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Figure 4.38 The dc and ac load lines for the circuit in Figure 4.33, and the signal respanses to
inpul signal

This equation is the ac load line. The slope is given by

The ac load hine is shown in Figure 4.39. When v, = i. = 0, we are at the {-
point. When ac signals are present, we deviate about the O-point on the ¢ load
line.

The slope of the ac toad line differs from that of the d¢ load line because
the emilter resistor is not included in the small-signal equivalent ctrcuit. The
small-signal C--E voltage and collector current response are functions of the
resistor R and Rp only.

i

Example 4.8 Objective: Determine the dc and ac joad lines for the circuit shown
in Figure 4.40.
Assume the (ransistor parameters are: Fegion) =07V, g =150, and V', = 0o,

OC Solution: The dc load line is found by writing a KVL equation around the C-E
loop. as follows:

b ‘= f_a_.R;._' + V':_‘(‘+ ‘ff'RC + F

The dc load line equation is then

‘IE{' :{]—+ i ],'_) o JF[RC + ‘%)RE]

Assuming that {§ + )/ & 1, the dc load line is plotted in Figure 4.41.
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Figure 4.40 Circuit for Example 4.8 Figure 4.41 Plots of dc and ae load lines for Example 4.8

To determine the Q-point parameters. wrile & KYL equation around the B -E loop,
as follows:

b= [] + ﬂ”ﬂURH + I*',-_-g[nn}+ !HQRH
or p
Y Fogton) 1)~ 0.7
IHQ — R -_— :
g1+ AR, S04+ (150N
Then,
lop = Blgy = SRS S pA) = 059 mA
Teo = (1 + BMgy = (15 1596 Ay = 030 mA
and
Veep =1V =¥V = LoRe — iRy
= [10 — (= 10)] — (D.B4¥ 5y — (0.90) L1y = 6,53V

= 396 LA

The @-point s also plotied in Figure 4,41,

AC Solution: Assummg that all capacitors act a5 short circuils. the small-signal
equivalent circuit is shown in Figure 4.42. Note that the current directions and voltage
polarities in the hybrid- equivalent circwit of the pop transistor are reversed compared
10 those of the npn device. The small-signal hybrid-r paramelers are

VB (0.026)0150)
Do . 2 4k
" 0894
oo 0494
I ot e e |
E= T Fge Y,

<Y,
" +
I.
: Ry= ., S, L S R=SR=,
R { R
" Skt " LR S TSI T

Figure 4,42 The small-signal equivalent circuit for Example 4.8
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and

Vy oo
F, === =
f{"-‘L} -"('Q

The small-signal output voltage, or C-E voltage. 15
b= b =+ (g HR (| Ry}
where
¥y =4,
The ac load line, writien in terms of the E-C voltage, 15 defined by
Ve = =i (R Ry)

The ac load hine is also plotied in Figure 4.41.

Comment: [n the small-signal equivalent circuit, the large 10kQ emitter resistor 1s
effectvely shorted by 1he bypass capacitor g, the load resistor Ry is in parallel with
R as a result of 1he coupling capacitor Cr:, so that the slope of Lhe #c load line is
substantially different than that of the de load line.

203

452 Maximum Symmetrical Swing

When symmetrical sinusoidal signals are applied to the input of an amplifier.
symmetrical sinusoidal signals are generated a1 the oulput. as long as the
amplifier operation remains lincar. We can use the ac load line to determine
the maximum output symmetrical swing. If the output exceeds this limit, a
portion of the cutput signal will be clipped and signal distortion will eccur.

Exampie 4.9 Objective: Deterrnine the maximum symmetrical swing in the out-
pul voltage of the circuit given in Figure 4.40.

