set of specifications, 

since we know where the dominant poles of D( s) should be located, we can actually 

replace the poles of our system at their desired locations by following the procedure 

given below: 

1. Determine the desired pole locations for a given set of requirements. 

2. Change some of the parameters in D(s) such that ID(Pi)1 ~ 0.0 . 

The effects of the changes in some of our design parameters on the actual pole 

locations are given in Figure 5.3.1 and Figure 5.3.2 for two different GB values, 

namely 30 and 00, with a Q of 10.0. As can be seen, changes in each of the 

parameters affect the pole locations in different directions. Now, in light of this 

analysis, let us take two extreme examples: 
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Example #1: Q = 0.707 => Pdes = -0.7071 ± j 0.7071 

If GB = 00, then using the equations of (5.1.2), these pole locations could be 

achieved by choosing 

m = WI = W2 = 1.0 a = 0.4142 (5.3.2a) 

Example #2: Q = 100.0 => Pdes = -0.005 ± j 0.999987 

Again, using the equations of (5.1.2), these pole locations could be achieved by 

choosing 

m = WI = W2 = 1.0 a = 199.0 (5.3.26) 

we will immediately see that because of the GB effects the values of the design 

parameters given in (5.3.2) don't realize the desired pole locations. This is when 

and why we need the compensation. In this case, we will change a and W2 as to 

realize the desired pole locations. The actual dominant poles, the actual Q and 

Wn and a and W2 values are given in Tables 5.3.1a and 5.3.1b before and after the 

compensation for two different GB values. Tables 5.3.1a and 5.3.1b show another 

outstanding property of the 2nd-order CSVFs: that it is possible to compensate the 

2nd-order CSVF even for the cases of very low GB and very high Q. In addition to 

these tables, a compensation chart is given in Figure 5.3.3, using 3,5,10,20,50,100 

as constant Q lines and 5,10,20,30,50,70,100 as constant GB lines. 



