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8. IM
M

IT
A

N
C

E
 SIM

U
L

A
T

IO
N

 

8.1 

 

T
he series resonance circuit to ground yields the 

 

transfer function

 
R

esonance 
at 

. 
N

ote 
that 

is

require a relatively large capacitance 

 

C

 

 =
 1 μ

F since the resonance
frequency is low

.

T
he inductor can be realized by using a PIC

. W
e get the circuit show

n below
.

W
e select 

 

Z

 

2

 

 =
 

 

Z

 

3

 

 =
 

 

R

 

 =
 10 k

 

Ω

 

 and to reduce the influence of finite 

 

G
B

 

 of the operational am
plifiers,

w
e select 

 

Z

 

4

 

 =
 1/

 

sC

 

4

 

 w
here 

 

C

 

4

 

 =
 1 μ

F 

 8.2
T

he specification correspond to a H
P filter of order

 

 N

 

 =
 3. 

W
e get the follow

ing norm
alized elem

ent values for the L
P filter. 

 

L
´

 

L
P

 

1

 

 =
 1.3553

 

C
´

 

L
P

 

2

 

 =
 1.2740

 

L
´

 

L
P

 

3

 

 =
 1.7717

 

R

 

1

 

´

 

 =
 0 and 

 

R

 

2

 

´

 

 =
 1.

 

 T
he filter is, of course, not suitable as reference filter, since it

is 
singly 

resistively 
term

inated, 
i.e., 

it 
has 

high 
elem

ent
sensitivity. Select 

 

Ω

 

c

 

 =
 4 krad/s and denorm

alize so that the
band edge becom

es 4 krad/s and 

 

R

 

2

 

 =
 600 

 

Ω

 

, i.e., select 

 

R

 

0

 

 =
600 

 

Ω

 

.

 and 
.

W
e get w

ith the L
P-H

P transform
ation
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 nF

T
he input im

pedance to a PIC
 is 

. 

In order to sim
ulate an inductor w

e select Z
1  =

 R
1 ,

Z
4  =

 1/sC
4  and Z

5  =
 R

5 .  In order to m
inim

ize the effect
of finite G

B
 of the operational am

plifiers w
e select

 
and 

.

T
o realize the inductor w

e select 

 
=

>

8.3

8.4
T

he specification correspond to a H
P filter. First w

e transform
 the specification to a specification for 

a corresponding L
P filter.

ω
c  =

 200 10
5 2π rad/s, ω

s  =
 50 10

3 2π rad/s. W
e select ω

I  =
 ω

c  =
>

 Ω
c  =

 ω
c  

W
e get for the L

P filter Ω
s  =

 ω
I 2/ω

s =
 (200⋅10

3 2π) 2/(50⋅10
3 2π) =

 

 and 
 w

hich

yields N
 =

 3.
A

 norm
alized L

P T ladder, w
hich has the low

est num
ber of

inductors, has the elem
ent values 

r =
 1

L
L

P
1 ´ =

 2.0236
C

L
P

2 ´ =
 0.9941

L
L

P
3 ´ =

 2.0236
T

he elem
ent values for the norm

alized H
P filter

(w
ith passband edge ω

c  =
 1) are after the L

P →
H

P
transform

ation

D
enorm

alization w
ith respect to 

 and ω
I  =

 ω
c  =

 200⋅10
5 2π rad/s yields

. T
he grounded inductor can be replaced w

ith a PIC
 w

ith the input 

+_ V
2

R
2

V
1

L
2

C
3

C
1

C
1

1
ω

I 2L
1

-------------
1

ω
I 2L

L
P

1 '
R

0

Ω
c

------
⋅

--------------------------------
235

=
=

=

Z
in

Z
1

Z
3

⋅

Z
2

Z
4

⋅
----------------

Z
5

⋅
=

Z
1

Z
2

Z
3

A
1

Z
4

A
2

+_ V
2

V
1

R
2

Z
5

C
3

C
1

Z
2

Z
3

R
10 kΩ

=
=

=
ω

c C
4 R

5
1

=

R
5

1
ω

c C
4

-------------
1

4000
10

10
9–

⋅
⋅

--------------------------------------
25kΩ

=
=

=

Z
in

sL
2

R
1 R

3

R
2

------------sC
4 R

5
s117.7

10
⋅

3–
=

=
=

R
1

117.7
10

3–
⋅

25000
10

10
9–

⋅
⋅

-----------------------------------------
471 Ω

=
=

C
L

P2

L
L

P3

V
1

R
1

+_ V
2

R
2

L
L

P1
Ω

s

ω
c 2

ω
s

------
4π

2
4

10
10

⋅
⋅

2π
5

10
4

⋅
⋅

--------------------------------
16π

10
5

⋅
=

=
=

Ω
s

Ω
c

------
4

=

+_ V
2

R
2

R
1

V
1

L
2

C
3

C
1

C
1 '

