PROBLEMS

P 3-1 For the circuit shown in Figure P 3-1, find i
using the current divider principle and determine the
power absorbed by the 12-Q resistor.

Answer: 0.3 A 0.48W

50
M\
i
05A (4 w
120 80
Figure P 3-1

P 3-2 Find 7usingcurrentdivisionif I, = 6 mA in the
circuit shown in Figure P 3-2.

2kQ
A\

3kQ
15 mA Wy

o —O— A

6 kQ 30 kQ

wCD

oV
Figure P 3-2

P 3-3 Find 7 and ¢, using appropriate circuit reduc-
tions and the current divider principle for the circuit of
Figure P 3-3.

Answer: i=2A,i,=—3/4A

60
—A\WY
Ul
103\
- 40
—€ §6O
10 10 Q
30
VW
Figure P 3-3

P 3-4 Find 7usingappropriate circuit reductions and
the current divider principle for the circuit of Figure
P 3-4.
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100 V 70
42 0 36 Q
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12 ng ; 180
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40V
Figure P 3-4

P 3-5 Find 7and Req,-y if v, = 40 V in the circuit of
Figure P 3-5.
Answer: R, ,=8Q,i=5/6A

b 60
—x—WA

30

120 50§20

N

o———AAA/
a 20 0
Req a-b
Figure P 3-5

P 3-6 Find R., 7,and v if v,, = 12 V for the circuit o
Figure P 3-6. :

a
O

4

%360 720%0 %99
o- AV
b 100

Req
Figure P 3-6

P 3-7 Find 7 and the power absorbed by the 12-kQ
resistor for the circuit of Figure P 3-7.
Answer: i=2mA, p=16/3 mW
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1kQ N
AV
8V 50mA 6@90mA§4m
12k0 Seka
Figure P 3-7

P3-8 If vy,=12V, find 4, and v for the circuit of
Figure P 3-8.

o3
- + |
U1 50
90 ANV
40
)
i(4)v
40 SC-
Figure P 3-8

P3-9 If v=2V, find the resistance R of the circuit
shown in Figure P 3-9.
Answer: R=2Q

80 100 150

Figure P 3-9

P 3-10 Find the power supplied by the current
source and the power absorbed by the 900-Q resistor
in parallel with the current source of Figure P 3-10. All
resistances are in ohms.

P 3-11 For the circuit of Figure P 3-11, find , v, and
the power absorbed by the unknown circuit element if
the power supplied by the 16-V source is 8 watts.
Answer: v=8V,i=—1/6A,p=—4/3W

80 4V

Figure P 3-11

P 3-12 For the circuit shown in Figure P 3-12, find
the power absorbed by each element and show that
the total circuit neither absorbs nor dissipates energy.

gma(}) ek (Hizma J12ka

Figure P 3-12

P 3-13 Find { in the circuit in Figure P 3-13.
Answer i{=—1mA

i 2kQ
—p
M=
U1
2kQ % mA

Figure P 3-13

900
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280 100
A AA-
05A

360 180 400 500 900 720

Figure P 3-10



P 3-14 Find the power absorbed by the 600-Q resis-
tor in Figure P 3-14.

+

0.11A(4) 20003y,

Figure P 3-14

P 3-15 A solar photovoltaic panel may be repre-
sented by the model shown in Figure P 3-15, where R,
is the load resistor. The source current is 2 A and v, =
40 V. Find R; when R, =10 Q and R, = 30 Q.

R;
AV

‘Rl RL

Figure P 3-15

P 3-16 Find 7 and the power absorbed by each ele-
ment shown in Figure P 3-16.

i loke AV

Figure P 3-16

P 3-17 Find v, and v in the circuit shown in Figure

P 3-17.

Answer: v,=4V,v=15V
2kQ

M

1k§2§

sup mA §3kQ N

N

2 kQ

N\
1.4 mA
Figure P 3-17

25 mA ()
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P 3-18 Find the load resistance R, if v =0.06 V in
the circuit of Figure P 3-18. This circuit is a model of a
transistor amplifier with a load R, .

200 30Q
'A%
+! -
vy
5V 12800 ¢eo v120 Q
= +

Figure P 3-18

P 3-19 For the circuit of Figure P 3-19, find v, and
the power absorbed by each element.

Answer: v, =3V
P 3-20 Find v, and i in the circuit shown in Figure

1 kQ
2v; mA
P 3-20.

Figure P 3-19

8kQ

—A-==

Figure P 3-20

P 3-21 Find ¢ for the circuit of Figure P 3-21. Note
that the units of the conductances are siemens (S).

Answer: i=16A
38 6S
WV AN
8sS 24v(® 1225 12
Figure P 3-21

P 3-22 Find v, and the power absorbed by the con-
ductance of 5 mS, for the circuit shown in Figure
P 3-22. The dependant source units are mA/V.

+

5mS %< 4mS

Figure P 3-22

2u, MA
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P 3-23 For the circuit shown in Figure P 3-23, find
Reqa-pand Rege_q- Also determine the voltage vy when
Upp = 20 V.

Answer: R ._q=6%Q

20 . 50

30—\ AN
'-b 100 100
bo | s
Reqarn Reqeq
Figure P 3-23

P 3-24 Find the R, at terminals a-b in Figure
P 3-24. Also determine ¢ i, and 4,.

h 120
M

i 20 10

6 Q

A~

4OV|—> 20
b

Figure P 3-24

P 3-25 For the circuit of Figure P 3-25, given that
Req=9Q,find R.
Answer: R=15Q

4
Ao A
R %
12 24
Zs
5 30
Bo—AMW MW
R,
Figure P 3-25

P 3-26 Electric streetcar railways have been used for
about 100 years. An electric railway was established by
Werner Siemens from Charlottenbourg to Spandau in

Berlin in 1885, as shown in Figure P 3-26a. This rail-
way may be represented by the electric circuit shown
in Figure P 3-26b. Find the power delivered to the
motor R, by the central power source.

e,

60 O 200<R,

(b)

Figure P 3-26 (a) The electric street railway in Ber-
lin in 1885. Courtesy of Burndy Library. (b) Circuit
model of the railway, where R, = 20 Q.