Solution; The ac load linc is given in Figure 4.41. The maximum negative swing in the
collector current is from (.394 mA to zero; therefore, the maximum possible symme-
trical peak-1o-peak ac collector current is

Af = 20894 = |, 79mA

The maximum symmetrical peak-to-peak output veltage is given by
(A, = IALHRAIR,) = (1.T9KSH2) = 256V

Thetefore, the maximum instantanecus collector current is

io=dog ¥ 5140 ] = 089 +059%4 = 1.79mA

Comment: Considering the -point and the maximum swing in the C-E voltage, the
transistor remains biased in the forward-active region, Note that the maximum instan-
taneous colleclor current, 1.79mA, is larger than the maximum de collector current,
1.33mA, as determined from the de load iine. This apparent anomaly is due 1o the
differeal resistance in the £-E circuit for the ac signal and the dc signal
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Problem-~Solving Technique: Maximum Symmetrical Swing

Agam, since we are dealing with linear amplifier circuits, superposition applies
so that we can add the dc and ac analysis results. To design a BJT amplifier for
maximum symmetrical swing, we perform the following steps.

. Write the dc load line equation that relates the quiescent values f-p and
cEg-

Write the ac Ioad line equation that relates the ac values i, and v, 1 v, =

—i. R,y wherc R,, 15 the effective ac resistance in the collector-emitter

CLrcuit,

3. In general, we can write i, = Iy — {c(min), where I-(min) is zero or some
other specified minimum collgctor current.

4. In general. we can write v, = Fegp — Fep(min), where Fep(min) is some
specified minimum collector-emitier voltage.

5. The above four equations can be combmed to yield the optimum [~y and
Ferp values 1o oblain the maximum symmetrical swing In the output
signal.

[

Test Your Understanding

4.12 For the cireuit in Figure 4.30, use the paramcters given in Exercise 4.5, 1f the
1otal instantanzous current must always be greater than 0.1 mA and the total instanta-
neous C-E voltage must be in the runge 0.5 £ vy = 5V, determire the maximum
symmetrical swing in the cutput voltage. (Ans. 182V peak-lo-peak}

4,43 Reconsider the cirenil in Figure 4.31. Let ¢, =2 #= 120, and Vyplon} =
0.7V, (a) Plot the de and ac load lines on the same graph. (b} Determing the maximum
symmetrical swing in the oulput voltage, for f =0 and G5 < vy < 12V, [Ans
(b) 658V peak-to-peak}

D444 Forthe vircuit m Figure 4.35, assume the transistor patameters are: f = 100,
Feeton} = 0.7V, and V', = oo, Determine a new valug ol R that will achicve a max-
imum symmetncal swing in the output voltage, for i > 0and 0.7 £ vy = 19.5V. What
is the maximum symmeirical swing that can be achieved? (Ans. Ry = 16,4k, 10,6V
peak-lo-peiak)

4.15 For the circuit in Figure 436, let 8= 125 Vge(on) = 0.7V, and !, = 200 V.
{a) Plo1 the dec and ac load linss on the same graph. (b} Determine the maximum
symmetrical swing in the output voltage for fe >0 and 03 < vep <95V, (Ans
{h} 266V}

*D4.48 For the circwit shown n Figure 443, let f= 120k Vegionl =0TV, and
r,=a0. (2) Design a bius-stable circuit such that frp = LémA. Determine Fee,
(b} Determine the value of R, that will produce the maximum symmetrical swing in
the output voltage and collector current for i > 0.0 mA and 0.5 = v < 1S W.(Ans.
(a) R, = [5.24KQ. Ry = 587K Vrep =399V (b} Ry = 5.56Kki2
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Figure 443 Figure for Exercise 4.16

46 COMMON-COLLECTOR (EMITTER-FOLLOWER)
AMPLIFIER

The second type of wraasistor amplifier 1o be considered is the common-collector
dircuit. An example of this circuit configuration 15 shown in Figure 4.44. As
seen in the figure. the output signal is taken off of the emitter with respect to
ground and the collecior is connected directly to V. Since ¥y is at signal
ground in the ac equivalent circuit, we have the name common-collector. The
more comnon name (or this cirewit 15 emitter follower. The reason for this
name will become apparent as we proceed through the analysis,

461 Small-Signal Voltage Gain

The dc analysis of the circuit 18 exactly the same as we have already seen, so we
will concenteate on the small-signal analysis, The hybrid-w mode] of the bipolar
transistor can also be used in the small-signal analysis of this circuit. Assuming
the coupling cupacitor Cp acts as a short circult, Figure 4.45 shows the smali-
signal equivalent circuit of the eircuil shown in Figure 4.44. The collector
terminal is at signal ground and the transistor output resistance r, s in parallel
with th¢ dependent current source.