-------1------------------------------------------ � 

#11 I Desired I 
0=0.707 Wn=1.0 I 

- ______ 1 ______ ------------------1----------- ______ 1 
I Before I After 

-_~~ ___ I ______ I-~~~~~~~~~~~~ ____ I ___ ~~~~~~~~~~~~--
~~~~~_I ____ ~:~~~~------- __ ~:~~~~ ________ _ 

5.0 

W2 

Dom. 
Poles 

Act. 
o 

Act. 
Wn 

1.0 

-0.37653 +/-j 
1.061 

0.3571 

-0.70717 +/-j 
0.7069 

1.495 0.7069 

1.125 0.99995 
••••• =a •••• a ••••••••••••••••••••••• m •••••••• ==. 

Alpha 0.4142 

-;;---I---~~~-----------
______ 1 ______ -----------

0.420 

0.977 

-0.7072 +/-j 
0.7069 

Dom. 1 -0.71 +/-j 
Poles I 0.7206 

100.0 ~~;~--I----------------
o I 0.7124 

------1-----------------
.7069 

Act. I 
Wn 1.011 .•••••••.•••••• ! ••••••••••••••••• 0.99993 

Table 5.3.1a Compensation Results of CSVF for Example #1. 

1 _______ 1 ______ ------------------------------------

# 12 I Des ired 
I 0=100.0 Wn=1.0 

- ______ 1 ______ ------------------1-----------------
I Before I Af ter 

GB I Compensation I Compensation _______ ------1----------- ______ 1 ______ -----------

5.0 

Alpha I 199.0 I 1.319 ______ 1 ______ ----- ______ 1 ______ -----------
W2 I 1.0 , 1.47 

,-----------------,-----------------
Dom. 0.1867 +/-j 1 -5.oo6E-3 +/-j 
Poles 0.737 0.999932 

Act. 
o 

Act. 
Wn 

Alpha 

W2 

-----------------1-----------------
Unstable I 99.82 

-----------------,-----------------
Unstable 0.999945 

199.0 38.77 
----------- ______ 1 

1.0 1.02 

loom. 

100.0 I~~~~~-
I Act . o 

1.454E-2 +/-j 
0.989 

-5.ooE-3 +/-j 
0.99998 

1------
I Act . 

Wn 
•• aa ••• !I1= .. ::a:_ 

Unstable 

Unstable 

99.97 

0.999998 
ac:=:_ ••• :.:=:=:: 

Table 5.3. 1b Compensation Results of CSVF for Example H2. 
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CHAPTER 6 

GAINBANDWIDTH EFFECTS of 2nd-ORDER MSVF 

In the previous chapter, we have analyzed the 2nd-order CSVF with non

ideal op amps. In this chapter, we will conduct the same analysis on the 2nd-order 

MSVF, taking into consideration the non-ideal characteristics of the op amps used 

in the actual realization. 

6.1 2nd-Order MSVF with Non-Ideal Op Amps 

In this section, we will investigate the G B effects on the dominant pole 

locations for the 2nd-order MSVF and its stability performance. As to the GB and 

the model for non-ideal op amps, we will use the same assumptions as Chapter 5. 

Now, consider the 2nd-order filter of Figure 3.1.1. The denominator function 

for this circuit, with R3 = 0.5 and R4 = Rf = 1.0, is given by 

D( ) = s [(1 + 2R)] 4 [(1 + 2R)(WI + W2) (2 + 5R)] 
8 8 G B3 + 8 G B3 + G B2 

3 [(1 + 2R)WIW2 (1 + 3R)(WI + W2) (1 + 4R)] 
+ 8 GB3 + GB2 + GB 

2 [RWI W2 , (WI + w2)R + WI R] 
+8 GB2 T GB + 

+ 8 [WI(;~ + 1)] + RWIW2 (6.1.1) 

where 
Q 

R = Rx = Rs = .J'i (6.1.2) 

and WI, w2 and c are as defined in (5.1.2) and (5.1.3). 

Since the first-order approximation has already been proven to be wrong, 

we will use the actual5'h-order denominator function in our analysis. The plots of 
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the dominant pole locations as a function of Q and GB are given for various values 

of the design parameter e in Figures 6.1.1, 6.1.2 and 6.1.3. Again, 1, 1.5, 3 and 10 

are used for the constant Q values, and 3, 5, 8, 16, 35 and 00 for the constant GB 

values. Notice that the poles move toward the right, a fact which makes the system 

unstable, as GB gets small. We also observe that, for a given Q, the minimum GB 

required for stability almost remains the same as e changes. Thus, none of these 

designs is better than the other in terms of the minimum GB required for stability. 

However, if we analyze these plots as we did in Chapter 5, in terms of actual Wn 

and Q, for the case of GB = 35.0 and Q = 3.0, we find 

Case #1: e = 1.0 

Pre = -0.1 

Ipi = Wn = 0.98 

Case #2: e = 0.1 

Pre = -0.1 

Ipi = Wn = 0.955 

Case #3: e = 0.01 

Pre = -0.08 

Ipi = Wn = 0.88 

pim = 0.975 

Qact = 4.9 

Pim = 0.95 

Qact = 4.77 

pim = 0.88 

Qact = 5.5 

As can be seen, in Cases #1 and #2, the actual Wn and Q values are closer to the 

desired values, thus the actual location of the dominant pole is closer to the desired 

location. How these effects are related to the magnitude and phase characteristics 

will be discussed in the next section. 
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6.2 Magnitude and Phase Characteristics 

In this section, we will investigate how GB affects the magnitude and phase 

characteristics of the 2nd-order MSVF. The magnitude and phase plots for Designs 