P 3-27 Most of us are familiar with the effects of a
mild electric shock. The effects of a severe shock can
be devastating and often fatal. Shock results when
current is passed through the body. A person can be
modeled as a network of resistances. Consider the
model circuit shown in Figure P 3-27. Determine the
voltage developed across the heart and the current
flowing through the heart of the person when he or she
firmly grasps one end of a voltage source whose other
end is connected to the floor. The heart is represented
by Rj,. The floor has resistance to current flow equal to
Ry, and the person is standing barefoot on the floor.
This type of accident might occur at a swimming pool
or boat dock. The upper-body resistance Ry and lower-
body resistance R, vary from person to person.

R,=20Q
MV
50 V(L 500 Q Ry =100 Q
WA
R; =200 Q R =30Q

Figure P 3-27 The resistance of the heart. R, = 10 Q.



*P 3-28 For the circuit of Figure P 3-28, find R, at
terminals a-b and the current 7 if v,, = 14 V.

100
aA%%
50
1OQ§ 100
i
a o- ==
> 360
18 0
b o—A A
6Q 80

Figure P 3-28

“P 3-29 Find 4, in the circuit shown in Figure P 3-29.

Figure P 3-29

*P 3-30 Find i in the circuit shown in Figure P 3-30.

v1/2
60 1/

A%

U1
10 O.§
lil C‘D 27V

Figure P 3-30

2=

*P 3-31 For the circuit of Figure P 3-31, find Reqa-s-
Hint: Note the symmetry of the circuit.

R, R,
MW MV
al b
Oo— R p—0
R, R,
MV AW
Figure P 3-31

* Note: An asterisk denotes a challenging problem.

PROBLEMS 89

P 3-32 An electric heater is connected to a constant
250-V source and absorbs 1000 W. Subsequently, this
heater is connected to a constant 210-V source. What
power does it absorb from the 210-V source? What is
the resistance of the heater?

P 3-33 A model of a common-emitter transistor am-
plifier is shown in Figure P 3-33. Find the voltage v,
when v, =1 mV.

Answer: v,=4V

200

444, 20kQU,S2kO

+

Figure P 3-33 Model of a transistor amplifier.

P 3-34 For the circuit shown in Figure P 3-34:

(a) Find the current 7.

(b) Find the voltage v.

(c) Find the power absorbed by the 2-A current
source.

(d) Find the power delivered by the 8-V voltage
source.

Figure P 3-34

P 3-35 Determine R and the power delivered to the
6-Q resistor for the circuit shown in Figure P 3-35
when 7 =2 A.

7Q

NN—1 I

6 Q 30Q@ R

(QEL

Figure P 3-35

P 3-36 The 10-V source in Figure P 3-36 is known to
be delivering 20 W to the circuit. (a) Determine
whether the element x is an active or passive element.
(b) Determine the power delivered or absorbed by the
element x and indicate whether it is delivering or ab-
sorbing power.

Answer: P,= 4 W delivered

Figure P 3-36
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ADVANCED PROBLEMS

AP 3-1 The portable lighting equipment for a mine
is located 100 meters from its dc supply source. The
mine lights use a total of 5 kW and operate at 120 V dc.
Determine the required cross-sectional area of the
copper wires used to connect the source to the mine
lights if we require that the power lost in the copper
wires be less than or equal to 5 percent of the power
required by the mine lights.

AP 3-2 The current 4, is 10 A in the circuit shown in
Figure AP 3-2. Determine the resistance R.

i

—

100 ‘2

5ov

Figure AP 3-2

AP 3-3 Determine the equivalent resistance, R,,, of
the circuit shown in Figure AP 3-3.

20 60
x o—AW\ M
50 100

200 40
100
y o—AMN M M
R 30 175 50
Xy AV
100
Figure AP 3-3 All resistances in ohms.

AP 3-4 The circuit of 1-ohm resistors shown in Fig-
ure AP 3-4 extends to infinity in both directions. De-
termine the resistance R,, between terminals a and b.

a

b
Figure AP 3-4

AP 3-5 The model of an amplifier is shown in Figure
AP 3-5. Determine R;, R,, and v, when R; = 10 MQ,
g=5mS, Ry =1KkQ, R, =100 Q, and R, = 100 Q.

G Ry
—AN—0
8VGs +
15 mv (ﬁ) Rs S Rp 0,
Rg
o
Ri Ro

Figure AP 3-5 Amplifier circuit.

AP 3-6 Determine R, for the circuit shown in Fig-
ure AP 3-6 in the form of a continued fraction as

1

R+—m——
1 G+ -

Calculate R, when R, =1Qand G, =1/28.

a R Ry R,
%Gz %Gz %Gz

rc .

b

Req

Figure AP 3-6

AP 3-7 The source v, = 240 volts is connected to
three equal resistors as shown in Figure AP 3-7. Deter-
mine R when the voltage source delivers 1920 watts to
the resistors.

vs (

Figure AP 3-7



DESIGN PROBLEMS

DP 3-1 A circuit is used to supply energy to a heater
as shown in Figure DP 3-1. It is desired to supply
3.53 mW to the heater. Determine an appropriate volt-
age source v and a resistance R, .

Ry
N +—0
Vs @ 1800 Q z Heater
Lo
2V

Figure DP 3-1 A heater circuit.

DP 3-2 A circuit is shown in Figure DP 3-2 with an
unspecified resistance R. Select R so that the equiva-
lent resistance looking into terminals a-b is 1 Q.

4
2
ao
4
1 R
.
4/15 1
Req a-b

Figure DP 3-2 All resistances in ohms.

DP 3-3 A circuit is shown in Figure DP 3-3 with an
unspecified current source constant. Select the con-
stant g so that the voltage v =16 V.

i
—AW\-

50 -

av gi 2030y

.

Figure DP 3-3

DP 3-4 A phonograph pickup, stereo amplifier, and
speaker are shown in Figure DP 3-4a4 and redrawn as a
circuit model as shown in DP 3-4b. Determine the re-
sistance R so that the voltage v across the load is 16 V.
Determine the power delivered to the speaker.
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Amplifier

Phonograph

Speaker

(a)

Amplifier l Speaker

200 mV

(b)
Figure DP 3-4 A phonograph stereo system.

DP 3-5 A Christmas tree light set is required that will
operate from a 6-V battery on a tree in a city park. The
heavy-duty battery can provide 9 A for the 4-hour pe-
riod of operation each night. Design a parallel set of
lights (select the maximum number of lights) when
the resistance of each bulb is 12 Q.