Fipure 4.46 shows the equivalent circuit rearranged so that all signal
grounds are al the same point,

Ver=5V¥

Ry =50 ki
Ry =115k

l‘.('
AMAA- ¢
ik %Rz—ﬂﬂku

Figure 4.44 Emitter-follower circuil Figure4.45 Smalksignal squivalent circuit of tha emitter-follower
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Figure4.46 Another small-signal equivaleni circuit for the emitter-follower

We see that

I, = (148}, {4.56)
so the outpus voltage can be written as

Vo= bl 4 Bl IR:) (4.57)
Writing a KVL equation around the base-emitier loop, we obtain

Vin = Ilra + (1 + 8)ir.|| R} (4.58(a))

or

£

|
Ry = 7- =rp+ (1 + fXr | R) {4.58(b})
ul

We can also write

R.
Vig = ). ¥ 4.59)
(L] (R, + RS) b (

where B; = R\ IR: R,
Combining Equations (4.57), (4.58tb}}, and (4.39), the smalt-signal voltage
gain is

Voo e+ BUrlRe) \R, + Ry

Example 410 Objeciive: Calculate the smalt-signal veltuge pain of an emitter-
follower circuit.

For the circuit shown in Figure 4.44, assume the transister parameiers are: § = 100,
Faelonk=0.7V, and I, = B0V,

Solution: The dc analysis shows that frp = 0.793mA and Fegp = 3.4V. The small-
signal hybrid-z parameters are deterrmined 0 be

Vrg  (0.0261100)

e 0793
lcg  0.793

B =y, T 0026

= 3.28k2

= 30.5mA/V
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anid

P IO VT
Tl 07937

We may note that

Ry = 3204010101002y = 201 kR
and

R, = 50/50)201 = 22,2k
The small-signal voltage gan s then

oDy 223
TET AR 4 (LD 32.2+0.5)

or

A, = +0462

Comment: The magniiude of the voltage gam is slightly less than |- An examination of
Equation (4.60) shows that this is always true. Also, the voitage gain is positive, which
mieans that the ontput signal voliage at the emitter is in phase with the iaput signal
voltage. The reasen for the terminology emitler-follower is now clear. The eutput
voltage at the enmitler ts essentially equal to the input voltage.

267

At first glance, a transistor amplifier with a voltuge gain essentially of |
may not secm 1o be of much value. However, the input and output resistance
chiracteristics ke thas circuit exiremely useful in many applications, as we
will show in the nexl section.

46.2 Input and Outputimpedance

The inpul impedince, or small-signal input resistance, of the emitter-fotlower is

determined in the same manner as for the common-emitter circuil. For the

cireut in Figure 4.44, the input resistance looking into ihe base is denoted R,

and is indicated in the small-signal equivalent circuit shown in Figure 4.46.
The mput resistance R, was given by Equation (4.58(b)) as

Ry = o+ 41+ B0l RE) (4.58(b))

Since the emitter current is (I 4 ) times the base current, the effective
impedanee in the emitter is multiplied by (1 + 8). We saw this same effect
when an emiller resistor was included in a common-emitter circuit. This multi-
plication by {1 + B} is again called the resisiance reflection rule. The input
resistarice ut the base is r, plus the effective resistance in the emitéer multiplied
by the (1 + f) factor. This resistance reflection rule will be used extensively
throughoul the remainder of the text.

