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ACTIVE NETWORK SYNTHESIS USING OPERATIONAL AMPLIFIER 

I. INTRODUCTION 

In recent years active RC networks synthesis has 

attracted considerable attention in the circuit theory 

field. Many active devices have been developed. Some 

of these devices are primarily of theoretical interest, 

but others such as negative resistance devices, gyrator 

controlled sources and negative impedance converters are 

of great practical values and are used in many applica- 

tions. 

The motivation for the interest in active RC net- 

works comes from the fact that active RC networks can he 

used to realize network function having poles and zeros 

anywhere in the complex plane, which the passive RC net- 

work can not do. Secondly, throughout the years induct- 

ance has proved to be an unsatisfactory element as far 

as its physical size, cost and its parasitic effects on 

the circuit characteristics are concerned. This is es- 

pecially true in the audio or low frequency range. In 

thin -film and integrated circuitry, inductors with prac- 

tical values of inductances are also by far the most 

difficult components to fabricate. Although considerable 

effort has been expended in this area no really practi- 

cal results have yet been achieved. The other advantages 

of using active RC networks are introduced by the 
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specific characteristics of the individual active device 

which can be used to meet certain circuit requirements. 

Because of this, active RC networks are extensively used 

not only to replace RLC networks but also to achieve net- 

works for special purposes. 

An operational amplifier is also an active device. 

It has been extensively used in industries for its dis- 

tinct properties. The purpose of this thesis is to 

investigate and develop the synthesis procedures for the 

operational amplifier and RC elements. The properties 

of the operational amplifier are described. Its matrix 

representation is defined. The realization of the volt- - 

age- controlled voltage source and negative immittance 

converter by an operational amplifier are also derived. 

Synthesis examples and experiments are followed after 

developed procedures for each network configuration. 
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Il o PROPERTIES OF OPERATIONAL AMPLIFIER 

AND DERIVATION OF ITS MATRIX FORM 

Since the operational amplifier is the main active 

device to be used in the development of the synthesis 

procedures to follow, its properties and matrix repre- 

sentation will be described first., 

A. Properties of Operational. Amplifier 

Figure 1 shows the circuit model of the operational 

amplifier. For simplicity the following assumptions are 

made with only negligible error (a few tenths of a per- 

cent) on the overall gain of the closed loop configura- 

tion of a practical circuit. 

1) X30 

2) Zin 
in 

3) 
Zout 0 

4) Eo 
= 

5) Eo = 0 when Ei = 

Where 

= gain of the operational amplifier 

Zin = input impedance of the operational amplifier 

Zout = output impedance of the operational amplifier 

Eo = open loop output voltage 

E. = open loop input voltage 

p, 

o0 

- 

- í 
0 

4 

_ 
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From the above assumptions, a practical operational ampli- 

fier becomes nearly ideal, as shown in Figure 2, and two 

important additional summing point constraints are de- 

fined as follows: 

1) No current flows into inputs of the operational. 

amplifier. 

2) When negative feedback is applied, the voltage 

difference between terminals (1) and (2) ap- 

proaches zero. If a small voltage at terminal. 

1 with respect to terminal 2 exists, the voltage 

at terminal 4 will be of opposite polarity. 

When a feedback circuit is available, the signal 

between terminals 1 and 2 can always be driven 

toward zero. 

out 

Ei 
in Eï Eo -4Ei 

Figure 1. Circuit model of practical operational 
amplifier. 

1 

2 

4 

Z. 
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1 

2 

Ei O 
+ 4Ei 

Eo -µEi 

Figure 2. Circuit model of ideal operational 
amplifier. 

B. Derivation of Matrix Representation 

As mentioned in the previous section, the use of the 

parameters of an ideal operational amplifier to define a 

practical one will not seriously affect the overall gain 

of the closed -loop circuit. Therefore, by means of pre- 

vious assumptions, the "G" matrix of the operational 

amplifier can be defined as follows: 

11 

E2 

= g11E1 

g21E1 

Where 
Il 

1 

g11 = El 12 = 0 Z. 

Il 

g12 = 12 E1 = 0 = 0 

E2 

g21 = Él 12 = 0 

+ g1212 

+ g2212 

-CO 

0 Open circuit 

input admittance 

Short circuit 

current ratio 

Open circuit 

voltage ratio 

-µ 

4 

- 

= 



,e 
2) 

c+N>. 421 0 

0 

ati c,c 
aa yfi4e 

O 

o` 4 11, 
.)., 



III. SYNTHESIS OF RC HIGH -GAIN FEEDBACK AMPLIFIER 

A. Basic Network Confïgurat.ion and Derivation 

of Voltage Transfer Function 

The basic network configuration consists of an input 

network Na, a feedback network Nb, and an operational 

amplifier No. The connections are shown in Figure 3. 