DP 3-6 A circuit with a subcircuit box is shown in
Figure DP 3-6. The subcircuit is known to absorb
150 W prior to t=5s. After the switch is opened at
t =5 s, the power absorbed by the box is 65 W. Calcu-
late a suitable value for R and specify your model for

the subcircuit.
Switch t=5s
o

L]

3a (@) R

Subcircuit
box

Figure DP 3-6

DP 3-7 A designer requires the circuit of Figure
DP 3-7 to exhibit a resistance R, at terminals a-b
of 24 Q. Select a suitable value for g and R when
1=g= 5.

i

6Q gl R
b o—&

Figure DP 3-7
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TERMS AND CONCEPTS

Dual Circuits Circuits such that the set of transforms that converts one circuit into another
also converts the second circuit into the first.

Efficiency of Power Transfer Ratio of the power delivered to the load to the power
supplied by the source.

Equivalent Circuit Arrangement of circuit elements that is equivalent to a more complex
arrangement of elements. A circuit that exhibits identical characteristics (behavior) to another
circuit at identical terminals.

Maximum Power Transfer Theorem The maximum power delivered by a circuit repre-
sented by its Thévenin equivalent is attained when the load resistor R, is equal to the Thévenin
resistance R,.

Norton’'s Theorem For a linear circuit, divide it into two parts, A and B. For circuit A,
determine its short-circuit current at its terminals. The equivalent circuit of A is a current
source i in parallel with a resistance R,, where R, is the resistance calculated with all its
independent sources deactivated.

Source Transformation Transformation of one source into another while retaining the
terminal characteristics. A voltage source may be transformed to a current source and vice
versa.

Superposition Theorem For a linear circuit containing independent sources, the voltage
across (or the current through) any element may be obtained by adding algebraically all the
individual voltages (or currents) caused by each independent source acting alone with all
other sources set to zero.

Thévenin's Theorem Divide a circuit into two parts, A and B, connected at a pair of termi-
nals. Determine v, as the open-circuit voltage of A with B disconnected. Then the equivalent
circuit of A is a source voltage v, in series with R,, where R, is the resistance seen at the
terminals of circuit A when all the independent sources are deactivated.

REFERENCE Chapter5
Edelson, Edward, “Solar Cell Update”, Popular Science, June 1992, pp. 95-99.

PROBLEMS
P 5-1 For the circuit of Figure P 5-1, find the current P 5-2 Consider the circuit of Figure P 5-2. Find 4, by
i and the power absorbed by the resistor R, when R, = simplifying the circuit (using source transformations)
2 ohms by using successive source transformations. to a single-loop circuit so that you need to write only
Answer: =2 A one KVL equation to find 7,.

p=8W

X 40
Figure P 5-1 All

resistances are in
ohms. Figure P 5-2

2i,
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P 5-3 Use source transformations to find the voltage
vacross the 1-amp current source for the circuit shown
in Figure P 5-3.

Answer: v = 3 volts

600 Q
M
1400 Q 3000 Q
Figure P 5-3

P 5-4 Find v, using source transformations if i =
5/2 A in the circuit shown in Figure P 5-4.

3A

60
MW
8V 30 10 Q
& MW MV
160 120
200 Yo i
AWV
Figure P 5-4

P 5-5 Use superposition to find v for the circuit
shown in Figure P 5-5.
Answer: v=—6volts

Figure P 5-5

P 5-6 Use superposition to find v for the circuit of
Figure P 5-6.

100

Figure P 5-6

P 5-7 Use superposition to find 7 for the circuit of
Figure P 5-7.
Answer: i=—2mA

12v 4 kQ
M
20kQ 3ma(}) 12 kQ (F) 9 ma
;
Figure P 5-7

P 5-8 Use superposition to find v, for the circuit of
Figure P 5-8.

Figure P 5-8

P 5-9 Use superposition to find i for the circuit of
Figure P 5-9.
Answer: {=3.5 mA.

2kQ 6 kQ

Figure P 5-9

P 5-10 Find the Thévenin equivalent circuit for the
circuit of Figure P 5-10.

90 }) 2

Figure P 5-10



Answer: R,= 10 Q
Upe =—24V

P 5-11 Find the Thévenin equivalent circuit for the
circuit of Figure P 5-11.

10i,

Figure P 5-11

P 5-92 Find R, for the circuit of Figure P 5-12.
Answer: R,=3 Q)

40 60 a
I\M *MUN__O
1
150, 6 0 ‘9‘-]
R,
O
b
Figure P 5-12

? 8-13 Find the Thévenin resistance for the circuit
shown in Figure P 5-13.

Oo

4u,
Figure P 5-13

P 5-94 Find the Thévenin equivalent circuit for the
circuit shown in Figure P 5-14.
Answer: R, =3Q

Uoc =3V
40 .
MWy o
20v() (1) 2A 4Q
T

Figure P 5-14
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P 5-15 Find the Norton equivalent circuit for the cir-
cuit shown in Figure P 5-15.
Answer: R =—1Q

i.=—15A
a
O
10
601
O
b

Figure P 5-15

P5-18 (a) Find the Norton equivalent circuit for
the circuit shown in Figure P 5-16.
(b) Ifaresistor Ris connected between ter-
minals a-b, what is the maximum
power that it could absorb?

Figure P 5-16

P 5-17 Consider the circuit shown in Figure P 5-17.
Find and draw the Thévenin and Norton equivalent
circuits. Express everything in terms of @, R, and I,.
Answer: R,=R/(aR—1)

iSC = 10

Voe = RI,/(1 — aR)

0 A

25} R @ Io

OB
Figure P 5-17

P 3-18 Find the Norton equivalent circuit for the cir-
cuit shown in Figure P 5-18.

40
ANV

25 V] ¢————0

50
M
Figure P 5-18

o O
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P 5-19 Find R, between terminals a-b and draw
the Norton equivalent for the circuit shown in Figure
P 5-19. Current #, has units of mA.

Answer: R, = 3 kQ

e = 1 MA

Ise

4 kQ 1 kQ 3
MV AMAN—o
lxl 3kQ
o)
b
Figure P 5-19

P 5-20 Find the Norton equivalent circuit between
terminals a-b for R = 0 for the circuit shown in Figure
P 5-20.

Figure P 5-20

P 5-21 Find the Thévenin equivalent circuit in Prob-
lem P5-20 for R=1 Q.
Answer: R,=—3Q

vOC = 25 V
P 5-22 The circuit model for a photovoltaic cell is
given in Figure P 5-22. [Edelson, 1992] The current 7 is
proportional to the solar insolation (kW/m?2). (a) Find
the load resistance for maximum power transfer. (b)
Find the maximum power transferred when 4, = 1 A.

