Transducers/Sensors

PROBLEM 5
An 8-bit analog-to-digital converter (ADC) uses a 5 V ref-
erence voltage. What is the accuracy of the converter?
(A)3.9mV
(B) 9.8 mV
(©) 20 mV
(D) 250 mV

SOLUTION 5

The accuracy of a converter is one-half the value of the least
significant bit (LSB). (Sometimes the value of the LSB is
called the resolution of the converter and this substitutes for
the accuracy. The use of terms is not standard.) The value of

the LSB is given by

Viss = 27V

PROBLEM 6
An 8-bit analog-to-digital converter (ADC) has a reference
voltage of 10 V. What is the value of the most significant bit
(MSB)?

(A)3.90x 107V

(B)256x 107V

(€)5.00V

(D) 100V

PROBLEM 7
A 10-bit digital-to-analog converter (DAC) uses a 5.12 V
reference. What is the output voltage for a binary input code
of 10110110017

(A)5.00x 107V

B)723x10°V

(€)729%x10°V

(D)3.64V

SOLUTION 7

The converter determines the output by assigning an analog
value to the code that is obtained in steps. The value of the
least significant bit (LSB) determines the minimum size of
the steps. The minimum size for a 10-bit converter with a
5.12 V reference is

Viss =2V =(2)"° (512 V)=5mV

The term n is the number of bits in the converter, in this
case 8. The full-scale voltage is the reference voltage. Sub-
stituting gives

Visg =27V, =(2)* (5 V)=195x102 v

One-half of this value is

accuracy = %VLSB = (% J(l 95x1072 V)

=9.75x107 V(9.8 mV)

The answer is B.

SOLUTION 6
The value of the most significant bit in a binary number

with n-bits is given by
1 1

Vuse ==V =| = |10 V)=5.00V
2 2

The answer is C.

The binary coded input is the number of these minimum steps
to take. The number corresponding to the binary code is

1011011001, = (1)(2)° +(0)(2)° +(1)(2)” +(1)(2)°
+(0)2) +()(2) +O)2)
+(0)(2 +(0)(2)' +(1)(2)°

=729,

Thus, 729 steps of 5 mV are taken to convert this input sig-
nal. The output voltage is

Vou =(729)(5 mV) = 3645 mv (3.64V)

Note that the output voltage of any DAC can be represented as
Vou = (827 45,272 +45,27 )V be{0,1}

The full-scale (or reference) voltage is given by V4. The to-
tal number of bits is represented by 7. The value of the bits,
by, is either 0 or 1. The 2s are the weighting factors.

The answer is D.



Diode Circuits

PROBLEM 4
The manufacturing data for a discrete silicon diode shows a
reverse saturation current of 1 nA and an experimentally
determined coefficient, 7, of 2. The diode is forward biased
at 0.7 V. What is the expected current as the diode just be-
comes forward biased?

(A) 10”° mA

(B) 0.7 mA

(C) 1.8 mA

(D) 24 mA

SOLUTION 4
The governing equation for practical diodes is
r
I=1I|e" -1
(The minus 1 term is insignificant and often neglected.)

Substitute the given information and the known value of
the thermal voltage at a room temperature of 0.026 V (see
Prob. 3).

0.7V
1=(1x107 A)| POV _11=7.02x10 A (0.7mA)

The answer is B.
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Operational Amplifiers
2. Determine the voltage gain V/Vj in the circuit shown below. Assume the operational
amplifier is ideal. You may use R4=24k€Q.

Vo/Vi= ANSWER: -120.5
500k R2 R4
A\J"'\\f A‘v \ I“v/"\/n‘v
=7 100Q
=
=~ R3
Vi o JI'\.-""\'\-‘"'I.‘.\\' i - I
IMQ ) o Vo

IDEAL

ANSWER:
There are multiple ways to solve the problem. The key is that by KCL and the virtual short
assumption the voltage at the junction of R2, R3 and R4 is actually known. Once this is

known Vo can be readily calculated using KCL.

i Ry v, R4
NN AAAY
131 Rj3 I g
+ J—
vV, —WA—1—- -
i ° Vo
V- —+

Using the virtual short assumption, since v;,_is grounded vy, is also at ground potential, i.e.,
Vip- = 0

Since vy,. = 0, the input current through R1 is given by i=v;/R;.

Using KCL at the — input of the op amp and recognizing that no current can flow into the op
amp we have that v,=-1,R, where 1,=1; and v, is the voltage at the node formed by R,, R; and

Ry.