G12, 

The 

Figure 

To derive 

let the 

G = 
0 

admittance 

Y 
a 

3. Basic 
gain 

the open 

"G" matrix 

gll g12 

g21 g22 

matrix 

yl2a 

Y21a y22a 

network configuration of high - 
feedback amplifier. 

circuit voltage transfer ratio 

of operational amplifier be 

(2) 

of network N 
a 

is 

(3) 

E1 

N 
a 

Nb 

E2 

Vila 

_ 



and matrix of network 
Nb 

is 

T 
b 

yllb yl.2b 

y21b Y22b_ 

8 

(4) 

Since Nb and No are in parallel, the matrix Go must be con- 

verted to an admittance matrix,_' 
0 
,in order to combine it 

with the matrix Ybm 

The matrix Yo in terms of "g" parameters (3, p. 62) 

is 

Y 
o 

g22 g22 

-g21 1 

g22 g22 

Let Yob be the sum of Yo and Yb, 
b' 

then 

Yob Yo 
+ 

Yb 

g12 
gg2 

+ 
Y1 lb g22 

+ 
y l2b 

2 

1 + Y21b 
g22 

4 Y22b 
1 

g22 

+ g22y11b 

g22 
_ 

-g21 + g22y21b 

_ g22 

1lob yl2ob 

Y21ob y22ob_ 

g12 
+ g22Y12b 

g22 

1 + g22Y22b 

g22 

(5) 

Lg 
g12 

o 

= 

g 



Where y 2Yllb 
Y 

g12g22Y12b - l. ob g22 12ob g22 

.°Yob 

Y21ob i 
- 

g22 Y22ob - 
g22 

( q g2Y11b).( 122Y22b)7( 1 ±`J 221/12b) .02.2Y?1b79 
2 

g22 

(6 

The combination of network fib and No is to be combined 

in cascade with network Na. The matrix yob 
must there- 

fore be converted into a transmission matrix, Tob. The 

matrix Tob in terms of y parameters (3, p. 62) is 

Where 

Y22ob 1 

Y21ob Y21ob 

Yob Y11ob 

Y21ob Y21ob 

Aob Bob 

cob Dob 

Y22ob 1 A°b 
Y21ob Bob Y21ob 

'Yob Y1.1ob 
C 
ob 

a 

Y21ob 
Dob 

_ m 
Y21ob 

From equation (3) 

y 
a 

Ylla Y12a 

Y21a Y22a 

(7) 

9 

`'tt121t, . 22122b 

g 
- 

- 

Tob = 

_ 

= 

- 
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Ya must therefore also be converted into the transmission 

matrix,Ta' n order to combine it with T Tob 

Where 

T 
a 

_ - 

y22a 1 

Y21a Y21a 

Ya Ylla 

Y21a Y2la 

A 
a a 

C a a _ 

Y22a B - - ------ 
a 

! Y21a a Y2la 

- .ya 
= 

Y11a 
C 
a Y2la a Y2la 

(8) 

Let T be the transmission matrix of the high -gain feed- 

back amplifier. Thus 

T = Ta Tob 

Aa Ba- Aob Bob 

Ca Da _ Cob Dob 

AaAob 
+ BaCob AaBob + BaDob 

CaAob + DaCob CaBob + DaDob 

B1 

C D 

Where A = AaAob + BaCob (9) 

A 

^ 

D 

a 

1. 

- 

_ 



(7) 

Substitute Aa, 
Aob, Ba and rob from equations 

(8) into (9), then 

y22a 1 t'yob 

l l. 

(6) 

A 
y21a 

y22a 

(Y22ob) 

y21ob y21a 

11-g22y22b 

y21ob 

y21a -g214g22y21b 

4- 
1 (L' g+g22yllb) (1g22y22b) 

y21a g22(g22y21b-g21) 

1 (g1.Lg22y12b)(g22y21.b-221) 

y21a g22(g22y21b®g21) 

y22a4y22ag22y22b 

1721a(g22y21b-g21) 

2 

gl1g22- g12g21 +g11g22 y22ó- g129.21g22y22b 
+ 

y21ag22(g22y21b-g21) 

2 

g22y11b+g22 1711b1722b-g12g22y21b 

y21ag22(g22y21b-g21) 

2 

g12g21®g22 Y12bY21b+g22g21Y12b 

y21ag22(g22y21b-g21) 

The y parameters are all finite, However, from the 

previous assumptions, 
g11, g12, g22 

approach zero and 

g21 
approaches infinity. The above equation can there- 

fore be reduced to 

A = 
-g12g21g22y22b+ g22g21y12b 

-y21ag22g21 

= 

- 

[ 

[ 

+ 



1,2 

g12g21g22y22b g22g21y12b 

y21ag22g21 1721ag22g21 

y12b 

y21a 

y12b 

/712a 
(since y21a yl2a) 

The voltage transfer function,G12,in terms of the T para- 

meters is defined as the reciprocal of A. Therefore, for 

the network configuration of Figure 3, 

E2 
G12 = E1 I2 = 0 A 

yl2a 
(10) 

y12b 

B. Synthesis Procedure and Restrictions 

Since networks Na and Nb are to be realized as RC 

networks, it is necessary that their poles be located on 

the negative -real axis of the complex s-- plane. If we 

assume that both Na and Nb have the same poles, then the 

denominators of admittance functions y12a and ß'12b will 
cancel, and therefore the locations of these poles will 

not affect the voltage transfer function of the network. 

Consider the voltage transfer function G12 having the 

form of P(s) /Q(s). If we divide both numerator and 

denominator by the same function q(s) (poles of y12a and 

- 

= 

- 

1 

= 



yl2b), 
then 

Where 

G12 
P(s) P(s)/ s) 

Q(s) - Q(s)/q(s) 
yl2a 

Y12b 

P(s) and - 21f1. m 
12a q(s) y12b q(s) 

13 

Since y12a and y12b are transmittance functions, their 

zeros of transmission (i.e., the roots of P(s) and Q(s)) 

are allowed to be anywhere on the s -plane except in a 

sector close to the positive -real. axis (2, Vol. 13, 

p. 1013 -1025). This means that almost any kind of pole- 

zero configuration of G12 can be realized as long as 

y22a (or ylla) 
and y22b (or y11b) 

are properly chosen. 