10

MA

100 0 R

Figure P 5-22

P 5-23 For the circuit in Figure P 5-23 (a) find R
such that maximum power is dissipated in R and (b)
calculate the value of maximum power.
Answer: R=60Q

P =54 mW

150 Q 100 Q
AMNA—+— WV
R
Figure P 5-23

P 5-24 For the circuit in Figure P 5-24, prove that for
R variable and R, fixed, the power dissipated in R, is
maximum when R, = 0.

B,
2 \'A%

B

Source Load
network

Figure P 5-24

P 5-25 Findthe maximum power to the load R, if the
maximum power transfer condition is met for the cir-
cuit of Figure P 5-25.

Answer: max p; = 0.75 watt

10i,

Figure P 5-25

*P 5-26 For the circuit of Figure P 5-26, R,. = 105 Q,
Ree =100 kQ, Ry, =100 Q, Ry. = 2 kQ, and g, = 50
mA/V. (a) Find R, (open C-E). (b) Find R,,, (short
B-E).

Answer: R,, =299 Q

Ry
Bo ANV oC
+
Upe < Rbe R
E o . o E
B

Figure P 5-26

* Note: An asterisk denotes a challenging problem.



*P 5-27 For the circuit shown in Figure P 5-27, find
the Thévenin equivalent circuit between points A and
B. (R4 and diode are the load.) The diode is a com-
monly used electronic device.

Answer: R,=48KkQ

Upe = 18V

8 kO
A%

A

L Rd
5 mA @@12 k0§
Diode
B
Figure P 5-27

*P 5-28 Using Thévenin’s theorem, show that the cir-
cuit in Figure P 5-28a is equivalent to Figure P 5-28b

where
RiR,

® R +R,
and R,

The transistor Q is an electronic device and the base
current %, is negligible.

(v
Figure P 5-28
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*P 5-29 Consider the circuit of Figure P 5-29. (a)
Find R, such that R, absorbs maximum power. (b) If
maximum p; = 54 watts, find /.

Answer: R, =3/2Q

I,=18A
4u,
\ 20
M o—
20 60 R
Ux
M-
40
Figure P 5-29

*P 5-30 For the circuit of Figure P 5-30 (a) find the
Thévenin equivalent of the network to the left of ter-
minals a-b and (b) find the value of & such that maxi-
mum power is delivered to the circuit to the right of
terminals a-b.

Answer: (a) v,,=30V,R,=6Q,(b)a=6

40

Figure P 5-30
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P 5-31 For the circuit shown in Figure P 5-31, use
superposition to find v in terms of the R’s and source
values.

Figure P 5-31

P 5-32 Find the Thévenin equivalent of the circuit of
Figure P 5-32 at terminals a-b.

+0m

b

Figure P 5-32

P 5-33 Measurements made on terminals a-b of
a linear circuit, Figure P 5-334, that is known to be

made up only of independent and dependent vol-
tage sources and current sources and resistors yield
the current-voltage characteristics shown in Figure
P 5-33b. Find the Thévenin equivalent circuit.

L, a

Il
4 5

U (volts)

[ I IR RS S
1 2 3

(b)
Figure P 5-33

P 5-34 Find the Thévenin equivalent for terminals
a-b for the circuit of Figure P 5-34.

1 1 1

oo

1A(H) 1

—AM— AW

P 5-35 An engineer has an unknown circuit A, as
shown in Figure P 5-35. She wishes to determine
whether the network is linear and, if it is, to determine
its Thévenin equivalent. The only equipment available
to the engineer is a voltmeter (assumed ideal), a 10-kQ
and a 100-kQ test resistors that can be placed across the
terminals during a measurement. The following data
were recorded:

Test Resistor Meter Reading

Absent 1.5 volts
10 kQ 0.25 volt
100 kQ 1.0 volt

S

Figure P 5-34 All resistances are in ohms.

What should the engineer conclude about the net-
work from these results? Support your conclusion with
plots of the network’s v — i characteristics.

Figure P 5-35

P 5-36 Determine the Norton equivalent of the cir-
cuit shown in Figure P 5-36.



4Q a

16v () ixj%zg

Figure P 5-36

P 5-37 Determine the Thévenin equivalent circuit
for the circuit of Figure P 5-37 at the output terminals
a-b.

i
X 100 © a
4 QO
vs €2) 10Q
L O
b

Figure P 5-37

P 5-38 Determine the Norton equivalent circuit for
the circuit shown in Figure P 5-38.

12Q 14 Q
— VWV —0

+
3V 2Q2v %

Figure P 5-38

P 5-39 Determine the voltage v using the principle
of superposition for the circuit of Figure P 5-39.

Figure P 5-39

P 5-40 Determine the Thévenin equivalent circuit
for the circuit shown in Figure P 5-40.

6 Q 20gp a

6v() 50

(oo}

Figure P 5-40
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P 5-41 Obrain the Thévenin equivalent for the cir-
cuit shown in Figure P5-41.

20

61V () 4

0
b

Figure P 5-41 All resistances in ohms.

P 5-42 Determine the current 7 of the circuit shown
in Figure P 5-42.

Figure P 5-42

P 5-43 Determine the Thévenin equivalent circuit
for the circuit shown in Figure P 5-43.

Figure P 5-43

P 5-44 Determine the Thévenin equivalent circuitat
terminals a-b for the circuit shown in Figure P 5-44.

Figure P 5-44
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ADVANCED PROBLEMS

AP 5-1 The model of a transistor amplifier is shown
in Figure AP 5-1. Determine the output resistance at
terminals a-b.

1kQ 250 Q

O

E50i
b

Figure AP 5-1 Model of transistor amplifier

AP 5-2 Determine the Thévenin equivalent circuit
at terminals a-b of the circuit shown in Figure AP 5-2.

120 a
VMA— -0
+
an(p) vsioe ‘@
0.05v
O
b
Figure AP 5-2

AP 5-3 Determine the current 7; through the load
resistor Ry by first determining the Thévenin equiva-
lent circuit to the left of terminals a~b in Figure AP 5-3
and then connecting R, = 2.2 Q.

10A

Figure AP 5-3

AP 5-4 Determine the maximum power that can be
absorbed by a resistor, R, connected to terminals a~b
of the circuit shown in Figure AP 5-4. Specify the value
of R

¥ O
b

Figure AP 5-4 Bridge circuit.