#1 and #2 obtained by using the computer simulation program SPICE are given 

in Figures 6.2.1, 6.2.2, 6.2.3, and 6.2.4 for various GB values. The design equations 

for Designs #1 and #2 are as given in Chapter 3. Also, the explanation given in 

Chapter 5 as to the properties of X and Y axes holds true. 

The monotonic decrease in the phase plots proves that the filter is stable 

even in the case of GB = 5.0, as already been proven by the plots of Section 6.1 . 

A summary of GB effects on the magnitude characteristics for Design #1 and #2 

is given in Table 6.2.1 and Table 6.2.2. From these tables, we see that the resonant 

peaking is very small for both designs even for small GB values, which is a big 

improvement compared to the 2nd-order CSVF. Again, we see the biggest effect of 

the GB with the actual 3 dB frequency. Even though Design #2 has slightly more 

peaking than Design #1, it is less affected by the GB in terms of the actual 3 dB 

frequency. In any case, for both designs, tht: percent change is less compared to 

the 2nd-order CSVF. 

A similar analysis for the CSVF and the MSVF of various orders and a 

comparison of those will be presented in the next chapter. 

6.3 Compensation of 2nd-Order MSVF 

In this section, we will study the compensation of the 2nd-order MSVFs 

using the approach of Section 5.3. For this purpose, let us begin by investigating 

the effects of the changes in some of our design parameters such as WI, w2 and 

R. How these changes affect the actual location of the dominant poles is given in 

Figure 6.3.1 and Figure 6.3.2 for two different GB values with a initial Q of 10.0. 

We see from Figures 6.3.1 and 6.3.2 that, as in the case of 2nd-order CSVF, each 

parameter affects the pole locations in a different direction. 

In order to demonsrate the importance of this, let us use the examples of 
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Table 6.2.1 GB Effects on MSVF's Magnitude and Phase Charac.(Desg.#l) 

1 ______ 1 ______ ------------------------ ______ 1 ______ ---_1 _________ 1 

I H3 I Low Pass Butt. MSVF. Desg.H2 'Normal;zed'Stability' 
------ ------------I-----------I-----------'Magnitude AnalYSIS' 

lorder I GB I Max. Peak I 3 dB Freq·l ~ (Phase I 
1==~=··I======·=====I==·~:~=====I=··~~~~~===I=~=~~;==== =;~~~~~==l 
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, ,---~~:~-----,---~::-----,---~::~:---,---~:~:--- ---~-----, I 2 I 20.0 I 0.4 '0.96 '0.6748 + , 
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, ,50.0 ,0.1 ,0.992, 0.6957 + , 

, ,---~~~~~----,---~~~-----'---~~995---'---~~7~~~- ---:-----, 
!====.=!== •• ====.=.=!=~.=======.!===.=====.=!==.=.==== = a=:.=====! 

Table 6.2.2 GB Effects on MSVF's Magnitude and Phase Charac.(Desg.H2) 
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Section 5.3. For these examples, we can use Design # 1 without loss of generality. 

To realize the pole locations of the Examples #1 and #2 without considering the 

GB effects, we would choose, using (6.1.2), 

WI = W2 = 1.0 R=Q (6.3.1) 

As we have seen in Section 5.3, because of the GB effects, these design values will 

not realize the desired pole locations of Examples #1 and #2. However, we will 

shortly prove that by changing R and W2 our dominant poles can be replaced in 

their desired locations. The design values and the corresponding pole locations for 

the Examples #1 and #2 are given in Tables 6.3.1a and 6.3.1b before and after 

the compensation. As can be seen from these tables, the 2nd-order MSVFs are 

very easy to compensate for the GB effects even in the cases of very low GB and 

very high Q. Again, a compensation chart similar to that of Figure 5.3.3 is given 

in Figure 6.3.3. 
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_______ � _________________________________________ � 

#13 I Desired (Design #1) I 
0=0.707 Wn=1.0 -______ 1 ______ ----------------- -----------------1 

1 Before (R=O) After 1 
GB 1 Compensation Compensation 1 

-______ 1 _____ 1----------------- -----------------1 

5.0 

R10.707 1. 19 1 _____ 1 ______ ----------- _________________ 1 

W2 1 1.0 0.073 1 _____ 1 ______ ----------- _________________ 1 

Dom. I -0.1515 +/-j -0.7072 +/-j 
Poles 1.021 0.7071 

Act. 
o 

Act. 
Wn 

----------------- -----------------
3.40 0.7071 

----------------- -----------------
1.0325 1.00016 

======= ===== ================= ================= 

100.0 

R 0.707 0.717 
----------------- -----------------

W2 1.0 0.957 
----------------- -----------------

Dom. -0.7176 +/-j 