The synthesis procedures and restrictions are 

presented: 

(1) Choose a q(s) so that 

P(s) 

(s) 

q(s) 

And let -y12a 
=s = Q 

s 

q(s)' Y12b q(s) 

(2) In order to realize an RC network, q(s) must be 

chosen so that the following restrictions are 

satisfied. 

(a) Since zeros of q(s) are the poles for both 

-y12 and y22 (or y11) of a passive RC network, 

q(s) must be chosen so that the roots are 

- 

= 

G12 _ Q(s si 
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simple and located or the negative -real axis 

of the complex plane (6, p. 260). 

(b) The simultaneous realization of the admittance 

functions -y12 and 
y11 

(or y22) as a passive 

network requires that these functions satisfy 

the Fialkow -Gerst coefficient conditions. This 

constraint requires that the coefficients of 

the numerator polynomial of y22 (or y11) must 

be greater than or equal to the corresponding 

coefficients of -y12. This implies that the 

degree of the numerator polynomial of -y12 can 

not exceed the degree of the numerator of y22 

(or y11), whichever is smaller. Furthermore, 

since y22 (or y11) is the driving -point funca 

tion, the degrees of numerator and denominator 

of y22 (or y11) can differ at most by one (6, 

p. 106). Since q(s) is the denominator for 

both -y12 and Y22 (or y11) 
the degree of q(s) 

must never be two or more less than that of 

P(s) or Q(s), whichever is the highest. How- 

ever, it may be chosen one degree less to 

facilitate the synthesis of networks Na and Nb. 

(3) After q(s) is chosen, functions 
yl.la or y22a 

Pq(s) 
and Y11b or y22b = Qq(s) may be selected 

with the following restrictions: 
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(a) The poles of y22a (or '11a) 
and Y22b (or Yllb) 

must be the same as that of -Y12a and y12ó 

respectively. 

(b) The functions y22a (or Ylla) 
and Y22b (or Yllb) 

must be positive -real (6, p. 107). 

(c) Zeros of P' (s) and q(s) and of Q' (s) and q(s) 

must alternate on negative -real axis (6, 

p. 145) and satisfy the conditions of RC driv- 

ing-point function (6, p. 145). 

(d) The choice of y22a (or -11a) 
and y22b (or Yllb) 

in regard to -Y12a and yl2b respectively must 

satisfy Fialkow -Gerst coefficient conditions. 

(4) Use -y12a and y22a (or ylla) 
to to realize network Na 

and Yl2b and y22b (or yllb) 
to realize network Nb. 

(5) If zeros of -yl2a and yl2b are on the negative -real. 

axis, RC ladder network can be realized (6, p. 276 - -- 

289). If they are negative -real and /or complex 

conjugate, Guil Leman 's (6, p. 322 -329) or Dasher's 

(8, p. 213 -221) method may be used. 

Example 1 

In order to verify the synthesis procedure, consider 

a Butterworth low -pass function with expected gain of 

100. Cutoff frequency is 200 HZ. 

C. 



The normalized voltage transfer function is 

1 
G12(s) - 

2 
s +./2s+1 

1) Choose q(s) = s +J2, so that 

1 

2s +/2 

s2+,/2s+1 
s+/2 

Let = 
1 

y12a s+/2 y12ó 
s2+,/2s+1. 

s+/2 

2) From procedure 3, p. 14, select 

16 

(12) 

s+1 
y22a s+2 1711b 1b s±/2 

(13) 
= 

3) Use -y12a and y22a from (12) and (13) to realize net- 

work Na. Since the zero of -y12a is at infinity, the 

network can be realized as a C a u er 1 ladder by 

the following synthetic division (6, p. 153). 

s +l) s V2 (1 

s+l 

12ml) s+l 
(J2-1 

s 

1 ) /2-1 (/2-1 
12-1 

The resulting network, Na, is shown in Figure 4. 

R =)(1. 
1 

Figure 4. Normalized network Na. 

(s+1) (s+2) 

G12(s) = 

I 642=1 

1I 1 

1 J2-1 



4 

17 

The gain of the high -gain feedback amplifier is 

100 which depends on -y12a. it is therefore neces- 

sary to scale -Y12a 
= s 2 

to a function -y12a 
100 

To achieve this, the circuit of Figure 4 
s +12 
should be denormalized by dividing the resistors by 

100 and multiplying the capacitors by 100. Thus, 

network Na becomes as shown in. Figure 5. 

/2.1 
R1 

100 R2 100 

C= 100 
1 /2-1 

Figure 5. Denormalized Na. 

The next step is to synthesize network Nb from 

specified admittance functions yllb and yl2b in 

equations (12) and (13). Since the zeros of Y12b 

are complex conjugate, this network can be realized 

by means of Dasher's synthesis method as previously 

mentioned. 

Dasher's RC synthesis procedure is based on a 

cascade connection of two sections in the network 

structure. The real zeros of the transfer admit- 

tance are first realized as a ladder network section 

and then the complex zeros are realized as a bridged - 

T or twin -T section. In order that the complex zeros 
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be realizable as a bridged -T or twin -T with only 

positive elements, the following criteria should be 

satisfied: 

(1) The function with complex zeros must be the 

ratio of a quadratic to a linear function. 