The circuit in Figure 4.47 can be used to determine the output resistance of
the emitter-{ollower circuit looking back into the cutput terminals. The mde-
pendent voltage sousce is set equal to zero {v, = 0), which means v, acts as a
shott circuit. A test voltage V. is applied to the output terminals, and the
resulting test current is /.. The output resistance, R,, is given by
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Flgure 447 Small-signal equivatent circuit for emitter-follower cutput resistance calculations

R, =— {4.61)

In this case, the control voltage ¥V, is ot zero. but is a function of the test
voltage V.. The dependent current source must be included in this analysis.
Summing currents at the output node, we have
K, Vi

- (4.62)

X
e
r., r, + R|“R3“RS

r
Rg
The control voltage can be written in terms of the test voltage by a voltage
divider equation as

,
g, %, —") ¥, (4.63)
(r,,+ RIIERZHRS '

Equation {4.62) can then be written as

1". + gmlf'x —

HJ'FIr.‘T ¥ X V.\'
b e Yoy e e g e R 4.64)
) (r,, + R, "R:HRS) ot Ry ro  rz+ R|R:||Ry (
Noting that g7, = g, we find
i 1 1+ 8 1|
e s S L 4.65)
VSR, FRURIIR,  Re 1 4
or
¥y + R|H R‘J“RS\
R,= | T ———=22||Rgllr. (4.66)
( g )u £l

" Equation {4.66) says that the output resistance looking back into the out-
put terminals is the effective resistance in the emitter, Rellr,,, in parallel with the
resistance looking back into the emitter. In turn, the resistance looking mto the
emitter is the total resistance in the base circuit divided by (I + §). This is an
important result and is the inverse of the resistance reflection rule looking o
the base.

Example 411 Objecive: Calculate the input and output resistance of the emiiter-
follower circuit shown in Figure 4.44.

The small-signal parameters, as determined in Example 4.10, are r, = 3.28k%2.
B=100, and r, = 100K
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Solution: Inpuc Resistance. The input resistance looking into the base was determined
in Example 4.10 as

Ry =r+ (1 + BHr, [Rp) = 328 + (10LH100)12) = 201 kQ
and the input resistance seen by the signal source R, is
R, = RIRs|| Ry, = 501501200 = 22.2k82

Comment: The input resistance of the emitter-follower lcoking inte the base is sub-
stantially larper than thai of the simple common-emitter circwit because of the (| + )
factor. This 1s one advantage of the emitter-follower circuit. However, in this case. the
input resislance seen by the signal source is dominated by the bias resistors R and R,.
To take advaniage ol the large input resistance of the emitter-follower circuit, the bias
resistors must be designed to be much larger.

Solution: QOutput Resistance. The output resistance is found from Equation (4.60) as

= - K
R, = (’:-M-z) IREllr, = (w

L+8 101 )”2"100

or

£, = 0037321100 = 0366 k2 = 3662
The output resistance is dominated by the first term that has(1 + £} in the denoonnator,
Comment: The emitter-follower circuit is sometimes referred 1o as an impedance trans-
former. since the input impedance is large and the output impedance is small. The very
low ouwlpul resisance makes the emitter-folfower act wlmost like an ideal voltage sonrce,

s0 the output is not loaded down when vsed to drive another Joad. Because of this, the
emitter-follower is often used as the output stage of a multistage amplifier.

09

Test Your Understanding

4,17 For the circuit shown in Figure 4.44, let Ve =3V, =120, V=100V,
Re = 1k, Fyplon) =07V, R =25k, and Ry, = 50k, (a) Determine the small-
signal voltage gain 4, = V,/V,. (b) Find the input resistance looking into the base of
the transistor. (¢) Find the output resistance Iooking into the output terminals. (Ans.
() 4, = 0.956 (b} Ry = 120k$2 (¢} R, = L512)

D4,18 Assume the transistor parameters for the circuit in Figure 4.44 are: £ = 100,
Fupelom) = 0.7V, and V, = oo, Assume the circuit parameters are: Ry = 2k, and
Fee = 10V, Design the circuit such that Fegp = 5V and the resistance seen by the
signa] source is 2t least 65 k2. What is the resulting smail-signal veltage gain and output
resistunce? (Ans. Jo = 2.5mA, R = LISkR, R; =50k, 4, =0995 R,=10.1%,
neglecting Rl

463 Small-Signal Current Gain

We can determine the small-signal current gain of an emitter-follower by using
the inpul resistance and the concept of current dividers. For the small-signal
emitter-follower equivalent circuit shown in Figure 4.46, the smail signal
cutrent gain is defined as
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f
A== {4.67)

f

where [, and J; are the output and input current phasors.