~~~~:I __ ~::~~~---------
Act. 1 

o 1 0.7125 
_____ 1 ______ -----------
Act. 1 

-0.70729 +/-j 
0.7068 

0.70689 

Wn 1 1.022 
_ = =====II========a======== 1-==== =. 

0.99996 
================= 

Table 6.3.1a Compensation Results of MSVF for Example #1. 

1 _______ 1 ______ -------------------------:--- ______ 1 
1 #14 I (Design #1) DeSIred I 
- ______ I ______ ---------~:~~~:~- __ ~~:~:~ _________ I 

1 Before (R=O) After 1 

-_~~ ___ I _____ I--:~~~~~:~~~~~--- ___ :~~~~~:~~~~~ __ I 
1 R I 100.0 0.887 1 
\-----1----------------- -----------------\ 
1 W2 1 1 .0 .. 1 . 39 1 

\~~~~-I--~~~~~~--~i:j--- -:5~~~~~:;-~i:j--1 
IPolesl 0.737 0.9999 1 
I~~;--I----------------- -----------------1 
1 O· I Unstable 99.19 1 1 ____ - __________________________________ 1 

IAct 1 1 

5.0 

1 w~ I Unstable 0.99992 1 
=======1===== ================= =================1 

R 100.0 19.68 1 

100.0 

_________________ ----------- ______ 1 

1.0 1.02 1 W2 
----------------- ---------~- ______ I 

Dom. 1.45E-02 +/-j -5.001E-3 +/-J 1 
Poles 0.9896 0.9999 1 

Act. 
o 

----------------- -----------------\ 
Unstable 99.96 1 _________________ ----------- ______ 1 

Act. 1 
Wn Unstable 0.99995 1 

1=======1===== ================= =================! 

Table 6.3. lb Compensation Results of MSVF for Example #2. 
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CHAPTER 7 

GB EFFECTS on HIGHER-ORDER SVF 

In this chapter, we will investigate the GB effects on the higher-order SVFs 

(up to the 6th order) using the approach of Chapters 5 and 6. 

7.1 GB Effects on 4th-Order SVF Realizations 

In this section, we will analyze the GB effects on the 4th -order conventional 

and modified SVFs, once again using the SPICE simulation. For this purpose 

consider the 4th-order low pass CSVF obtained by cascading two 2nd-order CSVFs 

of Figure 2.1.2. The denominator function for this type of filter is given 

D( 8) = 84 + 2.61312683 + 3.41421482 + 2.6131268 + 1 

= (82 + 0.765368 + 1)(82 + 1.847768 + 1) (7.1.1) 

Using the design equation of Section 2.2, the element values are found to be 

Rsa = 1.61315 H Oa = 1.23464 (7.1.2a) 

RSb = 0.0824 HOb = 0.15224 

Ho = HoaHOb = 0.1879 (7.1.2b) 

where a and b denote respectively the first and second 2nd-order blocks. The 

SPICE simulation results as to the magnitude and phase characteristics are given 

in Figure 7.1.1 and Figure 7.1.2. As c"an be seen from these plots, the GB effects 

are greater for the 4th order. These effects are summarized in Table 7.1.1. 
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N4 Low Pass Butt. CSVF 
----------,---------NormaltzedlStability 

------------ -----------,----------- MagnItude Analysis 
Order GB Max. Peak 3 dB Freq. .. (Phase 

n (%, (r/s' 1 r/s Char. , 

5.0 481.4 1.18 2.0 + 

10.0 58.1 1.18 1.39 + 

4 20.0 14. 1 1. 13 0.957 + 

50.0 2.8 1 .05 0.791 + 

1.04 0.747 + 

Table 7.1.1 GB Effects on CSVF's Magnitude and Phase Charac. 