(2) The product of the zeros of the above function 

must be equal to wog where wo is the magnitude 

of the complex roots of the numerator of trans- 

fer admittance, which can be denoted as 

so = -ao + jbo = wo L o 

(3) After the above conditions are fulfilled, the 

remaining admittance, Yr, must satisfy the 

following conditions: 
n k s 

Yr = ko + 
(s "6 

kas (14) 
q =1 q 

Where 
2 

k 

k 

q 4q k 
n 

q=1 g_;l. q o 

n n k k (6 -6)2(6 -w 2) 
1 g '4 

4q 
o = 0 

q=1 {t =1 q 4 

and ß/q2 = bot (óq -so) 2 

(15) 

Then the expanded remainder Yr can be compared 

with either equation (16) or (17), whichever is 

appropriate, to determine the values of co, 

and g 
o 

. 

o . 

E + 

a 
g4g. 

* 

0 

0 0 0 

- 
2 

q o q e 

0 



yll* co 

y22* 
= 

co 

w2 w 2 

s + + ß (c-` G ° + 
Go 

2ao) 
0 0 

2 2 

s + ° + 1 (a' + 2a ) 

s 
6 ß o 6 o s+ 
o o o 
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(16) 

(17) 

These values are used to calculate the element values 

of bridged -T or twin -T section. If Jo --v 2ao = 0, a 

bridged -T section is used. If 60 2ao > 0, a twin - 

T section will be used. For our present example, 

the network will be a bridged -T network as shown in 

Figure 6. The formulae for determining the element 

values are listed in equation (1.8). 

G 
c 

Figure 6. Bridged -T network of 
Dasher's RC synthesis. 

C = Co 
o 

Gc = Co (2ao 60) 

co ( l+ß ) (w ó 2ao6o+602 ) 
Cb 

2 

0 

Gb ffoCb 

(18) 

= 
0 

- s+6 
0 

J 

- 

Ca 

IÌ 

Gb Gb ß 

(l+ß)Cb 

= 

0 0 

a 

- 
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To continue our example, the following steps are 

carried out: 

Step 1. Determine ao and wo from zeros of yl2b, 

of equation (12). 

s2 +,./2s+1 
y12ó s +,/2 

Thus s2 +,/2s +1 = 0 

or s = _ + ,2 /± 45° 
0 2 2 

Thus, ao = ^2 
, b° = - and wo = 1 

Step 2. In order to realize the zeros of transmission, 

from criterion (2), p. 18, an admittance function is 

required to be the ratio of a quadratic to a linear 

function with the product of zeros equal to wo2. 

However, 

(s +l) (s +2) 
yllb 

s +,/2 

s2+3s+2 

s+/2 

The product of zeros is 2, while (n2 is 1, therefore 

a shunt conductance should be realized as G3. Thus, 

yllb 
s2 +3s +2 s2+ (31/2) +1 12 

s +/2 s +/2 2 

yllb* + G3 

By equation (14), yllb* can be expanded to give 

,/2 (3-2/)s 2 

yllb* s+ 2 + s+,/2 

which also satisfies the condition of equation (15). 

12 = 

- 

= 

j 

0 
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Step 3. Compare Yllb* to equation (16), i.e., 

cu 2 w 2 
o o s 

yllb* - co s + 60 + ß(g + g0 
2a 

0 
) 

s+.6o 

The parameters are determined as 

Co = 1, 60 = If, = 0 24 , wo = 1, and ao 
2 

(19) 

Step 4. Since 6o - 2a0 =12 -- 2 = 0, a bridged -. 

T section will be used. The element values are 

calculated by equation (18) and the circuit is shown 

in Figure 7. 

C2=1 

R5=0.274 

C3=3.1 R-= 

C2 = 

Figure 7. 

Ca = Co = 1 

Network Nb. 

Co (1+$ ) (c002- 2 aó 0+602 ) 
Cb 

6 
2 

0 

12 i2+2 ) 1.24 (1-2 
= = 0.62 

2 

G4 = Gb = óoCb = 0.62,,/2 = 0.876 

1 1 
1.14 

R4 G4 0.876 - 

G5 = Gb/ß = a86 = 3.65 

- 

L 

q2 

ii 

ti 
=1.14 

T 

0 0 

ß 

/2 

Vs^, v 
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R5 
= 

G = 3165 = 0.274 
5 

C3 = (1+ ß) Cb = 5 X 0.62 = 3.1 

Scaling: For practical reasons, suitable ele- 

ment values can be obtained by scaling in magnitude 

and frequency. For this example, a cutoff frequency 

of 200 HZ is required, therefore a frequency scaling 

factor a= 4007(27rfo) is used. In order to obtain 

practical element values, the network is scaled to 

an impedance level of 105, i.e., b =105. 

according to the relations 

R* = bR 

C* = C C C - ab C C 

Then, 

actual circuit element values are obtained as 

follows: 

R1* 
01004 X 

105 = 4142 

R2* 100 
X 105 = 1kSZ 

R3* = /2 X 105 = 141kQ 

R4* 

R5* 

C1* 

C2* 

= 

= 

- 

1.14 X 105 = 114k2 

.274 X 105 = 27.4kSZ 

1 = 1.92 

µf 

4f. 

p ,f 
01414 

X 

1 

400,X10 
5 

= 0.008 

0.025 

400TrX10 

3.1 
4007`X10 

- 

= 
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The high gain amplifier network for the example is 

shown in Figure 8, 

+ R1=4140 

E1 

=1 S2 

= 1.924E 

C.,=0.008 af 

R3=141k 

vA, 
R =27.4kSZ 

=0.0254f 
E 
2 

Figure 8. Synthesized network for Example 1. 

Experimental data are shown in Table I, A gain 

versus frequency plot is shown in Figure 9. 