Using a current divider equation. we can write the base current in terms of
the input current, as follows:

R )
O M T 4.68
’ (Rl||R:+R,h e

Since gV, = Bf;. then,

RIR,
L=(1+84 = S L ke S § 4.69
=11+ B} ( +ﬁ}(R|IlR3+R,-,,,.; (4.69)

Writing the load current in terms of /, produces

F
I = i 4.70
2 (?'” -+ RE) o ¢ }

Combining Equations (4.6%) and (4.70), we obtain the small-signal current
gain, as follows:

i, : R R~ ¥
A ="=(] = 4. M
Sk hlles ’(RluR:mﬁ)(mRs) )

If we ussume that R|||R; 3> R, and r, 5> Rp. then
A, =(l+8) (4.72)

which is the current gain of the transisior.

Although the small-signal voltage gain of the emitter follower is slightly
less than 1, the small-sighal current is normally greater than 1. Therefore, the
emitter-follower circuit produces a small-signal power gain.

Although we did not explicitly calculate a current gain in the common-
emitter circuit previously, the aaalysis is the same as that for the emitter-
follower and in general the current gain is also greater than umity.

Design Example 4,12 Objective: Consider the output signal of the amplifier
designed in Example 4.6. We now want 10 design an emitter-follower circuit such that
the output signal from this circuit does not vary by more than 5 percent when a load in
the range R; = 4kQ 10 Ry = 20k 15 connected 10 the output.

Discussion: The output resistance of the common-emitter circuit designed in Example
46is R, = R~ = 10k{2. Connecting a load resistance between 4 kS2 and 20k$ will Joad
down this ctreuit, so that the output voltage will change substantially. For this reason,
an emitter-follower ciccuit with a low output resistance must be designed to minimize
the loading effect. The Thevenin equivalent citcuit is shown in Figure 4.48. The output
voltage can be writlen as
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Ly

Figure 4.48 Thevenin equivalent of the output of an amplifier,

( Ry
¢, = —=—] ¥y
; R+ R ™

when 1y, 15 the ideal voltage generated by the amplifier. In order to have v, change by
less than 5 percent 4s a load resistance Ry is added, we must have R, less than or equal
Lo approximately 5 percent of the minimum value of &, . 1n this case. then. we need R,
to be approximately 200 Q.

tnitial Design Approach: Consider 1he emitter-follower circui shown in Figure 4,49,
Note that the seurce resistance is Ry = 10kQ. curresponding 10 the oulput resistance of
the aiccuit designed in Example 4.6, Assume that 8= 100, 'pefon) =07 V.o and V', =
ROV

Re= 0k Cor

z
ﬁ-.
i

2%

o= SV

Flgure 4.49 Figure for Example 4.12 and Exercises 4.19 and 4.20

The output resiskance, given by Equation (4.68), is

ra+ R IR IR
R (“wi:ii)nﬂgur.,

The first term. with {1 + 8) in the denominator. dominales, and il R, | R-[|Ry = Ry. then
we huve

Ryteda Tl
: |+ 8

For B, = 2058, we find

re + 10

101

0l=
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or r, = 10.2k82 Since r, = (£V7){Icp, the quiescent collector current must be

_ BFr [_]00}(0.026] B
fep = y T 0,255 mA

Assuming Jep = Jgy and letiing ¥egp =5 V. we find
VO —Vegg— V™ 5-5-(-5)
= = T 196 k2