1
ω

I 2L
1 '

--------------
1

1
2.0236
⋅

------------------------
0.49417

=
=

=

L
2 '

1
ω

I 2C
2 '

---------------
1

1
0.9941
⋅

------------------------
1.005935

=
=

=

C
3 '

0.49417
=

R
0

R
L

600 Ω
=

=

C
1

C
1 '

1
R

0 ω
0

-------------
⋅

655.41 pF
C

3
=

=
=

L
2

L
2 '

R
0

ω
0

------
⋅

480.2986 �
H

=
=



81

im
pedance 

 
w

here 
w

e 
select

, w
here C

4  =
 100 pF and in order to

m
inim

ize the influence of variations in G
B

 of
the operational am

plifiers w
e select Z

2  =
 Z

3  =
 R

=
 10 kΩ

. D
eterm

ine R
5  and R

1 : 

 
=

>

Z
in  =

 sL
2  w

hich yields 
 =

>

.

H
ow

 can the A
1  am

plifier be provided w
ith bias currents?

8.5

8.6
A

n inductor in a series arm
 can be realized w

ith a capacitor in a shunt arm
 that is em

bedded betw
een 

tw
o identical gyrators according to the figure below

.  T
he chain m

atrix for a series im
pedance is 

w
hich 

is 
equivalent 

w
ith 

a 
shunt 

adm
ittance 

betw
een 

tw
o 

identical 
gyrators, 

i.e.,

. H
enc, Z =

 r 2Y and w
e get according to Figure. 8.7 that C

2  =
 r 2/L

2 . T
he

m
ethod is suitable for L

C
 ladder w

ith grounded inductors, e.g., in H
P filters w

ithout finite zeros.
 

8.7
T

he filter can be realized in the sam
e w

ays as in 
Problem

 8.6. 
W

e 
get 

the 
sam

e 
elem

ent 
values

except for C
L2  w

hich becom
es C

L2  =
 r 2/L

2 . If w
e

use a PIC
 to realize the gyrator, i.e., w

e select R
1  =

R
2  =

 R
3  =

 R
5  =

 R
 =

 10 kΩ
 and regard C

4  as the load

capacitor. W
e get Z

in  =
 R

2C
4 s, i.e., according to

E
qs. (8.4) Z

in =
 R

2C
4 s =

 r 2C
4 s. T

he gyrator constant

is r =
 R

. H
ence, w

e get Z
in  =

 L
2 s =

 R
2C

4 s =
>

 C
4  =

 L
2 /r 2 =

 83.47⋅10
–3/10

8 =
 0.8347 nF.
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828.8
R

ealize the C
auer filter using G

orski-Popiel’s m
ethod. 

W
e extract the inductor netw

ork as show
n in the figure (w

e interchange the position of L
3  and C

3

w
hile this do not effect the frequency response). W

e replace the inductor netw
ork w

ith a resistor
netw

ork and place identical PIC
s at all external nodes, except for the ground node. W

e get the
equivalent netw

ork show
n to the below

.
 U

sing A
ntoniou’s G

IC
 w

e get 

 and 

ri  =
 L

i /K
(s) for i =

 1, 2, 3.

T
he final realization is.

8.9

8.10
A

 5th-order C
auer filter is realized w

ith a π ladder w
ith the follow

ing elem
ent values m

eets the 
requirem

ent.

C
1  =

 240.150 pF
C

2  =
 28.1619 pF

L
2  =

 113.5940 μ
H

ω
02  =

 1.768037192185705 e+
07

C
3  =

 294.38 pF
C

4  =
 78.787 pF

L
4  =

 88.218 μ
H

ω
04  =

 1.199481997139389 e+
07

C
5  =

 202.803 pF
A

 π ladder w
ith only tw

o inductors is a good choice since only three PIC
s are required to separate the

inductive netw
ork from

 the rest of the ladder. T
his is also true for the corresponding T ladder. For

sim
ple L

P and H
P filter it does not m

atter w
hich ladder that is selected. For B

P filter is the type of
ladder m

ore im
portant.
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E
xtract the inductors as show