For the small values of GB, the resonant peaking is very high. However, 

the peaking decreases as the GB increases. 'Ye see a similar effect on the actual 3 

dB frequency. An other important result that the Table i.l.1 provides is that the 

realization is always stable e\'en for the low GB values. 

Now, let us conduct the same analysis on the 4th -order MSVF. The denoIll

inator function of (i.l.1) can be realized using the filter of Figure 4.1.2. In this 

case, the element values will be 

Design #1: 

Rf = Rs = 1.0 

R6 = l.0 

R7 = 0,382G8 

Ra = 0.2928D 

Rg = 0.382G8 

Rz = 1.2314i 

(i=1, ... ,4) 

(i.1.3a) 



Design #2: 

(i=1, ... ,4) 

R f = R5 = Ra = R7 = Rs = Rg = 1.0 

Rl = 0.38268 

R2 = 0.76536 

R3 = 1.30656 

R4 = 2.613126 

75 

(7.1.3b) 

The magnitude and phase chaxacteristics for both designs axe given in Fig

ures 7.1.3, 7.1.4, 7.1.5, and 7.1.6. Tables 7.1.2 and 7.1.3 summarize the GB effects 

for both designs. The first thing we observe from Tables 7.1.2 and 7.1.3 is that the 

realization is stable for both designs. The actual 3 dB frequencies for both designs 

axe very close to the 1 rad/s. Compaxed to Design #1, Design #2 results in higher 

peaking. Compaxed to the 4th-order CSVF, the 4th-order MSVF with both designs 

provides better results in terms of the actual 3 dB frequencies, and less peaking 

with Design #1. These results indicate that the 4th-order MSVF, especially with 

Design #1 , is obviously superior to the 4th -order CSVF. 

7.2 GB Effects on 6th-Order SVF Realizations 

In this section, we will study the GB effects on the 6th-order conventional 

and modified SVFs. The denominator function for the 6th-order CSVF obtained 

by cascading three 2nd-order blocks of Figure 2.1.1 is given as 

D(8) = 86 + 3.86370385 + 7.46410284 + 9.1416283 

+ 7.46410282 + 3.8637038 + 1 

= (82 + 0.517648 + 1){82 + 1.414218 + 1){82 + 1.931868 + 1) (7.2.1) 

U sing the design equations of Chapter 2, for the element values of the first block, 

we obtain 
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______ � _________ • _________________________ _ ---- ______ 1 _________ 1 

NormalizedlStabilityl 
Magnitude Analysis 

_~~ ___ I_:~~_~~~~_~~t~:_~~~~: ___ O~~~:~~ ____ _ 
Order I GB Max. Peak 3 dB Freq. 

··~··=I=··=·======= .. =~~!== .. = ===~~~~!= .. 
I---::~------ --~~::~---- ---~:~~:---
1 10.0 38.8 0.95 
I---;~~~----- ---~;~;---- ---~~~~---1 ______ ------ _____________________ _ 

1 50.0 2.6 1 ______ ------ __________ _ 

1 100.0 0.8 
===a==!============ =====:====: 

ca (Phase 
1 r/s Char. ) 

••• Daa.a.al: caa====_= 
0.269 + 

0.570 + 

4 0.71 + 

1.01 0.723 + 

Table 7.1.2 GB Effects on MSVF's Magnitude and Phase Charac.(Desg.H1) 

__ ~ ___ I ____________________________________ I __________ 1 _________ 1 

_~: ___ I_:~~_~~~~_~~~~:_~~~~: ___ o~~~:~~ _____ I~~~~~!~~:dli~=~~~!~y' 
Order I GB I Max. Peak 3 d8 Freq. ~ I (Phase 