The term {1 + SRe s
(14 BrRg = (101)(19.6) = 1.98 MQ

With this large resistance, we can design a bias-stable circuit as defined in Chapter 3 and
still have large values for bias resistances. Let

Ryy = ©.D(1 + HRg = (0.1101X19.6) = 198k

The base current is

Re

Fos Vrg — Vgglon) - V'~
“ Rew +(1 + FIR:

where

R 1
V == = - =— (R s
TH (Rl +R3)“m 3 R|( sy H10) =35

We can then write
1
S -5 =07 — (=5
0255_&1(193)['0' 5-0.7-(—%
o0 ~ 196 +(101)(19.6)
We find R, = M4k and K. = 467 k8L

Comment: The quicscent collector current frp = 0.255 mA establishes the required r,
value which in turn establishes the required output resistance £,

Computer Simulation: We again used approximation techriques in our design. For
this reason, it Is useful to verify our design with a PSpice analysis. since the computer
simulation will take into account more details than our hand design.

Figure 4.50 shows the PSpice circnit schematic, A | mV sinusoidal signal source is
capacitively coupled Lo the output of the emitter foliower, The input signal source has
been set equal to zero. The current from the ostput signal source was found (o be

Flgure 4.50 PSpics circuit schematic tor Example 4.12
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5.667 KA. The output resistance of the emitter follower is then R, = 176 £, which means
that we have mel our desired specification that the output resistance should be Jess than

2008,

BJT MCODEL PARRMETERS txr® BIPOLAR JUNCTION TRANSISTORS

Q2N3I04 NANE D0k

NEN MODEL P2N3904
15 6. 734000E-15 1B 2. 08E-08
BF 4l16.4 IC 2.19E-04
HNE 1 VBE a.27E-01
YAE 74,03 VBe =4.65E+00
IKE L08678 YCE 5. 2BE+GO
15E £.734000E-15 BETADC 1.15E+32
NE 1.2%9 GM 9, 13E-03
BE L7371 RFI 1.47E+04
NE 1 R¥ 1.00E+01
BB 10 RO 3.30E+05
REM 10 CBE 9.,0BE-12
RC 1 CRC 1.9%98E~12
CJE 4.493000E-12 CJ5 O0.00E+00
H.JE 2593 BETAAC 1,3%E+02
CcJ¢ 3.G38000E~12 CEX D.D0OE+00
MIC L3085 BT 1.312E+08
TF 301.200000E-12
KTF 2
VTF q
ITF |
TR 139 81Q0NOF-N9
1B Y

Discussion: The transisior -peint values trom the PSpice analysis are also lisled.
From the computer simulation. the quiescent coltector current is Jr-g = 0.239mA com-
pared 1o the designed value of 0.255mA . The principal reason for the difference in value
is the difference in hase-cmitter voltage and current gain between the hand analysis and
computer simulaiion.

Test Your Understanding

*‘D4.19 Dusign 4 bias-seable emitter-follower circuit, using the circuit shown in
Figure 449, such that fog=0.75mA and the small-signal gain is 4, = i /i = 15.
Assume R, = 0. The transistor parameters are: 8= 100, Fgg(on)=0.7V, and V, =
125V (Ans. B, = 20k82, R, = 85.2ks2, and A = 26.3KkE2)

*D4.20 For the circuit in Figure 449, the transistor parameters are: fi= 100.
Vgpolon) =07V and ¥, =125V, Assume R; =0 (al Design a bias-stable circuit
such that iy = 1.25mA and Vegg =4V, (b} What 1s the small-signal current gain
A, =i,/ 1) What is the output resistance looking hack into the output terminals?
{d) What is lhe maximurn symmetrical swing in the output voltage if the 1otal collector-
emilter voliage is to semain in the range 0.5 < vog = 9.5V? (Ans. (3) Rp = 4.76 k0,
R, = 658Kk, Ry = 1788k (b) 4, = 30.0{c) R, = 20.4Q (d) 2.07V peak-to-peak}