If we know v, we can write i3=-v,/R; and i,=(v4-v,)/R4 . Using Kirchhoff's current law at this

Convricht F. Merat Pace 3



node we have i, + i3 + 1,=0 which gives
R -y -V
X [ = X + X (1)
R4 RZ R3

Substituting for the actual circuit values gives
V. —V -V -V

X (4 X X

24,000Q ~ 500,000Q ¥ 100€2

) ) V.-V, VvV, -V

We know vy in terms of v; from the input node where — R * = +R =
1 2

v,-0 0-v,

1,000,000Q ~ 500,000Q

And, using the given circuit values becomes

which can be solved to give v_=— E’ Substituting this value into equation (1) gives

V. -V V. 1%

i 0 i i

T 48000 T 24.000Q _ T 1000,000 © 200

-V v, v, =_24,000__120.52

Combining terms gives 24.000Q ~ 199.13 or V—z 199.13
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4. For the difference amplifier circuit shown, determine the output voltage at terminal A.

20Q

AT

15Q

Ay .
WO .

5Q B o

30V— 25V —
— = 3Q

\‘—{‘ —

(A)-18.13V
(B) -6.07 V
(C) 6.07V
(D) 1545V

Solution:
By voltage division,

2 ) oy

Vi = 25V(
5Q +3Q

By the virtual short circuit between the input terminals, v,. = 9.375 V
Using Ohm's law, the current through the 15 Q resistor is

30V -9.375V

115 = (—
15Q

The input impedance is infinite; therefore, I;, =0 and I;s=I,.

) = 1.375A

Use Kirchoff's voltage law to find the output voltage at A.
VA=Vin. - 2010 =9.375 V - (20Q)(1.375 A) =-18.125 V

Answer is A.

Convricht F. Merat Pace 5



Problems 2 and 3 refer to the following figure.

iy

g Mo

40

T4

\% 1= 2V P“'\\v(;‘\'-":lﬂl\"f

80

Vo=3v oy

2. What is the current, i?

(A)-0.88 A
(B) -0.25 A
(C)0 A

(D) 0.25 A

Solution 2:

W \v."l"\\’l

7

IDEAL

40

The input current in an op amp is so small that it is assumed to be zero.

Answer is C.

3. What is the output voltage, v,?
(A)-7V

B)-6V

©O-1V

D)6V

Solution 3:

This op amp circuit is a summing amplifier. Since i=0,

Vo= -iRs= -(0.875 A)8 Q) =-7V

Answer is A.

Convricht F. Merat
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4. For the ideal op amp shown, what should be the value of resistor R¢ to obtain a gain of 5?

(A) 12.0 kQ
(B) 19.5 kQ
(C) 22.5kQ
(D) 27.0 kQ

Solution:

o 2kQ 2
By voltage division, v,, =, (—) ==V,
3kQ 3

By the virtual short circuit, v, =v, =

> Tin- in+

V.

l

W[

—V.
i= vin— — 3 l
3kQ  3kQ

Since the op amp draws no current, i=i

2
—.
vo _vin— _ 3 l
R, 3kC2
But, v, = 5v;.
Sv, —zvi %vi
3 _3
R, 3kQ
32
3 __3
R 3kQ

R=19.5kQ, Answer is B.
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14. For the circuit shown below, V, = 10sin (200) and V, = 15sin (200) . What is Vy?
The op amp is ideal with infinite gain.

Cg=2pF
Va
R»=0.5MQ |C
Vy o WA +15
V_
vy o—\W -
R {=0.75MQ v, —o0
+ Vout
-15

ANSWER:

Any problem with a capacitor (or inductor) in it and sinusoidal voltages immediately indicates
that V1 and V7 should be represented as phasors, and Ct should be replaced by an impedance.
This circuit is most easily solved using the virtual short assumption (V4=V.), and using KCL

at the inverting input. Since V is grounded V_=0.
V,-0 . V-0 0-V

out — O‘
R, R, S
Rationalizing this expression gives +V2 + 4 + @CV,_ = 0.
E 7{ out
: . V. V
Sol for V V.= I — !
olving for Vo gives V SCR, HCR

It is important to recognize that all sine functions should always be converted to cosines for

proper phase in the phasor expressions, i.e. sin (ZOOt) = cos (ZOOt - 90°) < [£-90° = —
Using the circuit parameters given,
_ - J5 ) - Jo
" Rog(2x109(0.5x 10°)  00)(2 x 10-9)(0.75% 107)
_15 .10 _3 1
200 300 40 © 30

The answer is then Vam(t) = (Z% + 3%)c0s (ZOOt)

Convricht F. Merat Pace R



PROBLEM 13
Consider the operational amplifier circuit shown. What is
the function of the circuit?

a

——o Vour

(A) amplification
(B) differentiation
(C) integration
(D) multiplication

PROBLEM 11

Operational amplifiers can be used to isolate sections of
instrumentation to avoid undesirable interactions between
circuits. One such circuit is as follows. What is the common
name for the circuit shown?

ald VoulD
na X

(A) differential amplifier
(B) noninverting amplifer
(C) simple amplifier

(D) voltage follower

Convricht F. Merat

SOLUTION 13
Assuming an ideal op amp, KCL can be written at the in-
verting terminal as

0V-v,
T ngi =0
R ©
0V-y, +C[d(o V—vom)J:o
R dt

Rearranging for an expression of the output voltage gives

C[d(o V_vout)]=

dt
~C dvout =V£
dt R
1
dvom = —R—C' V; dt

1
Vout = (_E]J vindt

The op amp circuit is designed to accomplish integration.