==~===I=========.==I===!;!===== ===!~~~!=== =2=~~~====1=:~~~~!== 
I---::~------I--~:~:~---- ---~::~---- ---~:::~--I---:-----
1 10.0 1 75.6 1.02 0.831 1 
1------------1----------- ----------- ----------1---------

I---~~:~-----I---~~:~---- ---~:~:---- ---~:~::--I---:-----
I ___ :~:~ _____ I ____ ~:~---- ___ ~:~: _______ ~:::~ __ I ________ _ 
1 100.0 1 1.3 1.01 0.739 1 + 

=====:!====::::=:=:!=:=======:= ===: •• :=:=: ========:=!===::==== 

4 

able 7.1.3 GB Effects on MSVF's Magnitude and Phase Charac.(Desg.H2) 
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Rsa = 2.8636 Hoa = 1.48236 (7.2.2a) 

for the second block, 

RSb = 0.41421 HOb = 0.58579 (7.2.2b) 

and for the third block, 

Rsc = 0.03527 HOb = 0.06814 

Ho = HOaHObHOc = 0.0591 (7.2.2c) 

The magnitude and phase plots and the table summarizing the effects of 

the GB are given in Figure 7.2.1 and Figure 7.2.2 and Table 7.2.1. As we see from 

Table 7.2.1, the 6th -order CSVF has high resonant peaking and is unstable for 

GB = 5.0. Again, for higher-order realizations the effects of GB are greater. More 

GB is required to minimize the GB effects on the actual 3 dB frequency. 

The denominator function of (7.2.1) can also be realized the 6th -order MSVF 

of Figure 7.2.3. Using the design equations of Chapter 4, we find 

Design #1 

Ri = Ci = 1.0 

Rf = R7 = 1.0 

Rs = 1.0 

Rg = 0.25882 

RlO = 0.13397 

Rll = 0.109389 

RI2 = 0.13397 

R I3 = 0.25882 

R:r; = 1.0629 

(i = 1, ... ,6) 

(7.2.3a) 
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Design #2 

(i = 1, ... ,6) 

Rf = R7 = Ra = Rg = RIO = RIl = R12 = Ru = 1.0 

Rl = 0.25882 

R2 = 0.51764 

R3 = 0.81649 

R., = 1.22474 

Rs = 1.93185 

R6 = 3.8637 

8·t 

(7.2.3b) 

The magnitude and phase plots arc given in Figures 7.2.4, 7.2.5, 7.2.6, and 7.2.7. 

The sununarized effects of GB for both designs are given in Table 7.2.2 and Ta

ble 7.2.3. From these tables, we observe that the most significant difference be

tween the 6th -order CSVF and r..ISVF is that r..ISVF requires more GD for stability. 

Thus, we have 5.0 < GEmin < 10.0, for the stability of the 6th -order CSVF, and 

10.0 < GEmin :::; 20.0 for the 6th -order r..ISVF. A more comprehensive overall 

comparison between CSVFs and MSVFs will be.presented in the next chapter. 

____________________________________ 1 __________ 1 _________ I 

N5 Low Pass Butt. CSVF 'Normalized'Stabillty' 
------------I-----------I-----------'Magnltude 'AnalYSIS' 

Order GB I Max. Peak I 3 dB Freq. • I(PhaSe 

•. ~ ••....•.• == ..•. I ... ~~! ..... I ... ~~~!! .... ~.~~! .... ,.:~=~~!.c 
---;~~~-----!--;;;:;----!---;:;;---- ---;:;=---1---:-----

6 ~~~~~~~~~~~~I~~~~~~~~~~~I~~~~~~~~~~~ ~~~~~~~~~~I~~~~~~~~~ , " , ,50.0 , 10.0 I 1.05 0.867, + 
,------------,-----------,----------- ----------,---------

=.==.=! •• =~~~~= •.• !.==:~; .•• a.!===~~~:==== ••. ~~~~~ •. ! .•. := •. a=! 
Table 7.2.1 GB Effects on CSVF's Magnitude and Phase Charac. 
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______ � ___________________________________ _ ---- ______ 1 ______ ---

NormallzedlStabllltY 
Magnitude IAnalysls _~~ ___ I_:~~_~~::_~~t~:_~:~~: ___ D~:~:~~ ____ _ 

Order I GB Max. Peak 3 dB Freq. 

c.~ •• =lc.~ •••••••• = = •• ~:! .. a== ••• ~~~:!.=. 
CII (Phase 

1 r/s I Char.) 

