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5. B
A

SIC
 C

IR
C

U
IT

 E
L

E
M

E
N

T
S

 

5.1 a

 

5.2
a) A

ccording to T
heorem

 5.1 w
e have

 

A
 system

 that initially is at rest and contains no stored energy is passive if the energy, w

 

(

 

t

 

)

 

, w
hich

is supplied to the system
, is alw

ays non-negative. T
hat is, for all ports w

e have

 

(5.1)

 

and for a resistor w
e have 

 

v

 

(

 

t

 

) =
 

 

R
 i

 

(

 

t

 

). W
e get

 

 
 

 

 for all 

 

t

 

 and om
 

 

R

 

 >
 0. H

ence, a passive elem
ent.

b) 
W

e have for an inductor 
 w

hich yields 
 

 

≥

 

0 if 

 

L

 

 

 

≥

 

 0. T
he stored reactive energy in an inductor depends only on the current at tim

e 

 

t

 

. 
Inductors (including tim

e varying) are lossless since the stored reactive energy from
 a current that

flow
s under a finite tim

e period, i.e., 

 

i

 

(

 

∞

 

) =
 0, is

  
. 

 

c) For a capacitor w
e have 

 and 
 

 

≥

 

 0 if 

 

C

 

 

 

≥

 

 0.

C
apacitors are also lossless.

d) active according to b)
e) active according to c)
f) a negative resistor can according to a) generate energy, i.e., it is active.

 

5.3 a) For a tw
o-port w

ith a series im
pedance w

e have 

 

V

 

1

 

 =
 

 

Z
 I

 

1

 

 +
 

 

V

 

2

 

 and 

 

I

 

1

 

 =
 –

 

 I

 

2

 

 
and 

 

V

 

1

 

 =
 

 

V

 

2 

 

+
 

 

Z

 

 (–   I  

2  

)  

 

 

I

 

1

 

 =
 0 +

 1 (–

 

 I

 

2

 

)    w
hich can be w

ritten: 

b) For a tw
o-port consisting of a shunt im

pedance w
e have 

 

V

 

1

 

 =
 

 

V

 

2 

 

and 

 

V

 

1

 

 =
 

 

Z
 

 

(

 

I

 

1

 

 +
 

 

I

 

2

 

) and 

 

I

 

1 

 

=
 

 

V

 

1

 

/

 

Z
 

 

– 

 

I

 

2

 

=
 

 

V

 

2

 

/

 

Z
 +

 

 1(– 

 

I

 

2

 

) and w
e get the 

 

K

 

 m
atrix,

 

 

 

5.4
, 

, 
,   

 

 

5.5 
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485.6
For a tw

o-port w
e have according to its definition of the K

 m
atrix

V
1  =

 A
V

2 +
 B

(– I2 ) 
I1  =

 C
V

2 +
 D

(– I2 ) 
and V

in  =
 R

1 I1  +
 V

1  and V
2  =

 –R
2 I2  w

here the currents are defined into the tw
o-port. E

lim
ination

yields I2  =
 –V

2 /R
2 and using the equations above yields V

1  =
 A

V
2 +

 B
V

2 /R
2 =

 (A
 +

 B
/R

2 )V
2 and I1  =

C
V

2 +
 D

V
2 /R

2  =
 (C

 +
 D

/R
2 )V

2 and w
e get V

in  =
 R

1 I1  +
 V

1  =
 R

1 (C
 +

 D
/R

2 )V
2  +

 (A
 +

 B
/R

2 )V
2 , and

finally w
e get 

5.6
T

he K
 m

atrix for the L
C

 ladder is

 =
 

 =
 

 =

 Insertion into the expressions derived in Problem
 5.6 yields the transfer function.

 and

T
he D

C
 gain for the filter is 

. N
ote that here the transfer function is different from

the 
norm

al 
transfer 

function, 
i.e., 

the 
ratio 

of 
the 

output 
and 

input 
voltage 

is 
m

axim
ally

. T
he norm

al transfer function is norm
alized to be m

axim
ally equal to unity.