AP 5-5 Determine v, for the circuit shown in Figure
AP 5-5.

Figure AP 5-5

AP 5-6 Two black boxes are shown in Figure AP 5-6.
Box A contains the Thévenin equivalent of some linear
circuit, and box B contains the Norton equivalent of
the same circuit. With access to just the outsides of the
boxes and their terminals, how can you determine
which is which, using only one shorting wire?

Figure AP 5-6 Black boxes problem

AP 5-7 A student uses a voltmeter with an internal
resistance of 5 kS to investigate a network with a con-
stant Thévenin voltage. With the voltmeter across the
open-circuited network terminals, the meter reads
91.25 V. When the student places a 2-kQ resistor in
parallel with the meter, across the network terminals,
the meter reads 37.5 V. What are the Thévenin voltage
and resistance for the network?

AP 5-8 The “tunnel diode” is a high-impurity-
density p-n junction device. It can exhibit a negative
resistance characteristic for certain current areas. Fig-
ure AP 5-8 shows the 7-v characteristic of a tunnel
diode. In three ranges, it exhibits a linear i-v character-
istic. Find the Thévenin equivalent circuit of the tun-
nel diode in these three areas.

Box A Box B

—————————— 1 T T T T T
1Q a i | a
,\/\/\/ i O | ; O

|

1v { { 1A 19}

| ! l
o | o
| b | ! b

_________ J Ce 1



Figure AP 5-8 Tunnel diode characteristic

AP 5-9 Many communication circuits are designed
to transfer maximum power to an electronic receiver
as shown in Figure AP 5-9. Select R in order to maxi-
mize the power to the receiver.

: Receiver
I i
O

Figure AP 5-9 Communication circuit

DESIGN PROBLEMS

DP 5-1 It is desired to deliver 150 W to the load re-
sistor R, of the circuit shown in Figure DP 5-1. Deter-
mine a suitable value for R, .

5Q 6Q
100v (1) 200 R,
Figure DP 5-1

DP 5-2 It is desired to deliver maximum power to a
load resistor R, as shown in Figure DP 5-2. Determine
the required R, and find the power delivered to the
load.
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AP 5-90 For the circuit of Figure AP 5-10, determine
the resistance R so that the power to R is maximum.
For that value of R, determine the power delivered
to R.

5V 2Q
¢ gsg
(1)2A

Figure AP 5-10

3Q R

AP 5-11 The model of a bipolar junction transistor

(BJT) amplifier is shown in Figure AP 5-11.

(a) Determine the gain ratio v,(8)/v,(2).

(b) Calculate the required value of g in order to ob-
tain a gain v,/v;=—170 when R, =5kQ, R, =
100 Q, and R, = 1 kQ.

Figure AP 5-11 Model of bipolar junction transistor
amplifier.

1k
O
10V i § 30i %5009 %RL

Figure DP 5-2

DP 5-3 The model of a transistor amplifier is shown
in Figure DP 5-3. The output resistance at terminals
a-b is desired to be 50 kQ. Determine the required
coefficient g when d =4 X 1074
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2kQ

gi 40 kQ <—|

o Ry

Figure DP 5-3 Transistor amplifier

DP 5-4 A transistor amplifier can be represented by
the circuit shown in Figure DP 5-4 with R, =30 Q.
The input terminals are to be connected to a source.
Determine the required constant, b, so that the input
resistance is 2705 Q.

R
250 Q 30 Q

Rin [e,
Figure DP 5-4 Transistor amplifier

DP 5-5 For the circuit shown in Figure DP 5-5,
choose the constant 4 so that the Thévenin equivalent
resistance is 64 Q. Calculate the resulting v, at termi-
nals a-b.

8 A

O b

Figure DP 5-5

DP 5-6 Select v, so that v = 0 in the circuit of Figure
DP 5-6.

Figure DP 5-6

DP 5-7 A model of a transistor amplifier is shown in
Figure DP 5-7. Itis specified that the output resistance,
R,, is greater than 60 Q and less than 70 Q. Select an
appropriate value for the constant b. Determine the
resulting magnitude of the output voltage v,,,.

500 Q

a
O
+

Figure DP 5-7 Transistor amplifier

DP 5-8 We wish to supply two TV sets from one an-
tenna as shown in Figure DP 5-8a. The coaxial cables
have a 300-Q input resistance, and maximum power is
to be delivered to each TV set. A coupler (splitter)
circuit is proposed as shown in Figure DP 5-8b, where
it is assumed that we can design an antenna with a
Thévenin resistance equal to 300 Q. Select the appro-
priate resistance R.

Coaxial
cable

A

Coaxial
cable

(b)
Figure DP 5-8 Two TV sets and a coupler circuit.

DP 5-9 There are many applications in dc, ac, and
radio frequency (RF) circuits where power division is
required. Consider the two-way resistive power di-
vider circuit shown in Figure DP 5-9. If maximum
power transfer to each TV set and equal power division

RL]. =50Q

RL2= 50 Q

Figure DP 5-9 Power divider circuit.



are required at the interface a-b, what is the value of
the resistor, R, that is necessary?

DP 5-10 1If the resistive power divider of Design
Problem 5-9 is changed to obtain an N-way power di-
vider by adding additional series sections of R and a
50-ohm load resistor in shunt ata-b, derive an expres-
sion for the value of resistance, R, that is required as a
function of M. Note that power is lost in the resistive

PSPICE PROBLEMS

SP 5-1 Determine the current 7 for the circuit of
Problem P 5-1 using PSpice.

SP 5-2 Determine the voltage v for the circuit
shown in Figure P 5-39 using PSpice.

SP 5-3 Determine the voltage v for the circuit of
Problem P 5-5 using PSpice.

SP 5-4 Use PSpice to aid in the determination of the
Thévenin equivalent of the circuit of Problem P 5-30a.
SP 5-5 Obtain the Thévenin equivalent circuit for
Problem P 5-41 using PSpice.

SP 5-& Determine the output voltage v for the cir-
cuit shown in Figure SP 5-6.

Figure SP 5-6

SP 5-7 Determine the current i for the circuit
shown in Figure SP 5-7.

Figure SP 5-7

SP 5-8 Determine v for the circuit shown in Figure
SP 5-8.
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divider circuits and that not all of the total power is
delivered to the N loads.