0V-v,
R

=Yin
R

The answer is C.

SOLUTION 11

The op amp shown is configured such that the input is am-
plified and fed directly to the negative terminal of the am-
plifier. This, in effect, causes the output to follow the input,
hence the name voltage follower. (The configuration is used
to buffer the input circuitry from that connected to the out-
put. That is, the impedance of the input is not seen by the
output circuitry. In fact, ideally, the output impedance is
zero.)

The answer is D.

Paoce O



PROBLEM 7

An electronic voltmeter using a d’Arsonval meter display is
shown. The full-scale meter current is 0.1 mA. The volt-
meter reads 250 V. To ensure linear operation, the op
amp input and output are restrained to operate a minimum
of 3 V from the rail voltages (power supply voltages).

7.1 What approximate value of divider resistance, Ry, is
necessary to ensure linear operation?

(A) 40 kQ

(B) 50 kQ

(C) 55kQ

(D) 1000 kQ

SOLUTION 7

7.1 The op amp will respond to the instantaneous values of
the voltage. The relationship between the peak voltage and
the root-mean-square voltage for a sinusoidal voltage is

Ve | = V2V iy =1.4147
=(v2)(250 v)=353.55 v

| Vpcak

The op amp is not able to follow the input voltage more
than 13 V (positive or negative). Choose to make the op
amp input peak voltage of 13 V (which is 3 V less than the
power supply voltage needed to ensure linear operation)
correspond to the peak voltage (both positive and negative)
of 353.55 V, that is, 250 V. The voltage divider shown

7.2 What approximate value of meter resistance, Rpcter, iS
required if the op amp uses the entire linear voltage range?
A)52Q
(B)82Q
(©)41x10°Q
(D) 102x 10°Q

7.2 The full-scale meter current is given as 0.1 mA. Given
that the meter is a d’Arsonval meter, this is the average cur-
rent. (DC meters, such as the d’Arsonval, respond to the
average current through them, hence their inability to meas-
ure AC currents without rectification.) The current output of
the op amp is half-wave rectified by the indicated diode.
The average value of a full-wave rectified signal is 2/ of
the peak value. For half-wave rectification, which has a pe-
riod twice that of full-wave rectification, the average value
is 1/m of the peak value. Thus,

Lneterpeac = (0.1 mA)7 =0314 mA

Convricht F. Merat

1MQ

+ AN
voltage measured

__L Rgiv

attached to the positive terminal accomplishes the adjust-
ment if the value of Ry, is

#]zw v

353.55V
( )[Rdiv+lx106 Q

(353.55 V) Ry, = (13 V)(Ry, +1x10° Q)
=(13 V)(Ry, +13x10° V-Q)
(353.55 V) Ry, ~ (13 V) Ry, =13x10° V-Q
Ry, (353.55 V=13 V) =13x10° V-Q

Ry, = 13x10° V-Q
Y 34055V
=3.8x10° Q (40kQ)

The answer is A.

0.314 mA is the current through the meter resistor, Ry, at
which 13 V must be developed at the negative input. This
value matches the 13 V at the positive terminal that devel-
ops at the peak input voltage of 353.55 V (250 V). Using
Ohm’s law on the meter resistor gives

Vineter = Imeter R

meter meter *‘meter
V, 13V

— __meter
Rmeler -

Iower 0.314x107° A
=41,400Q (41x10° Q)
Note that this problem essentially determines the average
current flowing through a meter as a function of the rms
value of a pure sinusoidal input voltage. Thus, the scale

factors for the meter can be determined from the calculated
information.

The answer is C.
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Transistors - Diodes

PROBLEM 8
Consider the diode operating characteristic shown.
5 ~
4 |
ID
diode 3 D
current
(mA)
B
l —
A
1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.9 1.0 b
diode
voltage
(\2}
SOLUTION 8

Using KVL around the given circuit results in the following
equation.

Veource =IpR+V)p
Substituting the known values gives the load line equation.

12V =(565x10° Q)1, +7,

Such an equation can be used to find the load line for the

particular circuit. Since two points are required to define a

line, let ¥, =0 V and I,, = 0 A. For Vp =0V, the resulting

point is

12V =(5.65x10° Q)1, +¥,, = (5.65%10° @)1, +0 v
12V

=m=2.12><1o-3 A=212mA
00X

D
This gives a point (0.00, 2.12) on the graph.
For I, =0 A, the resulting point is

12V =(565x10° Q)1,, +¥,, =(5.65x10° Q)(0 A)+7,
V,=12V

Convricht F. Merat

The diode is used in the indicated circuit.