5.7
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. H
ence, w
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=
 

. N
ote that the pole radius is equal for all the

poles in a B
utterw

orth filter.

5.8 a W
e have for an ideal operational am

plifier
V

1  =
 V

2

R
1  I1  =

 R
3  I2

V
2  =

 –R
2  I2

w
here I1 and I2 are the currents are into the tw

o-port. 

W
e get the chain m

atrix 
 w

hich do not correspond to a reciprocal tw
o-port since

A
D

 – B
C

 ≠ 1. Furtherm
ore it is active since A

 ≠ 1/D
. 

   T
he tw

o-port is a N
IC

 (N
egative Im

pedance C
onverter) w

ith n
1  =

 1 and n
2  =

 R
3 /R

1 . T
he particular

circuit is denoted IN
IC

 w
here I refer to current since port voltages are equal and I1  =

 (R
3 /R

1 )I2 . A
lso

V
N

IC
 circuits exist w

here the input currents are equal and the port voltages are V
1  =

 kV
2 .

b) W
e get from

 the equations above: Z
in  =

 –(R
1 /R

3 )R
2

T
he input im

pedance correspond to a negative resistor. 
T

he input im
pedance to a N

IC
 is Z

in  =
 –(R

1 /R
3 )Z

2 w
here Z

2 is the load im
pedance. T

he right port is
open-circuit-stable and the left port is short-circuit-stable, i.e., the tw

o N
IC

s stable if they have a high
or low

 load im
pedances, respectively.

5.9 a
In the sam

e w
ays as in Problem

 5.9 a w
e get the K

 m
atrices for the tw

o N
IC

s

 
 and 

 and K
 m

atrices for the tw
o cascade connected N

IC
s yields

. Furtherm
ore, w

e have V
2  =

 –Z
5  I2 , w

hich w
ith the

K
 m

atrix yields 
. For the K

 m
atrix w

e have A
 =

 1, B
 =

 C
 =

 0 and D

=
 (Z

2 Z
4 )/(Z

1 Z
3 ). H

ence, the circuit is a positive im
pedance converter (PIC

). It is nonreciprocal since
A

D
 – B

C
 ≠ 1 if D

 ≠ 1 and active if A
 ≠ 1/D

.

b) T
he K

 m
atrix is 

, i.e., V
1  =

 V
2 and

 I1  =
 –I2 w

hich represent a direct connection of the tw
o ports.

5.10
C

onsider the circuit that consist of three cascaded tw
o-ports. U

sing the notation according to 
the figure w

e get the chain m
atrix, K

1  for series resistor R
1 : V

1  =
 R

1  I1  +
 V

2  and I1  =
 –I2  w

hich gives

. In Problem
 5.8 a w

e derived the chain m
atrix for the inner tw

o-port K
2  and w

ith

the new
 notation w

e get 
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For the last tw
o-port w

e have V
2  =

 R
4 (I6  +

 I2 ) and V
4  =

 V
2 . T

he chain m
atrix, K

3  for the parallel

resistor R
4  is 

 

T
he resulting chain m

atrix is obtained by successively m
ultiply the three K

 m
atrices, i.e., 

w
here I3  =

 –I4  and I5  =
 –I6 . W

e get

 and if R
1  =

 R
2  =

 R
3  =

 R
4  =

 R
 w

e get

, i.e., V
1  =

 R
 I2  =

>
 I2  =

 V
1 /R

 and 

I1  =
 –V

2 /R
 +

 I2 =
>

 V
1  =

 R
 I1 +

 V
2  T

he circuit is a voltage
controlled 

(V
1 ) 

current 
source 

(I2 ) 
w

here 
the 

current 
is

independent of the im
pedance Z. T

he circuit can therefore be
used as a voltage to current converter. 

5.11
For the inverting am

plifier w
e get 

 and 

 and 
 w

here

. W
e get a

real pole at sp  =
 –10.0001 M

rad/s. T
he

bandw
idth 

(3 
dB

) 
=

 
10.0001 

M
rad/s.

N
ote it is not alw

ays that w
e define the

band edge at the 3-dB
 edge.