DP 5-11 Design a four-way resistive power divider
for the source and load resistances of Design Problems
5-9 and 5-10, and verify that the output powers are
equal. Compute the relative voltage loss or attenuation
by comparing the voltage across one of the loads to the
input voltage (Vioaa/ Vo).

1
l/2
6V 2vx

Figure SP 5-8

SP 5-9 Determine the current i of Problem P 5-42.

SP 5-10 Determine the Thévenin equivalent circuit
for Problem P 5-45.

SP 5-11 A circuit with a constant voltage source and
a variable current source is shown in Figure SP 5-11.
Use PSpice to obtain a graphic plot of v, versus 7, when
i, is a constant I, which varies between 0 and 2 mA.

5 kQ

10v(®) (D) is
Figure SP 5-11

8P 5-12 A transistor amplifier circuit is shown in
Figure SP 5-12. Use PSpice to calculate 7.
Answer: i{=9.52 mA.

5 kQ 2 kQ

Figure SP 5-12 Transistor amplifier circuit
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Operational Amplifier Amplifier with a high gain designed to be used with other circuit
elements to perform a specified signal processing operation (often called an op amp).

Power Gain Ratio of the power delivered to a load with an amplifier, P,, to the power
delivered when the source is directly connected to the load, Z;.

Semiconductor Electronic conductor with resistivity in the range between metals and
insulators.

Siew Rate (SR) Maximum rate at which the output of an operational amplifier can change
when an input signal saturates the amplifier. It is normally expressed in V/us.

Transistor Active semiconductor device with three or more terminals.

Vacuum Tube Electron tube evacuated so that its electrical characteristics are unaffected by
the presence of residual gas or vapor.

Virtual Ground Terminal in a circuit that appears to the observer to be essentially (virtu-
ally) connected to ground.

Voltage Follower Amplifier with a voltage gain of one so that the output voltage follows
the input voltage.

REFERENCES Chapter 6

Graeme, Jerald, “Feedback Linearizes Current Source,” Electronic Design, January 23, 1992,
pp. 69-70.

Svoboda, James A., “Using Spreadsheets in Introductory Electrical Engineering Courses,”
IEEE Transactions on Education, Nov. 1992, pp. 16-21.

PROBLEMS
P 6-1 A voltage-subtracting circuit is shown in Fig- *P -2 Design an operational amplifier circuit with
ure P 6-1. (a) Show that v, can be expressed as output v, = 6v, + 2v,, where v, and v, are input volt-
ages. Assume A = 108.
1+R/R, R
vo=mvz—;01 P63 If R,=48kQ and R,=R,=30kQ, find
3T ! vo/vs for the circuit shown in Figure P 6-3 when
(b) Design a circuit with an output v, = 4v, — 11v;. Ry =1kQ.
Answer: R, = 10 kQ (one solution) Answer: v,/v,=—200
R, =110 kQ
R_:, = 20 kQ R2 R4
Ry =10 kQ M\ A%
R3
Rl L
B, A § ,
U1 o M -0 Yo
Ideal
R3 =
b2 0—AA—4

Figure P 6-3

Figure P 6-1 A voltage subtracting circuit. —  * Note: An asterisk denotes a challenging problem.
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P 6-7 Find v, for the circuit shown in Figure P 6-7.

P 6-4 For the circuit shown in Figure P 6-4, show

that the magnitude of the load current 7 is 100 times Assume an ideal operational amplifier with 4 = .
the source current for any load that satisfies R, < R,.
Use the ideal model of the operational amplifier and
let R, = 100 kQ and R, = 1 kQ. Assume 4 = 108.

R,

Figure P 6-7

Figure P 6-4 A current multiplier circuit.

P 6-5 For the circuit shown in Figure P 6-5, find v, if
R, =12 k. Assume an ideal operational amplifier

with 4 = .
Answer: v, =1V

12 kQ

+
6 kQ vL ?RL

Figure P 6-5

P 6-8 For the circuit shown in Figure P 6-8, calculate
the voltage v, and the current 7,. Assume an ideal op

amp.
Answer: v,= 12V, i,=5.6 mA
5kQ 10 kQ
— VW NV
P 6-6 Determine the gain ratio v, /v, for the circuit
shown in Figure P 6-6. Assume an ideal op amp.
+ -
6V C‘_‘) ‘o
M
1 kQ +
% 10 kQ % Vg
; 1
Figure P 6-8

Figure P 6-6



P 6-9 The circuit shown in Figure P 6-9 is an exam-
ple of a simple strain gauge. The resistor R changes its
value by AR when it is twisted or bent. Derive a rela-
tion for the voltage gain v, /v, and show that it is pro-
portional to the fractional change in R, namely AR/R, .
Assume A > 108.

Answer: v,=—vy R, AR
e *R,+ R, R,
R,
AW :
1w |
U Rl U,
S Ro 0
- 1 _

Figure P 6-8 A strain gauge circuit.

P 6-10 For the op-amp circuit shown in Figure P6-
10, find and list all the possible voltage gains that can
be achieved by connecting the resistor terminals to
either the input or the output voltage terminals. As-
sume an ideal op amp.

Us

Figure P 6-10 All resistances in kQ.

P 6-11 The circuit in Figure P 6-11 is called a direct
coupled differential amplifier and is used for instru-
mentation circuits. The output of a measuring element
is represented by the common mode signal v, and the

- differential signal (v, — v,). Using the ideal model of
the operational amplifier, show that

R4
o= "% (va = vp)
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when

Yo

O

Figure P 8-11 A direct coupled differential amplifier.

PB8-12 A source voltage delivers a voltage of
1 cos wt V and a maximum current of 10 mA. Design
an amplifier circuit that will develop an output voltage
of —10 cos wt V when driven by the source.

P6-13 One common application uses an opera-
tional amplifier to drive a low-resistance load, R, , with
a voltage source with a high resistance R, as shown in
Figure P 6-13. This circuit is called a voltage-to-current
converter. Assume an ideal model and find 7, /v;.
Answer: i /v,=1/R

Figure P €-13 A voltage-to-current converter.

P 8-14 Design an inverting amplifier with a gain of
—100 and an input resistance seen by the voltage
source of 1kQ. Use a 741 op amp for the circuit.

P 6-15 An operational amplifier has a very high
input resistance, and therefore an operational ampli-
fier circuit is a good choice for building a voltmeter as
shown in Figure P 6-15. The voltage to be measured is
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v,. The voltmeter is represented by resistance R,,. If
the meter requires a current of 0.1 mA for full-scale
deflection, find the appropriate resistor R for the meter
to record in the range 0 to 1 V when R, = 10 kQ. As-
sume an ideal model for the operational amplifier.
Answer: R =10 kQ.