n in the figure below
. W

e need three PIC
s w

ith K
(s) =

 sR
C

 =
>

 inductors
becom

es resistorsw
ith the values L

2 /R
C

 and L
4 /R

C
. Select R

C
  to obtain suitable im

pedance in the
netw

ork N
L . T

he PIC
s should be designed so that ω

c C
4 R

5  ≈ 1 and R
2  =

 R
3  (N

ote that this is not the
term

inating resistors) in order to m
inim

ize the effect of finite bandw
idth of the operational am

plifiers,
i.e., w

e should select ω
c C

4 R
5 =

 1. 
 In this case w

e have ω
c  =

 8 M
rad/s =

>

C
4 R

5 =
 1.25⋅10

–7. W
e select C

4  =
 10 pF

and R
2  =

 R
3  =

 10 kΩ
 and w

e get R
5  =

 12.5
kΩ

. 
T

he 
loading 

resistors 
of 

the 
PIC

s
(corresponding to the inductors) are
R

2  =
 sL

2 /K
(s) =

 L
2 /C

4 R
5 =

 L
2 ω

c =

=
 0.11359 ⋅10

–3 ⋅ 8 ⋅ 10
6 =

 908.7 Ω
.

R
4  =

 L
4 /C

4 R
5 =

 L
4 ω

c =
 8.82179 ⋅ 10

–5 ⋅ 8

⋅10
6 =

 7.05 Ω
.

O
bviously this is to sm

all resistors for the operational am
plifiers. T

he resistors should be at least a few
kΩ

. 
W

e get m
ore reasonable values if w

e instead select
 R

2  =
 200 L

2 /C
4 R

5 =
 200 L

2 ω
c =

 200 ⋅ 908.7 =
 18.174 kΩ

.
R

4  =
 200 L

4 /C
4 R

5 =
 200 L

4 ω
c =

 200 ⋅ 7.05 =
 1410 Ω

.

8.11
R

ealize the filter in Problem
 12.8 using G

orski-Popiel’s m
ethod.

W
e select 

=
 7.78 10

–5s w
here

R
1  =

 787 Ω
, R

2  =
 R

3  =
 4.7 kΩ

, C
4  =

 100 nF w
hich

gives the elem
ent values in the filter: R

1  =
 R

2  =
 1

kΩ
, r2  =

 1.061 kΩ
, C

1  =
 C

3  =
 209.4 nF, C

2  =
33.04 

nF. 
It 

is 
im

portant 
that 

the 
PIC

s 
are

identical, otherw
ise the PIC

 netw
ork that sim

ulate
an inductor w

ill not be reciprocal and m
ay even be

com
e active and the sensitivity is deteriorated. 

8.12
T

he corresponding T ladder have the elem
ents 

R
 1  =

 R
2  =

 1 kΩ
, L

1  =
 L

3  =
 209.4 m

H
, L

2  =
 33.06

m
H

 
and 

C
2  

=
 

83.47 
nF. 

B
y 

m
ultiplying 

all
im

pedances w
ith K

(s) a new
 ladder structure w

ith
the sam

e transfer function but w
here inductors

are replaced w
ith resistors, capacitors replaced

w
ith supercapacitors, and resistors replaced w

ith
capacitors. 
W

e select K
(s) =

 k/s. If k is selected too sm
all, the

resistors that correspond to sm
all inductors w

ill
be sm

all and the capacitance that correspond to sm
all resistors w

ill be too large.
 W

e select k =
 10

5 w
hich yields reasonable elem

ent
values. W

e get c1  =
 c3  =

 R
1 K

(s) =
>

 c1  =
 c2  =

 10 nF and r1
=

 r3 =
 sL

1 K
(s) =

 0.2094⋅10
5 =

 20.940 kΩ
, r2 =

 sL
2 K

(s) =

0.03306⋅10
5 =

 3.306 kΩ
, and 

 w
here D

2  =

C
2 /k =

 8.347 10
-13 Fs.

W
e get the elem

ent values in the PIC
, that realizes the

supercapacitor w
ith D

2  =
 1.6694 10

–7 Fs, w
ith C

1  =
 C

1  =

C
, R

2  =
 R

3  =
 10 kΩ

, w
e get D

2  =
 C

2R
4  w

hich w
ith C

 =
 10 nF, yields R

4  =
 8.347 kΩ

. 
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8.14
For a G

IC
 w

ith Z
1  =

 1/sC
1 , Z2  =

 R
2 , Z3  =

 R
3 , Z4  =

 R
4 , Z5  =

 1/sC
5

W
e select R

4 C
5  =

 1/ω
critical  =

 1/10
3 =

 10
–3 w

here w
e assum

e that  ω
critical  =

 10
6 rad/s

 =
>

 
 =

 >
 R

3 /C
1 R

2  =
 R

4 C
5 ⋅10

6 =
 10

3

For D
 =

 10
–6 Fs, w

e select, for exam
ple, R

3  =
 R

2  =
 10 kΩ

 =
>

 C
1  =

 1 pF 

8.15
W

e m
ultiply all elem

ents w
ith 1/s.
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