5.0 14.4 0.753 0.269 
------------ ----------- ----------- ---------- ---------

10.0 42.1 0.94 0.570 
------'------ ----------- ----------- ---------- ---------

6 20.0 695.0 1.074 0.71 + 
------------ ----------- ----------- .--------- ---------

50.0 12.9 1.09 0.723 + 
------------ ----------- .---------- ---------- ---------

100 . 0 1 . 4 1 . 04 O. 7 17 + 
.====&111 .a ••• a •••• I:C 

Table 7.2.2 GB Effects on MSVF's Magnitude and Phase Charac.(Desg.#1) 

I ______ I ___ ~--------------------------------I--~------_1 _________ 1 
1-~:---1-:~~-~~::-~~~~:-~:~~:---9~:~:~~-----1~~~~~~~~:dl~~:~~~:!yl 
IOrder I GB I Max. Peak I 3 dB Freq.l CII ·1(PhaSe I 

==~===I============I===~~!=====I===~~~~!.==I=~=~~~====I=~~~~~!==I 
I 5.0 1 41.2 1 0.835 1 0.196 1 1 1------------1------ _____ 1 ___________ 1 __________ 1 ____ -----I 
1 10.0 172. 2 1 1 .04 1 '1 . 166 I - 1 
1------------1-----------1-----------1----------1---------I 

I---~~:~-----I--~~~:~----l---~:~~----I---~:~~:--I---:- ____ I 
1 50.0 1 10.5 1 .07 1 0.951 1 + 1 1------------1------ _____ 1 ___________ 1 __________ 1 ____ -----I 

. 1 100.0 1 3 . 3 1 1. 04 1 O. 809 1 + 1 
======I============.··c •• c.II=c.!===========!==========!=========! 

6 

able 7.2.3 GB Effects on MSVF's Magnitude and Phase Charac.(Desg.H2) 
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CHAPTER 8 

CONCLUSION 

In this chapter, we will present some of the major contributions of this 

dissertation. In addition, we will include an overall performance comparison of the 

various types of SVFs. One of the major contributions of this study is that we have 

shown that the first-order approximation used in the previous studies to analyze 

the GB effects in the CSVFs is not reliable. Another contribution worth mentioning 

here is that we have provided an actual compensation chart for the second-order 

CSVF. In general, the most important contribution of this study has been the 

development and analysis of the MSVFs. As the results obtained in the previous 

chapters have shown, for the ideal case (GB = 00), the MSVFs of any given order 

are easier to implement and design than the CSVFs. They also retain the low 

sensitivity properties of the CSVFs. Except for the 2nd-order case, the MSVFs 

use a lower number of active and passive elements compared to the CSVFs. The 

number of the active elements, namely op amps, and the passive elements, namely 

resistors and capacitors, can be given as follows: 

# of the active elements : 

# of the passive elements : 

nth-order MSVF 

(n + 1) 

3(n + 1) 

nth -order CSVF 

(~)n 
4n 

The results of Chapters 5, 6 and 7 have shown that for the non-ideal case the 

MSVFs up to the 4th order have better magnitude and phase characteristics. The 

only setback of the MSVFs is seen with the 6th-order case. The 6th-order MSVF 

requires more GB for stability than the 6th-order CSVF does. Table 8.1 shows the 

stability performance of the SVFs with GB. In terms of the stability performance, 

we can say that the CSVFs have an advantage over the MSVFs. We know that, 

in general, the GB effects get worse for high Q cases. Since the nth-order CSVF 
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(n > 2) is actually composed of cascaded 2nd-order blocks with different Qs, the GB 