5.65 kQ

AWV

Inl v

V source +
12v -

What is the quiescent operating point (Q-point)?
(A) point A
(B) point B
(C) point C
(D) point D

This gives a point (0, 12) that is off the graph. Since any
point can be used, let V= 1.0 V to ensure a point of I, will
be found that will plot on the graph. The resulting point is

12V =(5.65x10° Q)1,+¥, =(5.65x10° Q)1,+1.0V
1V

=—————=195x102 A (1.95mA)
P s5.65%10° Q (

This gives a point (1.00, 1.95) on the graph.

Plotting both these points results in the following.

Ip
5 k-
operating
4 + characteristic
3k
(0.00, 2.12) load line
2 Foo e (1.00, 1.95)
|
|
- I
1 |
|
|
1 1 II
Vb

0.1 0.20.3 0.4 0.50.6 0.7 0.8 0.9 1.0

The Q-point is at point C. The point C is (0.7, 2.0), which is
a solution to the load line equation.

The answer is C.
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PROBLEM 9
A voltage source produces a triangular wave shape as

h An output wave shape of the indicated form is desired.
shown.

Vout

Consider the four circuits shown. Which of the indicated
circuits can provide the desired output?

®») A
R
D* D
b CD Vet é ref- -
® ——w
c R
O é;

SOLUTION 9

A clipping (limiting) circuit that clamps the voltage on both
the positive and negative portion of the cycles is needed.
Thus, only choices (A) and (D) are possibilities.

Consider both the figures for choices (A) and (D). During
the positive half cycle, diode D* (associated with Viest) con-
ducts once the source voltage is greater than the reference
voltage. This means that in a portion of the positive half-
cycle, the diode Vg conducts, thus limiting the voltage
drop to the reference value. Diode D~ (associated with V,..)
is reverse-biased and does not conduct.

Consider the negative half-cycle. In choice (A), diode D
conducts almost immediately, thus clamping the output
voltage to near zero. In choice (D), diode D™ conducts once
Vout the source voltage is less than the reference voltage. Or, one
can say that diode D™ conducts when it overcomes Viet— (A
symmetrical wave is generated when [V, | = [V,_| .)

The answer is D.

© AN
R
’ CD Vet i
D) AN
D+ D~

Vout

v,
O
Viet.

Veets
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PROBLEM 10

Consider the electronic circuit models shown. Note that
identifying subscripts have been removed. Which of these
models represents a field-effect transistor?

® = ™~
ut 1
i
B) ki
: 1%%%
LN
hyiy
© B
—_— W
i
—
hyiy
D)
+
4! EmV1 V2

SOLUTION 10
The figure in choice (A) is the piecewise linear model for a
diode. The figure in choice (B) is an A-parameter, small-
signal, simplified equivalent circuit for a common-emitter
bipolar junction transistor (BJT). The figure in choice (C) is
an h-parameter, small-signal, simplified equivalent circuit
for a common-collector BJT. The figure in choice (D) is a
- simplified model of a field-effect transistor. (The simplifica-
tions in each model consist of ignoring parameters that are
insignificant, for example, extremely small reverse currents
or near-infinite parallel resistance.)

The answer is D.

Convricht F. Merat
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Transistors - BJTs

PROBLEM 11
Consider the following figure of the characteristics of a bi-
polar junction transistor (BJT) configured as a common

emitter.
i q
(mA)
ig
30 120 pA
Il 100 pA
20 80 pA
® 60 HA
10 40pA
20 pA
i ® opa
5 10

veg (V)

11.1 The bipolar junction transistor (BJT) whose character-
istics are shown is to be used in a TTL (transistor-transistor
logic) circuit. What operating region(s) will be utilized?

A1

(B) 2

©)3

(D) 1and3

11.2 What region of operation is an npn transistor using if
Vee =0.75V and Vgc =-0.70 V?

(A) forward-active

(B) saturation

(C) reverse-active

(D) cutoff

Convricht F. Merat

SOLUTION 11

11.1 Logic circuits require the transistor to operate as a
switch, thereby providing two outputs (logic 0 and logic 1).
Logic circuit operation requires the transistor to operate be-
tween the saturation region (1) and the cutoff region (3).

The answer is D.

11.2 The given voltages indicate that the base-emitter (pn)
junction is forward-biased and the base-collector (pn) junc-
tion is reverse-biased. This places the transistor in the forward-
active region (or normal-active region) that is used when
amplification of the input signal is the main goal.

The answer is A.

Pace 14



PROBLEM 11

Consider the following figure of the characteristics of a bi-
polar junction transistor (BJT) configured as a common
emitter.

ic
(mA)
B
30 120p4
,' 100 pA
80 A
2.0 L @ couA
10 40pa
20 pA
0pA
5 10 vep(V)

SOLUTION 11

11.3 The Q-point is found graphically, in this case, by de-
termining the load line. Redraw the circuit with the transis-
tor open circuited (that is, with Ic = 0 V).