Figure P 6-15 A voltmeter circuit.

P 6-16 (a) Determine an expression for v, in terms
of v,, vy, and the resistors in Figure P 6-16. (b) What
function does this circuit perform? (c) Design an
equivalent circuit that requires only two operational
amplifiers and few resistors. The voltages shown are
referenced to ground. Assume an ideal operational
amplifier with 4 = o,

Figure P 6-16

P 6-17 Show that the circuit shown in Figure P 6-17
behaves as a current amplifier with a gain of

R,

Figure P 6-17 A current amplifier circuit.

i_ R+R
A R,

Assume an ideal model.

P 6-18 An operational amplifier can be used to con-
vert a current source to a voltage, v,, as shown in Fig-
ure P 6-18. Find the ratio v, /i, using an ideal model of
the operational amplifier.

R
AN

Figure P 6-18 A current-to-voltage converter.

P 6-19 A noninverting amplifier circuit is shown in
Figure P 6-19. Using the nonideal model of the opera-
tional amplifier when 4 > 105, prove that the input
resistance seen by the source voltage is

AR,
Ro=\——"FFF]R
" (R. +R2+Ro) !

and the output resistance at terminals a-b is

o~ R1+R2
Row = TR R,
1

Hint: Assume that R; > R, and use the model of Fig-
ure 6-21.

Figure P 6-19

P 6-20 A laboratory spectrophotometer uses a light
source and prism to generate a wavelength of light and
project it through a liquid sample, as shown in Figure
P 6-20. The spectrophotometer uses light absorption
to determine the chemical makeup of a sample. The
photocell generates a voltage v, which is then ampli-
fied. Assume the photocell is represented by a voltage
v, in series with a negligible resistance. The gain of the
operational amplifier is A. Find the ratio v,/v;.



Photocell R
@ N o
Q
Light  Pri U e
ig rism _
source Sample j_
Slit =

Figure P 6-20 A laboratory spectrophotometer circuit.

P 8-21 Consider the inverting amplifier circuit
shown in Figure P 6-21. Determine the input resist-
ance seen by the source, v, using the nonideal model.
Assume that A = 10° and R, is negligible.

Answer: R, =R,

Figure P 6-21

P 6-22 For the circuit of Figure P 6-22, find the ratio
v,/ vsasafunction of the four resistor values R, , R,, Rs,
and R;. Use an ideal model.

R,

Figure P 6-22

P 6-23 An inverting operational amplifier is shown
in Figure P 6-23. (a) Using the nonideal model of Fig-
ure 6-21, show that the output resistance seen at the
output terminal is

Row =22
where

R,
k=
R, +R,

Assume that R, is much greater than R, and R,. (b) If
R,=1000 Q, A=10% and £ =0.1, find R,,,.
Answer: (b) R, = 0.1 Q
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Figure P 6-23

P 6-24 Forthe circuit of Figure P 6-24, find the value
of R such that v, = — 100y, when R, = 10 kQ. Assume

an ideal model.
Ry
MN ]
R l
4
Uo

*P 6-25 An operational amplifier circuit which ap-
pears to the load as a current source so that i, = v,/R; is
shown in Figure P 6-25. (a) Using a nonideal model,
show that the output resistance seen at the terminals of
R, is Ry = AR, + R, = AR,. (b) Find R,,, when A =
105, R, = 10 kQ, and R, =1 kQ.

Answer: (b) Ry, = 10°Q

R,
WV

Figure P 6-24

Figure P 6-25

P 6-26 A sensor is normally connected to a meter
with a resistance equal to 500 . The sensor is repre-
sented by a voltage source in seties with R;, a 500-Q
resistance. An engineer designs a circuit with a buffer
amplifier with an input resistance of 1 MQ and the gain
A of the operational amplifier is 10°. Find (a) the ratio
v,/ vy with and without the amplifier and (b) the power
gain using the buffer amplifier. (¢) A power gain of 16
is desired. Determine the value of the meter resistance
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that will be required if the sensor resistance remains
unchanged.

“ 527 Find v,(8)/v,() for the circuit of Figure
P 6-27. Assume that the operational amplifiers are
ideal. Assume an ideal operational amplifier with 4 =
w-

Answer: v,/v, = 22

100 k0

100 kQ

? 6-2% A circuit with two sources is shown in Figure
P 6-28. Find v, when the operational amplifier is as-
sumed to be ideal.

Answer: v,=—2V

{ ' An op amp circuit is shown in Figure P 6-29
thh aload resistor. It is desired to determine the out-
put voltage for (a) an ideal op amp and (b) an op amp
with A =104 R, =200 kQ, and R, =5 kQ. Compare
the results.

10 kQ

; U Determine the permissible range of R for the
circuit shown in Figure P 6-30 when the circuit satu-
rates at V, = =14 V. Assume an ideal op amp.

R

3kQ

6 kQ
5V kg 20kKQ<Z U

2 6317 Determine v, and i, for the op amp circuit
shown in Figure P 6-31. Assume an ideal op amp.

10 kQ

2V

% Determine the required value of R so that
v, = —1.95 for the circuit of Figure P 6-32. Assume an
ideal op amp.

8kQ

sv(? 2kQ

- v,

=33  Assuming that all the op amps are ideal, de-
termine v, in terms of v; and v, for the circuit shown in
Figure P 6-33.
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o e
=

Ly

100

20
20

100 L L

80

10
U2 10
Flgure P 6-33 All resistances in k<.
P @-34 Determine v, for the circuit of Figure P 6-34 R R
2 1

B
B
n

when all the op amps are ideal. AAA
| iy = } ;RG

+

1

O +

Figure P 6-34 All resistances in kQ.
Yo

o i

; Difference amplifier.

©  Assuming an ideal op amp, find the output
voltage v, in terms of the two input voltages v, and v,
of the circuit of Figure P 6-35.

Determine the voltage ratio v,/v, and
the input resistance for the circuit
shown in Figure P 6-37. Use the model
of Figure 6-21.

(b) Evaluate the voltage ratio and the input
resistance when R, = R, = 10 kQ and
the op amp has 4=10% and R,=
100 kQ. Assume R, is negligible.