The experimental results show a maximum gain of 94 

instead of the expected 100 and a 3 db cutoff frequency 

of 180 HZ instead of the expected value of 200 HZ. These 

deviations might result from round-off errors in the cal- 

culation, the tolerance of elements and the fact that 

the elements used during the experiment differed slightly 

from the calculated values. (For example, a 2.0 4F 

capacitor was used for C1 instead of 1.92 4f because no 

proper value was available in stock.) Furthermore, the 

input, output capacitance and less than ideal 

=114kQ 
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characteristics of the operational amplifier might also 

influence the perfection of the result. No distortions 

were found throughout the frequencies in the output 

waveform. 

From the experimental results we can conclude that 

the synthesis method developed in this chapter is 

apparently acceptable. 
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TABLE 1, DATA MEASURED FROM EXPERIMENTAL NETWORK OF 

SYNTHESIS EXAMPLE 1. 

Frequency 
in 
HZ 

Input Voltage 
E in Volts 
1 (p-p) 

Output Voltage 
E 
2 

in Volts 
(P-P) 

Gain 
in E1 

Decibels 

0 0.1 9.40 39.50 

10 0,1 9 4 39.50 

20 0.1 9.40 39.50 

40 0.1 9.20 39.,30 

60 0.1 9,00 39.10 

80 0.1 8.70 38.80 

100 0.1 8.40 38.50 

120 0.1 8,00 38.10 

140 0.1 7.60 37.60 

160 0.1 7.10 37.04 

180 0.1 6.60 36.40 

200 0.1 6.10 35.76 

300 0.1 3.60 31.40 

500 0.1 1.80 25.10 

1000 0.1 0.63 16.80 

2000 0.1 0.17 4.60 

2520 0.1 0.10 0.00 

-2 
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IV., SYNTHESIS OF RC ACTIVE NETWORK 

WITH VOLTAGE CONTROLLED VOLTAGE SOURCE 

In this chapter, a synthesis method using voltage - 

controlled voltage source (VCVS) will be presented. How- 

ever, this VCVS is realized by an operational amplifier. 

A. Properties of Controlled Sources 

A controlled source is an active device whose volt- 

age or current is proportional to another voltage or 

current in some part of the network, A voltage -con- 

trolled voltage source, as a two -port device, has an 

output voltage which is proportional to the input voltage 

and the following properties will hold: 

1) Input impedance, Zin - 
co 

2) Output impedance, Zout = 
0 

3) Output voltage, E2, is proportional to input 

voltage, El, by a finite gain K, which is a 

positive number. 

4) The circuit model for a VCVS is shown in 

Figure 10. 

+ 
E1 kE1 E2 

Figure 10. Circuit model of VCVS, 

+ 
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B. Using Operational Amplifier 

as a Voltage Controlled Voltage Source 

As described in the preceding chapters, operational 

amplifiers possess nearly infinite input impedance and 

nearly zero output impedance. It is therefore possible 

to use these properties to derive an equivalent circuit 

of a VCVS. 

Consider the circuit shown in Figure 11. 

E 
1 

E 
2 

_ 

Figure 11. An equivalent circuit of VCVS. 

From the properties of operational amplifier, there 

is no current into terminals (1) or (2) . Therefore 

I1 = I2 

or 
Ea + E1 E2 ° (Ea+E1) 

R1 R2 

since E2 = -p,Ea 

or 
E2 

E _ ® 
a 

(20) 

+ (2 
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where u, is the open -loop gain of operational amplifier. 

As i, goes to infinity, Ea approaches zero. Equation (20) 

Chen becomes 

El E2-E1 

R1 
_ 

R2 

or E2R1 = E1(R1+R2) 

or 
E2 R1+R2 

= K 
E1 R1 

where K is the gain of VCVS, a finite positive number. 

The input current flowing into (2) is zero, which implies 

the circuit has an infinite input impedance. The output 

impedance is zero because it is nearly equal to the out- 

put impedance of the operational amplifier. 

Thus, it has been shown that the circuit in Figure 

11 is an equivalent circuit of a VCVS. 

C. Realization of Voltage Transfer Function 

Using VCVS as an Active Device 

The realization of a voltage transfer function by 

means of RC elements and a VCVS has been suggested by 

some authors. One method is given by N. Balabanian and 

B. Patel in "Active Realization of Complex Zeros" 

(1, Jol. CT -10, p. 299 -300). However, in this method 

only a gain in the vicinity of unity can be realized. 

R. P. Sallen and E. L. Key in "A Practical Method 

of Designing RC Active Filters" (4, vol. CT -2, p. 74 -85) 
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use an approach based on the control over the location 

of the poles of the voltage transfer function. Beginning 

with this method, consider Figure 12, where K is the gain 

of VCVS. 

El 

Passive 

RC 

Network 

+ 

E2 

Figure 12. One VCVS with two inputs connected 
to a passive RC network. 

Suppose the open -circuit voltage transfer function 

of the passive RC network has the form 

Gp(s) = 
N(s) 

ansn+an-1sn-1+...+a1s+ao 

D(s) bnsn+bn-lsn-1 +...+b1s+bo 

From Figure 12 and by feedback theory: 

N(s) 
E2 = (e1 +e2) D(s) 

e1 = E1 

e2 = KE2 

Thus, the overall voltage transfer ratio is given by 

-1 

e1 
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E2 (s) 
G_ 

2 
(s) 

- E1(s) D(s) -KN(s) 

Because the minus sign has been introduced into the 

denominator, it is, in general, possible to select an 

appropriate passive network and the proper value of con- 

stant K so that the poles and zeros of G(s) can be placed 

anywhere in the complex plane. 