+10V

1940 Q

¥
Iy
—
¢ * Vee

i

1390 Q

Performing KVL in the collector loop, or by inspection,
reveals that Vcg = 10 V. This provides a point (0.0, 10) on
the characteristic graph.

Redraw the circuit with the transistor short-circuited (that is,
with Ve =0 V).

+10V

1940 Q

I

Iy
—

Vee

Ig
1390 Q

11.3 A transistor with the characteristics given is used as
part of an amplification circuit. The portion of the circuit of
interest is shown. What is the circuit’s Q-point, in terms of
(Ic, Vc), if the base current is 60 pA?

+10V

(A) (1.0, 3.0)
(B) (1.5, 4.0)
(C) (1.5, 5.0)
(D) (2.5, 6.0)

The collector current is determined from Ohm’s law.

Vec 10V

= = =3.00x10" A
R.+Ry 1940 Q+1390 Q

Ic

This provides a point (3.0, 0) on the characteristic graph.
Plotting both the calculated points and connecting the two
gives the load line.

ic(mA)
3.0
20 s Q-point
L ip=60 pA
10 F
1 1 1 1 1 1 1 1 1 1
5 10 veg(V)

The Q-point is then determined as (1.5, 5).

The answer is C.
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4. SMALL SIGNAL BJT ANALYSIS

+30V

+15V I

Consider the above BJT amplifier where Rs=50022, R1=10k€2, R2=10k€2, RE=2000€2,
Rp=10k€2 and Rc=5k€2. The transistor is characterized by p=100. The amplifier is biased
such that Ic,Q=3.3mA. You may assume that Ciny and Coyt have a low impedance at mid-
frequency and that r, is so large it can be neglected.

(a) Draw the small-signal equivalent circuit for this BJT small signal amplifier at mid-
frequency. Indicate the values of all small signal parameters in your circuit.

(b) Calculate R, for this amplifier.

(c) What is the voltage gain A, for this amplifier.

ANSWER:
(a)
. Tour
| Iin E i o
— N, O » »— 2 e 2 O
+ . +
b
. R =
= - -
= "/lﬁiﬁ
o = -~ - =
e @ Vin if_;Rl if_;R: «—C;RC Your ﬁ FL
{E
=Ry
o - @ l - G

Ao

All small signal circuit parameters except r, are known. r, can be neglected. r, can be

calculated as 7, = bYr _ (100)(26mV) = 788Q
I, (33mA)
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(b) Normally you assume that the bias resistor equivalent resistance

R)R,) (10kQ)(10kQ) . .
Ry, =R IR, = (Rll)JfRzz) = 10k9+ 1050~ 5kQ is so large that it can be neglected. That was

not true in this problem since it is only 5000 ohms. We continue to use the definition of input

in in

. The input current is now calculated as /,, = —*—+1i,. The
Iin Rl I R2

corresponding input voltage can be calculated as V,, =i,r, + (ﬁ + 1)iBRE = Ip (r;r + ([3’ + 1)RE).

resistance R,, =

in

r,+(B+1)R,

Solving for i, gives i, = which can be substituted into the expression for V, to

give [, = R |‘|"R2 + P ( ﬁ”’+ 1) R Using this expression in that for R, gives
‘/i’l ‘/iﬂ 1 . .
R, = 7.V V- =7 i which can be recognized as

+ +

RIR, r. +(B+1)R, RIR, r +(B+1)R,

R, = (R1 I Rz) I (rn + (/3 + 1)RE)‘

Numerically this gives R, =(5kQ) 11(788 + (100 + 1)2000) = (5kQ) Il (202788Q) = 4880Q2.

(c) Note that i, is independent of R, and is given by i, = . The collector

o+ (ﬁli )R,

V.
current is then i, = i, = P ( /3’: 1) =7 1 ( [3’/3+ 1) R V... The output voltage is then
b4 E 4 E
Vou="lc (RC Il RL) =- m%n (RC Il RL) . Solving for the voltage gain gives
Vour _ B(R:IIR,)
‘/in - ’;t+(ﬂ+1)RE
Numerically,
Vo _ B(R.IIR,) __ 100(5000Q11100009) _

V,  rn+(B+1)R,  788Q+(100 +1)2000Q

m
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10. An amplifier in the configuration of figure 8.45 has
R = 6KQ, R, = 3KQ, R, = 1K Q, Rg = 1K Q,
and Ry, = 8330, With h¢, = 5000, § == 50 and r, ==
5K 11, determine the amplifier voltage gain.

Ve

R Sok Relk 2.

1€

e
Rs b o 833
! -
: RZ 3K RE "\CE
| |
\ .
7L Figuwe 8.45
'—qu,w'\né Small S\gmq_g\ model o+ mid- band.,
ARy — o Freq sency dependene specified.

o L [ N
is.s %RSE RiIR %“& @\ﬁ&L Re R,__.