W
e get for the non-inverting am

plifier 
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w

hich 
yields 

. 
H

ence, 
the 

sam
e

frequency response as for the inverting am
plifier but w

ith the D
C

 gain, H
(0) ≈ +

2. A
lso in this case, w

e
get a real pole at sp  =

 –10.0001 M
rad/s. T

he bandw
idth (3-dB

) =
 10.0001 M

rad/s is in this case the
sam

e for the inverting and non-inverting am
plifier. 

b) For the inverting am
plifier w

e have 
. W

e get a real

pole at sp  =
 –1.81828 M

rad/s and bandw
idth (3 dB

) =
 1.81828 M

rad/s. T
he D

C
-gain is H

(0) =
 –

9.99945

For 
the 

non-inverting 
am

plifier 
w

e 
get 

. 
W

e 
get 

the 
sam

e 
frequency

response as for the inverting am
plifier but w

ith the D
C

-gain, H
(0) ≈ +

10.9994.
c) 

For the inverting am
plifier is the case w

ith R
1  =

 ∞
 not relevant since it leads to a non-w

orking

am
plifier. For the non-inverting am

plifier w
e get 

 
. T

he D
C

 gain

becom
es, H

(0) ≈ +
0.999995 and bandw

idth 20.0001 M
rad/s.

A
 com

parison yields

Inverting am
plifier

|H
(0)|

B
andw

idth, M
rad/s

–1
10.0001 

–10
1.81828 

N
on-inverting am

plifier
|H

(0)|
B

andw
idth, M

rad/s
1

20.0001 
2

10.0001
11

1.81828 

H
ence, the bandw

idth reduces rapidly w
ith increasing gain and the non-inverting am

plifier have a
slightly larger bandw

idth at the sam
e gain com

pared to the inverting am
plifier.

5.12
T

he resistor r is used to com
pensate for the offset-error that occur at the input of the am

plifier 
due to the bias currents goes through different D

C
-im

pedances. N
ote that there are several cause for

the off-set voltage. If both inputs has the sam
e bias-currents and sees the sam

e D
C

-im
pedance, then the

voltage at the am
plifiers input w

ill be zero. T
ypically, the resulting offset-error w

ill in practice be
reduced w

ith a factor of 4 if the D
C

 im
pedance are the sam

e. For both the inverting am
plifier and for

the non-inverting am
plifier w

e shall select r ≈ R
1 //R

2 . If Z
2  is a capacitance w

e select r ≈ R
1 .

5.13
 T

he operational am
plifier is used in the circuit for the non-inverting am

plifier. W
e have

 and for operational am
plifier 
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W
e get 

. L
et A

(s) in

H
(s) and equate the num

erators   real
and im

aginary parts, w
hich yields the

am
plifiers 3-dB

-band edge. W
e get A

0  =
80 and ω

3db  =
 5.5555 M

rad/s, i.e., f3db  =
884.2 kH

z.

5.14
A

ccording to Problem
 5.11 w

e have 
. For high frequencies, i.e., ω

 >
>

 ω
3dB .

W
e have 

. Inserting A
(s) into the

above gives 
. W

e replace the original

resistor R
2  w

ith an im
pedance Z

3 so that

. 
T

his 
correspond 

to 
an

inverting am
plifier w

ith an ideal operational am
plifier w

ith gain A
I  =

 ∞
. A

 resistor R
2  parallel w

ith a

capacitor C
3  has the im

pedance 
. W

e get 
 and

. For exam
ple, Z

1  =
 R

1  =
 10 kΩ

 and Z
2  =

 R
2  =

 100 kΩ
 and operational am

plifier

w
ith A

0  =
 2 10

5,  ω
3dB

 =
 200 rad/s, ω

t  =
 40 M

rad/s yields 
.

T
he parallel capacitor shall have the capacitance 2.75 pF.

N
ote that the correction adm

ittance should be equal to the sum
 of all adm

ittances that are connected
to the (–)-input, divided by ω

t  /s. 