Based on the above principles, Sallen and Key de- 

rived a set of network configurations and design equa- 

tions for the second order voltage transfer function of 

the form 
2 

P(s) 
a2s +als+ao 

G 
12 

(s) Q(s) 
b2s2+b1 s+bo 

In controlling the location of the poles of the above 

equation, they let 

Q(s) 

where wo is 

= D(s) -KN(s) 

= bo 

= bo 

the "cutoff 

= b2s2 +b1s +bo 

s 2 s bl 

(^bo/b2 
) + 1 

frequency" 

+ 
/bo/b2 

2 ( ) + ) d + 1 
0 0 

frequency" or 

^bob2 

"center 

while d is the controlling parameter of the pole loca- 

tions which determine the form of the response. wo and 

d are defined as follows: 

m bo b1 d= 
o b2 ^bob2 

(21) 

N(s) 

bo[r 

I 
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Based on the relationships between the parameter d 

and five basic design variables of the network (i.e., 

two resistors, two capacitors and the gain K of VCVS), 

Sallen and Key defined a set of parameters and design 

equations. Only the necessary parameters and equations 

for our present purpose of realizing a low pass transfer 

function in the example to follow are listed below: 

T1 = R1C1 

T2 = R2C2 

fer 

T1T2 = 1 

C2 

2 

(22) 

(23) 

(24) 

low -pass voltage trans- 

cutoff frequency of 

r = 
1 

(l +r) -d2 
- Kmin 

d 
T2 = 2 

Consider 

function with 

4 

4 ( l+r-K) 
1 ± 

d2 

D. Example 

again a Butterworth 

gain of 10 and a 

200 HZ. 

The frequency normalized function is 

G(s) = 
K 

b2s"+bls+bo 

10 

s2+,/2s+1 

From the method given by Sallen and Key, the network 

configuration is selected as shown in Figure 13. 

_ 

I1 
1 
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Figure 13. Network configuration for realizing 
voltage transfer function using VCVS. 

From equation (21) 

I- 
d = 

b1 
b - /2 cu 

/ 
= o 

.,/b 
0 
b 2 I 

o b2 

33 

From equation (23) 

4(1-+-r)-d2 

(24) 

From equation 

= 141.4 4f. 

(22), we 

- Kmin 4 

4(1+r)®2 
or 10 = 

4 

and r = 9.5 

For simplicity, set r = 9. By equation 

- 1.1+110 T [l±]1 
2 d2 

1 +1) 

= J2 or 0 

Choose T2 = /2 and let R2 = 10K Q. 

have R1 = 45KQ,C1 = 15.7 4f and C2 

Rl R2 

El C2 

K 

E2 

= 

il 

= 1 

d 

2 
2 - 



To denormalize cutoff frequency to 200 HZ, the 

element values 

R1* 

R 
2 
* 

C1* 

C2* 

become: 

= 45 KS', 

= 10 KQ 

= 0.0125 

- 0.1125 

- 2500 
141.4 
27200 

'If 

r f 
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The network synthesized with an operational ampli- 

fier as VCVS is shown in Figure 14. The resistances 

chosen for R1 and R2 in the realization of the VCVS are 

independent of the impedance level of the external cir- 
R1+R2 

cuit, because the ratio K = is the only factor to 
1 

be used in the design. However, an Impedance level of 

order 105 for (R1 +R2) has been proven satisfactory in 

view of the ideal characteristics of the VCVS realization. 

0.0125 4f 

I( 

765kn 

8L5kQ 

45kQ 10kQ 

E1 0.1125- 
f 

o 

E2 

Figure 14. Synthesized network for Example 2. 

Ga 
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The experiment data are shown in Table II and the 

gain versus frequency plot is shown in Figure 15. The 

results are exactly as expected and there is no distor- 

tion found throughout the measured frequencies. 
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TABLE II. DATA MEASURED FROM THE EXPERIMENTAL NETWORK 

OF SYNTHESIS EXAMPLE 2. 

Frequency 
in 
HZ 

Input Voltage 
E it Volts 

(p-p) 

Output Voltage 
E 1n Volts 

2 
(p ---p) 

i. Gain É2 
1 
in E1 

Decibels 

0 0.20 2.00 20.00 

10 0.20 2.00 20.00 

20 0.20 2.00 20.00 

30 0.20 2.00 20.00 

40 0.20 2.00 20.00 

50 0.20 2.00 20.00 

60 0.20 2.00 20.00 

80 0.20 2.00 20.00 

100 0.20 1.95 19.80 

120 0.20 1.85 19.32 

140 0.20 1.75 18.84 

160 0.20 1.63 18.22 

180 0.20 1.52 17.62 

200 0.20 1.41 16.96 

300 0.20 0.86 12.68 

400 0.20 0.55 8.62 

500 0.20 0.37 5.34 

680 0.20 0.20 0.00 

1 
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V. SYNTHESIS OF RC ACTIVE NETWORK WITH CURRENT- 

INVERSION TYPE NEGATIVE IMMITTANCE CONVERTER 

In this chapter, a synthesis method using current - 

inversion type negative impedance converter (INIC) will 

be presented. However, this INIC is also realized by an 

operational amplifier. 

A. Properties of Negative Immittance Converter 

The NIC (5, p. 42 -43) is a two -port active device 

where the driving -point immittance at one port is propor- 

tional to the negative of the immittance connected to 

the other port. This can be achieved by satisfying the 

following two -port relations. Refer to Figure 16. 

or 

I 
1 

+ 

El Network 

I2 

E2 

Figure 16. A two -port network with input 
and output voltages and currents 
identified. 