Theveni2ed Sourea..

Trumsistor
HNOIONNM

Rk = =3

RS = |k

RS“ R|“ Rz = g—“l" 6'07‘(-)_

5" l
re 1 R. = (Se00) ll(xooo) =
S\mphgu.& crewnt B "ﬁm.n_' eds

T
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Taplaﬂa have voltoge dividan with meuwt impedanag -
Vig= s eeTxS00 4 ogp Vg
1K bb7 + 500

—

InPV:T T +uoo resistonces - PMM

Th s a/mp\\:?\b,\, INPUT Loftage .

LY Vs = g16x10 Vs
6674+50@ K
m\f\m
Voor = _Q5018>(%33\\833>: —11.90 Vg
Ay = Yeor __ — .90 Vg

— 3 = —456 B
Vin 0, 286 VS v
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Transistors - FETS

PROBLEM 12
Consider the following figure of a MOSFET.
60 kQ
+ — D—p Ricad
Yoo “> G | $ID5_{VDS
L s
40kQ on

= Vin=1V
K, =20 pA/V2

12.1 What type of device is the MOSFET?
(A) n-channel enhancement
(B) n-channel depletion
(C) p-channel enhancement
(D) p-channel depletion

12.2 What is the gate-source voltage, Vs, for the indicated
configuration if the gate supply voltage, Vg, is 10.0 V?
Aov
(B)03V
©) 0.7V
D)4.0V

Convricht F. Merat

SOLUTION 12

12.1 The dashed line on the MOSFET indicates an en-
hancement device. Some symbology uses a single con-
nected line for an enhancement device and a thicker line for
a depletion device. The thicker line is meant to indicate that
a channel is already present. The alternate symbology is
shown.

Go—| G-—{

N N
n-channel n-channel
enhancement depletion

The arrow indicates the direction of conventional current
flow. Thus, the current flows from the drain to the source.
That is, positive charges flow from the drain to the source,
meaning that negative charges flow from the source (the
source of the majority charges) to the drain. The channel is
composed of these negative charges, that is, this is an
n-channel device.

The answer is A.

12.2 Obtain the Thevenin equivalent of the gate-source cir-
cuit.

Ry, = 24kQ

Vip=4V Voo

Next write the KVL around the gate loop as indicated.
Vin = I Roy =Vgs =0

The gate current in a MOSFET is zero amperes. Thus,
Vos =V, =40V

The answer is D.
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PROBLEM 12
Consider the following figure of a MOSFET.

60 kQ
— p— Rioad
o () |
NG G | $ IDS_{VDS
Ly s
40kQ Voo
= V=1V
K, =20 pA/ V2

12.3 The drain-source current for a MOSFET in the satura-
tion region is given by

K, 2
I = (7 )(Vcs -V )

The drain supply voltage, Vpp, is 10 V. MOSFETS are very
low-power devices with the drain-source current in the
micro-ampere range. What is the Q-point (Ips, ¥ps) of the
circuit?

(A) (15, 1.0)

(B) (30, 1.0)

(C) (90, 1.9)

(D) (110, 2.9)

Convricht F. Merat

SOLUTION 12

12.3 The drain-source current is determined by the operat-
ing conditions of the MOSFET in saturation and is calcu-
lated as

K
Ips =(7")(VGS VN )2

2

=90x10° A (90 pA)

Using KVL around the output loop gives

— D
Go—‘ | Ips § Rigag = 90 kQ
-

(‘D Vop=10V

Vob = IpsRigas —Vps =0
Vbs =Vbp —IpsRicaa
=10 V-(90x107* A)(90x10° Q)
=19V

The Q-point, in microamperes and volts, is (90, 1.9).

The answer is C.
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5. An N-channel JFET has

Ipss =5mAandV,=5
volts. Estimate Ip at Vs

= —3 volts. -

Posie FET e%o ation

terumn should ,
watch sigms. R Nﬁ&hd&

Tpgs satuwiahion
current begyond pincwotf,

T
P

\J

GS

<
>

e Ves‘b neso.ﬁbe, ) VP must also be nego:\-lue

z 2.
5mk(\ — :——_SE> = Smf\<l—§'§>

Smh(2) = S 3= \:o.%mxxl

)

Lo

1l
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6. An N-channel JFET has the characteristics shown. V°b=+ 20 vVoLTS
As a small-signal amplifier, it is to be self-biased at ’
Vps == 15 volts, Ip = 5 mA with a drain supply of 30

volts. Specify Rp and Rs.‘ g\/ . RD
s
'o(:A) Ves0 V‘u \ll i
10 -8 G s alonge D ‘§§),0;T5
/ s resistor % NS ®
s e 3 Ggpally o % hi
1T 17 Rexo0S M.R.) & Rs [ resistor
" vos 0 which ghounds provides.
*Mou&\m- S ";} galr sIne self -loias
& ~Oo:

Estimate VGS = — .8 volts -ycrom %Ro..pk;

Plways vse KVL
awnoess ouvtpvt

Usiné KV L avwss \}DD 1o %/mumc\.
' arcuit.