5.15
A

ccording to the exam
ple above, the correction adm

ittance Y
3  equals the sum

 of all
 adm

ittances connected to the (–)-input divided by G
B

/s. In this case,

 Identification yields 
 and 

. 

In order to correct for the finite G
B

, an extra correction capacitor and en supercapacitor is required.
For exam

ple, R
 =

 10 kΩ
 and C

 =
 100 nF and operational am

plifier have A
0  =

 2 10
5,  ω

3dB
 =

 200 rad/

s, G
B

 =
 40 M

rad/s w
e get C

1  =
 2.5 10

–15 =
 2.5 fF (this is a very low

 value) and D
 =

 100 nFs. O
f

couse, this solution is not efficient in practice.

5.15
For the circuit w

e have
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 E
lim

ination gives 
. W

ith

 w
e get 

W
e get, if the operational am

plifier gain is large, 
. 

W
e get, w

ith the values above,  
. T

he pole sp  =
 –20 M

rad/s is fare from
 the

j ω
-axis and do not effect integrator significantly. W

ith 
 w

ithout any approxim
ation

w
e get 

, i.e., the pole at s =
 0 have m

oved into the L
H

P. A
 resistor, r

=
 R

, should be used betw
een ground and (+

)-input in order to m
inim

ize the effect of the bias currents.

5.16
W

e get for the node currents 

 and

 and w
ith R

1  =
 R

2  =
 R

3  =
 R

4  =
 R

w
e get 

 and w
ith an ideal operational am

plifier w
e get 

. T
he

circuit 
is 

called 
D

eboo’s 
integrator. 

W
ith 

the 
elem

ent 
values 

used 
above 

w
e 

get

. T
he pole sp  =

 –25 M
rad/s is fare from

 the jω
-axis and do not effect

integrator significantly w
hile the pole sp  =

 –80 rad/s is m
ore im

portant and it lies further aw
ay

com
pared to the real pole in the M

iller-integrator in Problem
 5.15. T

he m
ost im

portant difference is
that D

eboo’s integrator is positive.

W
ith an ideal operational am

plifier w
e get 

 w
hich can be w

ritten

. T
he pole is 

. W
e m

ust therefore

select 
 (pole in the L

H
P). U

nfortunately w
e get a large deviation in the phase response. T

he

input im
pedance is frequency independent. T

he circuit is a N
IC

 that is connected to the R
1 C

 section,
com

pared w
ith Problem

 5.8 a, and realize a en negative resistor R
0  in parallel w

ith C
 w

here R
0  =

 –

R
2 R

4 /R
3  

=
 

–R
. 

T
he 

voltage 
over 

the 
capacitor 

is 
 

w
here 
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 w
hich yields 

 and the operational am
plifier gives a gain w

ith a factor 2.

5.17 a) 
 T

he integrator is less sensitive for the operational am
plifiers finite G

B
.

b)
 

. Positive integrator.

c) 
 if R

1  =
 R

2  =
 R

 and C
1  =

 C
2  =

 C
. T

he input im
pedance to the

integrator is Z
in  =

 R
 +

 1/sC
 and the circuit m

ust have a low
 im

pedance signal source. 

d)
 

 T
he integrator is less sensitive for the operational am

plifiers finite G
B

.

5.18

5.19

5.20 For a transconductor w
e have: 

 For this circuit w
e have

, 
, 

, 
 

w
hich 

yields

 and 

5.21
W

e have 
, 

, 
 w

hich yields 

5.22
T

he circuit realizes a N
IC

.

5.23
T

he transfer function for an inverting am
plifier has been derive before

For reasonable high frequencies w
e have A

(s) ≈ ω
t /s w

here 
. W

e get

. 