E1 = E2 Il xI2 

1 
E1 

x 
E2 1 1 = _ 1 2 

(25) 

(26) 

Equation (25) defines the current -inversion type 

f- 

= - 

= 
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NIC. In this case, the voltages at ports 1 and 2 are 

equal while the current flowing into ports 1 and 2 differ 

by a positive multiplier x, which is called the conver- 

sion factor or the gain of the NIC. 

Equation (26) defines the voltage inversion NIC. 

In this case, the current flowing into port 1 and the 

current flowing out of port 2 are identical, while the 

voltages across ports 1 and 2 are opposite in sign but 

differ by a multiplier 1 /K. 

The impedance seen at port 1 of the NIC, defined by 

either equation (25) or (26), will be -1 /K times the 

terminating impedance at port 2. Conversely, the imped- 

ance seen at port 2 will be -x times the terminating 

impedance at port 1 as shown in Figure 17. 

NIC 

I2 

+1 
E2 

r 

Z2 Z NIC 
Zout E2 

E1 Z2 E2 

Zin = I1 =- x Zout 
= 

2 
= xZ1 

Figure 17. Input and output impedance of NIC. 

If K = 1, the driving -point impedance is the nega- 

tive of the impedance connected to the other port. 

+ 

E Z 
I + 

E1 

- 

I1 11 I2 

+ 
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B. Using Operational Amplifier as a Current -Inversion. 

Type Negative Immittance Converter (INIC) 

An INIC may also be realized by using an operational 

amplifier. Consider Figure 18, from the properties of 

operational amplifier the voltage at terminal (1) must 

be equal to voltage at terminal (2). Since no current 

flows into terminal (1) or (2), the voltage drop across 

resistors Ra and Rb must also be the same. Therefore, 

E1 = E2 (27) 

IlRa = I2Rb 

Rb 
Il = 

Rb 
12 

a 

(28) 

Compare equations (27) and (28) with equation (25). It 

is obvious that this circuit is equivalent to an INIC 

with inversion factor K equal to the ratio Rb /Ra, which 

is easily adjusted by assigning the values to resistors 

Ra and Rb. 

E2 

Figure 18. An equivalent circuit of INIC. 

or 
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C. Realization of Voltage Transfer Function 

Using INIC as an Active Device 

One of the methods in synthesis of RC active net- 

work with INIC was suggested by T. Yanagisawa (7, vol. 

CT -4, p. 140 -144). The basic network configuration is 

shown in Figure 19. In his approach, using the property 

of INIC, the voltage transfer function can be easily de- 

rived as shown in equation (29). Both numerator and de- 

nominator have positive and negative functions; therefore, 

poles and zeros of a voltage transfer ratio anywhere on 

the complex plane can be realized. 

Figure 19. Network configuration for realizing 
voltage transfer function using INIC. 

E2 1'17' 21b-1721a 
"712 

E1 y22a-Ky22b 
(29) 

The y21 and y22 in equation (29) cannot be synthe- 

sized separately. To solve this problem, Yanagisawa 

El 

Nb 

Na 

INIC 

E2 
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used inverse L circuits as Na and Nb as shown in Figure 

20. Their driving -point and transfer admittance are 

stated in equation (30). 

1 

Y2a 

Ylb 

Y2b 

Na Nb 

Figure 20. Inverse L circuits used for Na and Nb. 

Y21a - Yla 

Y22a - Yla+Y2a 

Y21b -Ylb 

Y22b - Ylb+Y2b 

Substituting equation (30) into (29) yields 

E2 

G12 = E1 
-KYlb+Yla 

+Y2a-K(171b+Y2b 

Yla-KYlb 

KYlb +Y2a {Y2b 

(30) 

(31) 

In realizing a voltage transfer function, consider 

(32) 

where q(s) is an arbitrary polynomial having only simple 

and negative -real zeros and of one degree less than the 

degree of P(s) or Q(s) (whichever is the highest). 

G12(s) P(s) P(s)/g(s) 
Q(s) Q(s)/q(s) 

Yla 
I 

I 

I 

= 
' 



and 

or 

Comparing equations (31) and (32), one can write 

Yla -KYlb q(s) 

Yla-KYlb Y2a q(s) 

Q(s)-P(s) 
Y2b q(s) 
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(33) 

(34) 

Expand equations (33) and (34) into Foster expansion, 

such that 

k. 
P(s) + s + ko= Yla-KYlb q(s) i s+6, 

P(s)Q(s) - 

k1 
k's + k' K 

q(s) Y2.a Y2b 

(35) 

(36) 

where k, k' are real and either positive or negative con- 

stants. Assign positive terms to yla and y2a' negative 

terms to Kylb and Ky2b, then all four admittances 
Y1a' 

'lb 
and y2b can always be realized as RC circuits. 

Y2a' 

D. Example 3 

Consider again a Butterworth low-pass function with 

an expected gain of 10 and a cutoff frequency of 20C HZ. 

The frequency normalized voltage transfer function is 

P(s) 10 
G12(s) Q(s) s2+/2s+1 

(37) 

Assume the inversion factor K of INIC is unity, that 

is, Ra = Rb in equation (28) and in Figure 17. Choose 

q(s) = s ±/2, by equation (35) 

Q(s) 

_ 

_ 



Let 

P(s) 10 
Yla®Y1b q(s) s+/2 

10 

10 
s 

- /2 
- 

s+/2 

10 
Y l a - 12 

10 

Y1b s+/2 

By equation (36) 

9.1./-1)( s) 
Y2a®Y2b - q(s) 

s2+12s+1-10 
s+/2 

Let 

= s _ 9 

s+/2 
9 

9 
-s 

s m 
( 12 s+/2 

9 

= s /2 
s+/2 

1 
- 

9 
= s + 

12 
9 + 4.5s 

Y2a = s + 

Y2b 

1 
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(38) 

(39) 

(40) 

(41) 

/2 

s /2 

1 

/2 1 
10 5s 

= 

= 
s 

9 
../2 

1 

-- 
9 + 4.5s 

/2 15s 

/2 
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From equations (38), (39), (40) and (41), network Na and 

Nb are realized as shown in Figure 21_ 

C, =1 

::15 

/2 
R3= 10 C3=5 

R4 9 

Na Nb 

Figure 21. Realization of networks Na and Nb. 