4.21 Assume the circart in Figure 4.51 uses a 2N2222A tranmsistor. Assume a
nomingl de current pain f=130. Using the average A-parameter valves {assume
h,, =) pven in the data sheets, determine 4, = v,/v,, A; = i/fi, Ry, and R, for:
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Vor= +5 ¥

¥r= 0¥

%Rt: lrke

Figure 4.51 Figure for Exercise 4.21 Figure 4.52 Figure lor Exercises 4.22 and 4.23

(0} Rg = Ry = Ik and th) Ry = 1kQ. /R = 10K, (Ans. (1) A, = 089, 4, = K59,
Rp=04LkLE R, =900 (b) 4, = 0941 R, = 16.88)

4,22 Yor the circwdl in Figure 4,52, R = 2kQ, R = 50k, Ry =50k and the
transistor parameters are: = 100, Fpglon) =07V, and ¥, =125V, {a} Determine
the smail-signal vollige gain 4, = v /r,. (b) Find the resistances R, and R,.
(<t Determine the range of 8, 1f cach twsistor viries by £5 percent. (Ans. fa} 4, =
0925 (b} Ry =4 3Tk, R, = 12.0Q () 286 < R, < 35.72)

D4.23 Forthe circuil in Figure 4.52, the transistor parameters are. f =75, 1 gplon)
=07V, and ¥, = 75V. The small-signal current pain is to be A, = 1,/4; = 10 Assume
Vecp= 2.5V, Determme the values of the elements required if: a) Ry = R;. and
(bt Ry = 4R, (Ans, () By = 26,1k Ry =955k (b) By = |86k R = 9.6k

47 COMMON-BASE AMPLIFIER

A third amplifier circuit configuration 1s the common-base circuit. To determine
the small-signal voltage and currenl gains, and (he input and outpul im-
pedances, we will use the same hybrid-7 equivalent circuit for the transisior
that was used previously. The d¢ analysis of the common-base circuil 15 essen-
tially the same as for the common-emitter circuil.

471  Small-Signal Voltage and Current Gains

Figure 4.53 shows Lhe basic common-base ¢ircuit, in which the base is at signal
ground and the input signal 1s applied to the emilter. Assume a load Is con-
nected to the output through a couphng capacitor Cp-.

Figure 4.54{a) again shows the hybrid-r model of the npn transistor, which
the output resistance r, assumed to be infinite. Figure 4.54(b) shows the smali-
signal equivalent circuit of the common-base circuit, including the hybrid-m
model of the transistor. As a result of the common-base coafiguration, the
hybrid-7 model in the small-signal equivalent circuit may look a little strange.

The small signal output voltage is given by
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Figure 4.5 Basic common-base circui

m Vn’
kOB N © ;s
v, R,
® L+
(a) )

Figure4.54 (a) Simplified hybrid-w model of the npr. iransistor and (b} small-signal equivalent
circuit of the common-base circuit
i“ir = _{.EJIIL'H)(R(" " RL) {473}
Writing o KCL equation at the emitter node, we obtain
Vo Ve Vi—=Va)

e o g o 474
Wi gk v + R + R, 0 (4.74)
Since B = g..ra Equation (4.74) can be writien
A 1 ) V,
G R e I, TN 475
"( Fa * Ry N Ry Ry (13
Then.
A A
g | . R : 476
= - () |Reie] (476

Substituling Equation (4.76) into (4.73), we find the small-signal voltage gain.
as follows:

e R AR, Fa
S e ()

We can show that as Rg approaches zero, the smallsignal voltage gain
becomes

A= gad R IRy (4.78)

R.E”Rs] (4.7

Figure 4.54(b) can also be used to determine the small-signal current gain. The
current gain is defined as A, = /,/f. Writing a KCL equation at the emitter
node, we have

¥ P
‘fr + e + & Vn + —==0 (479}
Fo RE

ns
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Solving for V,, we obtain

P I
v _;,[(m)a RE] 4.30)

The load current is given by

R
I!} Ao T, myrr . 8.1}

% ](R(' + RL) sl
Combining Equations (4.80} and (4.8), we obtain an expression for the small-
signal current gain, as follows:

i & s Rf 'r

If we take the limit as R g approaches infirity and R; approaches zero, then
the current gain becomes the short-circuit current gain given by
Emin B
A- = e e i— i § 483

"I+ B 148 $)
where ¢ is the common-base current gain of the transistor.