—o0
:
N 1 <t> Vo

P 38-36 The two-op amp circuit shown in Figure P 6- R, R,
36 is used to obtain an output voltage in terms of two ~
O

input voltages. Obtain an expression for v, . Select R,,
R,, and Rg so that v, is 10 times (v, — v,).
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P 38 Determine the input resistance seen by the
source voltage at terminals a-b for the circuit shown in
Figure P 6-38. Assume that A = 10%and R, = R;.

+0

Vo

Figure P 6-38

ADYANCED PROBLEMS

AP €-1 Determine v, for the circuit shown in Figure
AP 6-1. Assume ideal op amps.

Figure AP 6-1

AP 6-2  Show that the load current 7, in Figure AP 6-2
isindependent of R, , thus providing a constant current
source. Assume an ideal op amp. Find an expression
for 7, when v, = V,, a constant voltage.

Figure AP 6-2 Constant current source circuit.

P 6-39 Find v, and 4, for the circuit of Figure P 6-39
when R, =7kQ, R,=98kQ, R,=10kQ, R,=
20kQ, R, =2kQ,and v, =0.1V.

AP 6-3 A circuit used to measure temperature is
shown in Figure AP 6-3. The temperature sensor has a
resistance Ry that varies with temperature according
to Ry = 1000e~7%5°¢ Q where T= temperature in °C.
The output voltage, v,, is 0 Vat —55°C.

(a) Determine R, required.

(b) A full-scale deflection of the meter is desired at
125°C and is achieved when the meter current is
1 mA. Determine the required R,.

R, Ry
p———————O
10 +
2 Ry
+ Vo
15V 10 10 1 2 Meter
+ o

re AP 6-3 Temperature measurement circuit.
All resistances in kQ.

ﬁ

AP G-& A linear current source circuit provides a
load current #(#) as shown in Figure AP 6-4. A voltage
reference V; appears across a potentiometer R and
then v = xV; (Graeme, 1992). The resistance xR ad-
justs the op amp circuit gain. Show that the current is
i = xVi/R;. Determine the range of current that can be
achieved.



Ve=1.25V
O
R=1kQ
+
Rs xR
'<1ia
_ +
lz
Load =
€L

Figure AP 6-4

AP 6-5 An op-amp circuit is shown in Figure
AP 6-5. Assume ideal op amps and find ¢, so that
v, —uv,=13V.
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AP 6-5 The circuit shown in Figure AP 6-6 is called
the inverted R-2R ladder digital-to-analog converter
(DAC). The input to this circuit is a binary code repre-
sented by b, b, . . . b,, where b; is either 1 or 0. Each
switch shown in the figure is controlled by only one of
the digits of the binary code. If b; = 1, the switch will
be at the left position, whereas if b; = 0, the switch will
be at the right position. Depending on the position of
the switch, each current /; is diverted either to true
ground bus (adding to I+) or the virtual ground bus
(adding to I 7).

(a) ShowthatI = V;/Rregardless of the digital input

code.
(b) Show that the output voltage can be expressed as

Vo=-—% Ve (b 270+ 0,224 .
+ by_y 270 + b, 277)

(c) Show that I*++1-=(1—27") Vi/R regardless
of the binary code.

(d) Given R,=R=10kQ, V; =—16 Vand assuming
a four digit binary input code, find the output
voltage V, for each combination of the input
code, ranging from 0000 to 1111. Explain the re-
lationship between the output and the input

code.
1 kQ
Ux
L R R
+— \N——- ANN—2
.l
Ve = L} Q2R L) J2R 1, 2R 1| Z2R 2R
= b b, by b, =
1 TO 1 TO 1 TO 1 TO
' S — —L- True
I* = ground
r o
ldeal | Vo
Virtual
ground
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2721 Anopamp circuit is shown in Figure DP 6-1.
Determine the maximum value of V; to retain linear
operation when the output voltage saturates at v, =
£12 V. Assume an ideal op amp in the linear region.

12 kQ

4 kQ

: An amplifier circuit is shown in Figure DP 6-
2. Assume an ideal op amp and determine the required
resistance R so that the magnitude of the input resist-
ance is 1 MQ. Discuss the sign of the input resistance.
Note carefully the positive and negative terminals of
the op amp.

R
N

10 kQ
A%

%mo kQ
o- O

im
i

; Determine the resistance R in Figure DP 6-3
so that the output resistance is 570 . Assume an ideal
op amp. Note the positive and negative terminals of
the op amp.

e
Aot

22.5kQ ‘
1 §2 KQ g
%2.5 kQ

15V Cﬁ)

4232 An inverting amplifier is shown in Figure
DP 6-4. Determine the value of R required so that v,/
v, = —1000.

Us

w4 0=t A microphone has an unloaded voltage v,
20 mV rms, as shown in Figure DP 6-5a. An op amp is
available as shown in Figure DP 6-5b. It is desired to
provide an output voltage of 4 V rms. Design an invert-
ing circuit and a noninverting circuit and contrast the
input resistance at terminals x-y seen by the micro-
phone. Which configuration would you recommend in
order to achieve good performance in spite of changes
in the microphone resistance R?

= (a)
R
R, ANV
2 o AN——]> -
b O——+ -
i (b)

J-* Microphone and op amp circuit.



Consider the op amp circuit of Figure 6-22.

(a) Determine v,/v;, for an ideal op amp.

(b) Determine R, and v,/v, when R;= 80 kQ, R, =
100 Q, A =104 R, = 1kQ, and R, =5 kQ.

5P 3-Z  Determine the output voltage for Problem

6-29 using PSpice for both the ideal and the nonideal

case.

-2 Determine the voltage ratio v,/v; and the
mput resistance R;, for Exercise 6-6.

. Determine the output resistance R, for the
op amp circuit of P 6-25.

€P E-£ Determine v,/v;and R, for the noninverting
circuit of Figure 6-22 when the op amp has R,=
100 kQ, R, = 100 Q, and 4 = 104. The circuit resistors
are R, = 10 kQ and R, = 10 kQ.

PSpice PROBLEMS

-5 Determine the voltage ratio v,/v,, R;,, and
R, of the circuit of Exercise 6-8 for the practical values
given. Compare the results with those of an ideal op
amp.

7 Use PSpice to obtain the input resistance,
output resistance, and voltage ratio for the op amp cir-
cuit of Figure SP 6-7. Assume an ideal op amp.

100 kQ

10 kQ

10 mV
om 10 kQ Yo

- O