The next step is to denormalize the cutoff frequency 

to 200 HZ and scale to a chosen impedance level of 105. 

The frequency scaling factor is 

a = 2T - 200 

= 1256 

and the impedance level scaling factor is 

b = 1 05. 

The actual element values to be used in the circuit are 

calculated as follows: 

R1* 10 
x 1.05 = 14.14 KS2 

R2* _ --g X 105 = 15.7 KQ 

R3* 10 
X 105 = 14014 KS2 

R4* = -9- X 105 = 15.7 KQ 

_.? R1 
10 

a 

I 

R2= 

Tc2 

-^n\--1 

2 



C * = 1 

1256 X 105 
1 

= 
4.5 

X 10 

C * = 5 
3 

1256 X 105 

Let Ra = Rb = 10 K, 
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= 0.008 4f 

- 0.036 pf 

- 0.04 . f 

the choice of which is independ- 

ent of the impedance level of the external circuit_ The 

network with operational amplifier as INIC is shown in 

Figure 22. The experimental data are shown in Table III. 

The gain versus frequency plot is shown in Figure 23. 

No distortion has been found throughout the frequencies. 

The results are also as expected. 

14.14k0 

14 .14 0.04 
kS2 f 

El 
0.008 

Pf 

15.7 E 
kS2 2 

.036 
¡J.f 

Figure 22. Synthesized network for Example 3. 

- 

1256 

iv\A. 

15.7 
kQ 

10kS2 

10kQ 

C2* 
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TABLE III. DATA MEASURED FROM THE EXPERIMENTAL NETWORK 

OF SYNTHESIS EXAMPLE 3, 

Frequency 
in 
HZ 

Input Voltage 
in Volts 

(p -p) 

Output Voltage 
in Volts 

(p -p) 

E2 
Gain 

in 1. 

Decibels 

0 0.05 0.52 20.14 

20 0.08 0.78 19..80 

40 0.08 0.77 19.70 

60 0.08 0.77 19.70 

80 0.08 0.80 20.00 

100 0.08 0.80 20,00 

120 0.08 0.80 20.00 

130 0.08 0.79 19.90 

140 0.08 0.78 19.80 

150 0.08 0.76 19.55 

160 0.08 0.73 19.20 

170 0.08 0.69 18.72 

180 0.08 0.67 18.48 

190 0.08 0.64 18.06 

200 0.08 0.58 17.10 

300 0.08 0.40 13.80 

500 0.08 0.12 8.10 

650 0.08 0.08 0.00 
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VI. SUMMARY AND CONCLUSIONS 

The techniques for the synthesis of network employ- 

ing a high -gain amplifier, voltage -controlled voltage 

source and current -inversion type of negative immit- 

tance converter, all achieved by using an operational 

amplifier as an active element, have been presented. 

The realization of a voltage transfer function with 

poles in the left half plane for each network configura- 

tion have been examined. In the examples, the various 

techniques were used to realize only low -pass transfer 

functions. These methods can be applied to band -pass 

and high -pass transfer functions as well. In each of 

these different approaches it can be seen that the gain 

and cutoff frequency of the high -gain amplifier are all 

determined by passive networks. However, the gain can 

not exceed the open -loop gain, and the gain -bandwidth 

product of the network must be within the limit of the 

gain- bandwidth product of the operational amplifier. 

The gain of the VCVS network configuration depends 

strongly on the gain of the VCVS, that is, the ratio of 

the resistors used in realizing the operational ampli- 

fier as a VCVS. Changing the gain of the VCVS will 

change the gain of the network, but it will also vary 

the characteristic of the network, as one can see 

through the procedure of the synthesis. However, the 
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cutoff frequency can easily be shifted by merely reseal- 

ing the network as long as the gain K is fixed. In the 

INIC configuration, as well as in high -gain amplifier, 

the gain and cutoff frequencies are determined by passive 

networks, although for the different inversion factor . 

there will be a different set cf element values for the 

network. 

The output impedance of the high -gain amplifier and 

VCVS configuration are approximately equal to the output 

impedance of the operational amplifier which is nearly 

zero. Therefore any loading may be placed at the output 

terminal without the necessity of an isolating stage. 

However, the output impedance of INIC network configura- 

tion has finite value which cannot be neglected when con- 

nected to next stage or a load. 

A common advantage of the three network configura- 

tions is the capability of realization of high -Q circuit, 

where the poles are located close to the imaginary axis. 

However, a small pole displacement may produce the in- 

stability. For the high -gain feedback network, the pole 

locations are determined completely by the passive net- 

works, thus they are relatively stable. In VCVS config- 

uration, both the gain, K, and passive elements determine 

the locations of the pole. Since K is determined by the 

ratio of the resistors, they are also relatively stable. 
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The same reasons apply to INIC configuration. 

We have briefly compared these three network config- 

urations, their advantages and disadvantages. Which net- 

work is best still depends on the requirement of design 

purpose and the involvement of other networks. 
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