\}m) ~ Voo = Iy (Rt Rg
30 =15 = I, Rp+ Rs)

RD+R5: > _ W7 oo
1, § mhk

T, R, = 18 vours since e %0.

- L®vours
Ks SPYSR 360L2
Then '\?D - 300»0 — 30 = Yo L
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7. An N-channel enhancement mode MOSFET with + 16 eV
the given characteristics is to be operated as a source-
follower with Rp = 500 ohms, and Rs == 1000 ohms, a

D.C. supply of 16 volts. Determine a bias circuit which RG- (k-l) RD =500
will permit an input voltage swing of at least one volt
peak-to-peak. i 1N \)G-
15
| M ‘ V.
ID(r:OA) T . ; s
1
) ) R R,= 1000
5
~ 3
Vgs=2
10 ¥ 2 30 7

Vps

D Draw load line
bV eV

= = 1070 m~A.
(. 7mA Tomay = Pp+Rg 50041000
_ Q-pént
\'\,\ < | L
W loAD Line
Many choices Ve ane possible. Plek Vgg= BvoLTs

Good ramge for ~Vgs might™ be 3 To 4 votts from curves.
- somewhat lincos openation .

Foo Ve,s: 3\)01;(‘5/ 1D ~ 2.5 wmA -gr‘om %(\QP%”
Vo= TR = (Z-SmA)ClK.S‘L) — 2.5 vdits

V.= Voc+ V.= 3Bvuors +2.Svours = S.< vouTs.
G GS S ) .y
| \ov No Poaticulan reason for I=ImA.

considaation s input impedance .
Rez, h-la k. L= ImA. P‘:ev e
Sy Thoo  Rec+ Rez = Tmh ~
R&\ ‘R@\ = S.Sv = g.SK

ImA
Res = 16-5.8 = 108k

LoTS oF OTHER cHecrs A2c TasiBLE
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5. Biasing MOSFETSs
For the MOSFET amplifier circuit shown below determine the DC operating point of the
transistor, i.e. determine Ip, Vps, and Vgs.

The circuit uses the values Rgen= 10k, Vpp=18V, R1=3.3MQ, Ro=1.2M€2, Rp=2k€, and
Rp =5kQ The MOSFET is characterized by K=0.96mA/V?* and V1=2.5 volts.

ANSWER:
There is no voltage at the source as it is connected directly to ground. Vs is determined only
by Vi which is set by the R1-R» voltage divider.
v R, 1.2MQ

9T R+R, "7 12MQ+ 3.3MQ
With the transistor parameter K AND Vg we can calculate the drain current as:

A
I, =KV, -V,) = 0.96%(4.8V ~2.5V) = 5.08mA

Once the drain current is known we can apply KVL to the loop from ground through the
transistor, through Rp, and through the power supply to ground to get:

Vs =V, —I,R, =18 (5.08mAY2kRQ) = 7.84Volts

(18V)=(0.27)(18V) = 4.8Volts
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8. Design the bias circuit for the amplifier shown. The
desired Q-point is 10 mA and Vps = 5 volts, with an
input impedance of 100K 2. Determine the amplifier
gain if the resistance Ry is capacitively bypassed.

+15V

}5'V

N~—c,\r\cu\nci .
w enhamnwement mode mosFET
Quotts hre
Prpp\é kUL 1o draim - Source Gnenck
Vose Ro= S=5 -1V =1k
00 t+
-1 oo s lomA  100A .
15
| N R, = 100-&0 = 4001
10 .
5 - e brom chanacterwotic curves
& = GS“DVY)QXL, Ve = — 3.4 volts.
Vggloffi= ~10 vas(v;s ? = ID Qomp‘) (‘4&)&) 4\/

oo \)&: Yy —3.4V=0.6V

Des\a@xmé The bi1ow cradt

‘ \«-\SV Q= RIR2 _ ook
Thsbias SR N T R R
W—“ﬁ? 0.6V - R2 s o 2 =-9'—(f-:O.OAr
wqren\-g\ow R O b = malb RiaR2 1
n Wonlike
o OFET ! | Subs%'\'\»ﬁ(n&,

R\(.oq)= look =>RKI= 2.5ML

Ry = (O4RI+ LO4RZ
.Q6R, = 04K

Rz= 04 k= (2 5N\>—~ ot 2 kg

Convricht F. Merat Pace 27



Swmadl_ s\%mo& %OJW‘- com be eshmaad (VY\\Q\.\OO/)')CX)
Srom the avenlt

\/SCD loolf GV, N LOOST
$
passed
Es’ﬂ;nwl‘fng gm from The characterwstic curves
g L, o mA— (8.5 mA)
= — =
a\/G—S V —3— (——Ll—)

peEostort © inaseara very impa tamt
-3 '
Am = 23 mA — 2SxID

Voor % — 9mVs (600)  Simee Mo input dididars

Voo = —9m oo = *‘(1-{%\53)(0:00) = —|5
Vin , :
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6. Small Signal Amplifier Analysis
. Tour