effects on the overall realization are only as big as those of the 2nd-order block with 

the highest Q. This is a fact which makes the CSVFs of high orders (n > 2) easier 

to analyze in terms of the GB effects, and thus, easier to compensate compareu to 

the MSVFs. Obviously, this disadvantage of high-order MSVFs can be eliminated 

by using the 2nd-order MSVF blocks in the high-order realizations. As we have 

shown in Chapters 5 and 6, the compensation of both types of the 2nd-order SVFs 

can easily be achieved even for very low G B and high Q cases. 

------,-------------------------------------
1110 I LowPass. Butt. 

______ 1 ______ ------,------------------------
Order 1 TYPi 1____ GB ____ 1 ___ _ 

==~===!===;~~~!~~==!=:== -~~- =;~= -:~- I~~~= 
CSVF I + + + + + 

2 -~s~;~~;~---I-:-- + + + + 

-~s~;~~;;---I-:-- + + + + 
====== ============1==== ==== ==== 

CSVF. 2x2 I + + + + + 

4 -~s~;~~;~---I-:-- + + + ~~~~I 
-~;~;-~;;---I-:-- + + + + I 

====== =====~======I==== ----1====1==== ====1 
CSVF.2x2x2 I + I + I + I + + I 

6 ,-~s~;~~;~---I-:--I-:--I-:--I-:-- -:--1 1 ____________ 1 ___ - ________________ I 

I I MSVF. 0112 I - I - I + I + + I 
!======!============!====!====!====!====I====' 
Table 8. I Stability Comparison of CSVF & MSVF. 

vVithout loss of generality, we have conducted the analysis of the MSVFs for 

even-order lowpass Butterworth characteristics. For further studies in tIllS area, we 

strongly recommend the investigation and application of MSVF realization tech

niques to both odd-order cases and different filter characteristics, i.e., Chebyshev, 

Thompson, and Elliptic. Obviously, any given filter of order n (odd or even) can 

also be realized by cascaded lower-order 1ISVFs, willch we believe would be another 

worthwhile study. 
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APPENDIX A 

SENSITIVITY 

In this appendix, we introduce the basic concept of relative sensitivity. By 

sensitivity, we mean a measure of the change in some performance characteristic 

of the network (or a network function) resulting from some change in the nominal 

value of one or more of the elements of the network. 

The symbol S is used to denote sensitivity. In addition, a superscript charac

ter is used to indicate the performance characteristic which is being evaluated, and 

a subscript character to indicate the network element which causes the change. If 

we let y be the performance characteristic and x be the element, we define relative 

sensitivity as follows: 

SY = 8(lny) = 8y/y = 8y =-
x 8(lnx) 8x/x 8x y 

(A.l) 

There are many choices which are common for the performance characteristic y. For 

example, it may be the actual network function (as a function of s or w). Some other 

choices are pole (and zero) locations, specific coefficients of the network function, 

and properties such as the Q of the network function. Under the definition of (A.l), 

the following can easily be formulated : 

S ky = SY - SY 
x kx - x 

Sx -1 x-

SY - Sl/y - -SY 
l/x - x -- x 

SYl Y2 - SYl + C:;Y" 
X - X '- X 

SYl /Y2 = SYl - SY2 
X X X 

(A.2) 

(A.3) 

(A A) 

(A.5) 

(A.6) 



S y - SY SX2 
Xl - X2 Xl 

sly I = Re S: 

sarg y = _I_1m sy 
X arg y X 
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(A.7) 

(A.S) 

(A.9) 

(A.IO) 

In equations (A.S) through (A.IO), y is a complex and x is a real quantity. If a 

network function N( s) is given in the form 

(A.11) 

then, the network function sensitivity to a network element x can be found, in 

terms of the coefficient sensitivities, as 

n 
E biSiS!i 
i=O 

B(s) 
(A.I2) 
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