W
e obtain, if w

e select 
 Ω

, 

 W
ith this value of rx , the real pole in the

am
plifier is cancelled. H

ow
ever, the pole m

ust be know
n and rem

ain constant, w
hich is not the case

in practice w
hen, for exam

ple, the tem
perature varies. H

ow
ever, a significant im

provem
ent is

obtained in practice. 
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5.24
T

he input im
pedance to the PII (gyrator) is found from

 
 and w

ith 

Z
2  =

 1/sC
2  w

e get 
, i.e., the input im

pedance correspond to an inductor, w
ith

inductance 
 m

H
. H

ence, the transfer function is 
 w

here 

 and 
 i.e., a B

P section. W
e get

 
 H

ence, resonance frequency (pole radius) is rp  =

1.2171 10
5 rad/s and Q

 =
 12.1716.

5.25 a) W
ith an ideal operational am

plifier is the voltage betw
een the inputs zero, i.e., V

1  =
 V

2 .
 D

enote the currents through the im
pedances form

 left to the right, I1 , I2 , I3 ,I4 and –I5.
Z

1 I1  +
 Z

2  I2  =
 0 ⇒

 
I2 =

 (–Z
1 /Z

2 )I1 
⇒

 
I3 =

 (–Z
1 /Z

2 )I1   
Z

3 I3  +
 Z

4  I4  =
 0 ⇒

I4 =
 (–Z

3 /Z
4 )I3  

⇒
 

I5 =
 (Z

3 /Z
4 )I3 

V
2  =

 – Z
5  I5 

⇒
V

2  =
 – Z

5  I5 =
 – Z

5  (Z
3 /Z

4 )I3  =
 – Z

5  (Z
3 /Z

4 )(–Z
1 /Z

2 )I1
I2 =

 I3 
I4 =

 –I5

V
1  =

 V
2 and finally 

b) W
e have from

 above V
1  =

 V
2 and I1 =

 (–Z
2 /Z

1 )I2 =
 (–Z

2 /Z
1 )I3 =

 (–Z
2 /Z

1 )I5 /(Z
3 /Z

4 ) and finally I1 =
 (Z

2 Z
4 /

Z
1 )/Z

3 )(–I5 ) w
here I5 is the current into port 2. C

om
paring w

ith the definition for the K
 m

atrix yields

5.26
a) Select relatively sm

all resistors, e.g., R
2  =

 R
3  =

 10 kΩ
 in order to obtain low

 sensitivity for 

parasitic stray capacitances. Select, e.g., C
4  =

 10 nF w
hich yields 

 and select, e.g.,

R
1  =

 R
5  =

 5.48 kΩ
. W

ith an operational am
plifier w

ith ω
t  =

 20π M
rad/s w

e get the inductance
(m

agnitude of Z
in /jω

) according to the figure below
.

b) Select, e.g., R
4  =

 R
5  =

 10 kΩ
 and C

1  =
 C

3  =
 330 nF w

hich yields 
kΩ

.
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565.27
W

e have 
 

W
e have for an ideal operational am

plifier, i.e., V
+  =

 V
–

V
in  =

 R
1  Iin  – R

5  I5
⇒

I5 =
 (R

1  Iin –
 V

in )/R
5  

Z
1 Iin  +

 Z
2  I2  =

 0
⇒

Iin  =
 –Z

2  I2 /Z
1

⇒
Iin  =

 (–Z
2 /Z

1 )(Z
4 /Z

3 )I5
Z

3 I2  – Z
4  I5  =

 0
⇒

I2 =
 Z

4  I5 /Z
3

V
2  =

 –(R
4  +

 R
5 )I5

⇒
V

2  =
 –(R

4  +
 R

5 )I5

w
hich after sim

plification w
e get 

W
ith R

1  =
 R

2  =
 R

4  =
 R

5  =
 R

, R
3  =

 Q
 R

 and C
1  =

 C
2  =

 C
 and rp  =

 1/R
C

 w
e get the transfer function

according E
q.(9.4), i.e., an L

P section. Select, e.g., C
 =

 10 nF and R
 =

 1/(rp C
) =

 5.0 kΩ
 and R

3  =
 Q

 R

=
1/√2 =

 3.5255 kΩ
. T

he section D
C

 gain is 2. T
he gain can be reduced by replacing R

1 w
ith a

voltage divider. If R
1  is split into tw

o equal size resistors w
ith the resistance 2R

1 , the section D
C

 gain
=

 1.
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