Tin
Rsowee g b —
—N N N—O———0O T o » O
LE} +
|"’1 » -
- T \Mamvas 3 T
= mYaE 7 = &
oo e @ Vin :‘:2 RE = kg Iow = EL

L - L I - Pl
Consider the above small signal equivalent circuit for a MOSFET amplifier. The circuit
parameters are Rqorcr=100Q2, Ry=1.5MQ, R=330€2, and R, =100L2. The transistor’s small
signal parameters are g,=0.05S and r,=100k€.

(a) Determine the small signal voltage gain of this amplifier.

(b) What is the input impedance R;, of this amplifier? The output impedance R,,?

(c) What is the current gain of this amplifier ASSUMING THAT R;, =200kohms,

R_,=10000hms, and % =1?

in

out

Answer:
(a) Rd is so large compared to RSIIRL that it can be neglected. Then
R(R, (330Q)(100Q)

R'=R,IR, = = = 76.75Q
C=RIR =2 R, " 3300+ 1000 ~ 107

In the output circuit V,, = +(g V. )R,'= +(0.05V,,)(76.75Q) = 3.84V,,  [1]

Using KVL around the input circuit gives -V, +V +V,  =0. [2]

out

Substituting [1] into [2] gives -V, + You +V =0 which can be solved to give the voltage

3.8
V
=0, or == +0.79
or

(b) By inspection. R;=R;=1.5MQ
Using the definition for the output resistance and applying a test voltage source we get

gain -V, +1.26V,

out

v V.
R, ==t —r, IR, Il —
7;1 RS m'T

After substituting values we have R

out

1
=1, IRy Il— = 100k€2 11 330€2 1120€2 = 18.85€2
8

m
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3. MOSFETs (AC AMPLIFIER)

The amplifier circuit shown below uses an enhancement mode MOSFET with k=2.7 mA/V2
and V1=2.5 volts operating at Ipg=1.2 mA. The circuit parameters are Rgen=600€2,
Rg=1k€Q, Ry =10k, R1=1.285MQ2, and R>=237k€2. You may neglect r, for the MOSFET.

R; §
o
Rgen Co

Vbbp
Rp
g\/\/\,_o_K P\ || +
+ G | :39 §Vout
TOREN RN S
S

O—

(a) Draw a small signal equivalent circuit for this amplifier indicating the values of all small
signal parameters. Note that Ry is NOT bypassed.

Vv
(b) Derive an expression for the small signal gain A, = =% of this amplifier.

in

ANSWER:
(a) The small signal model is

Iin
Ezource
—\NN—O——e—0
+

f.-’_ s
Viourve @ Vin ‘g Fa

S
i T L
Ep, T“‘ < EL
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I combined R, and R, into the single bias resistor Ry since both go to ground. All the circuit
paramerers are known except for R;and g, from the previous circuit diagram. The bias

L __RR,  (1285kQ)(237kQ)
resistor is given by K = & 2~ = (12854Q) + (2374Q)

ma
g, = 2JKl,, = 2‘/ (2.7 W) (1.2mA) =0.0036S

=200k€2. g, can be computed as

To determine the small voltage gain we first need to determine V5. We can do KVL around
the loop defined by V,,, Vs and Ry, i.e., =V, + Vo + (g, Vo )R, = 0. This gives

1% o .
. g’” R The output voltage is simply givenas V

m

Vs = = —(ngGS)(RD IIRL). These two

out

. : Viy
results can be combined to give V,, = —(gm )(ﬁ) (RD Il RL) or

m

Vou _ _ &n
= e RS(RDIIRL).

m m
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REFERENCE MATERIAL.:

TRANSISTORS
MEASURED 2N2222 BJT CHARACTERISTICS
10
Ii= 35uA
g | B
30 A
j—
o4 O 25uA
< i 20 uA
g 4
-~ 15 A
-
5 10 uA
4 —
— 5 A
0 | | | | | | | | |

I
0 2 4 9 8 10 12 14 1o 18
\Y% C%/olts)

MEASURED 2N5447 MOSFET CHARACTERISTICS

20

9 volts

8 volts
&
i%/ 7 volts
|5
=] 6 volts
3
k= S volts
S
)]
_"Q 4 volts

3 volts
0 [ [ [ [ [ | [ [ [ [ [
0 4 8 12 16 20 24 28 32 36 40
VDS (volts)
MOSFETSs BJTs
V.=26mV @ 300° C
2

ID=K(VGS_VTO) ;;r=&

IC’Q
gm=2K(VGS_VT )=2\/KIDQ g =£=IC_»Q

m rn VT
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