Equations (4,77} and (4.83) indicate that, for the common-base circuit, the
small-signal voltage gain is usually greater than 1 and the small-signal current
gain is slightly less than {. However. we still have a small-signal power gain.
The applications of a common-base circuit take advantage of the input and
output resistance characteristics.

4.7.2 Input and Output Impedance

Figure 4.55 shows the small-signal equivalent circuit of the common-base con-
figuration looking into the emitier. In this circuit, for convemience only, we
have reversed the polarity of the control voltage, which reverses the direction of
the dependent current source.

Rr’r | {
B A%
: 7 -
" C N
Za¥e
Ve fbl e Re L7}

Figure 455 Commaon-base equivalent circuit for input resistance calculations

The input resistance looking into the emitter is defined as

"
R, = —” {4.84)

If we write a KCL equation at the input, we obtain

v, 1+
L= hht Ve = 2t g = v,.[ ”) (485)

¥

n "
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Therefore,

V ¥
R“, = ---I — 2
E o1+

r, (4.86)

The resistance looking into the emitter, with the base grounded, is usually
defined as r, and is quite small, as already shown in the analysis of the emitter-
follower circuit. When the input signat is a current source, a small input resis-
tance is desirable

Figure 4.56 shows the circuit used to calculate the output resistance. The
independent source v, has been set equal to zero. Writing a KCL equation at
the emitter. we find

K. ¥
Gk et T+ =24+ =2=0 (4.87)

This implies that ¥, = 0, which means that the independent source g, ¥, 15

also zero. Consequently, the output resistance looking back inte the output
termuinals is then

R,.=R¢ {4.88)

Because we have assumed r, is infinite, the output resistance looking back inte
the collector terminal is essentially infinite, which means that the common-base
circuit looks almost like an ideal carrent source.

&
1 o
Ry ® /\ r+—
r - !
v ! -q—f
g 8m Vx :
RE Vet P ¥y

Flgure 4.56 Common-basa aquivalent circuit for outpul resistance calculations

Discussion

The common-base circnit is very useful when the input sigral is a current.
We will see this type of application when we discuss the cascode circuit in
Section 4.9,

217

Test Your Understanding

4.24 For the circuit shown in Figure 4.57, the transisior parameters are: § = [0,
Veglon) = 0.7V, and r, = 00, {a) Calculate the quicscent values of fpp and Vecp.
(k) Determine the small-signal current gain 4; = i,/i;. (c) Determine the small-signal
voltage gain 4, = v,/v,. (d) Determine the maximum symmetrical swing in the output
voltage if the emitter—collector voltage is in the range 0.5 Swvge < 19.5V. (Ans.
{8} Lop=0921mA, Fgeg =61V (b) 4, =0987 (c) 4, =177 (d) 921V peak-to-
peak)
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-
I{ 3-
) h - 19402 g c=Skit
] l-\
5 .
il ?vﬁ.ﬁzmv = var_mv
Figure 4.57 Figure for Exercise 4.24 Figure 4.58 Figure for Exercises 4.25 and 4.26

4.25 For the circuit shown in Figure 4.58, the parameters are: Ry = 00kR, Ry =
EOkS Re = WOKR, Fere = Ve = 10V, Ry = 1kE2 Ry = LkQ, Feplon) =07V, 8=
100, and V', = oo, (a) Determine Lhe small-signal transistor parameters g,,, ¢,. and 7,,.
(b) Find the small-signal current gain 4, = £,/f; and the small-signal voltage gain A,
= ¥, /v.. {C} Delermine the input resistance R; and the output resistance R, (Ans. (a)r, =
3k, g, =3R2BmANV, r,=00 (b} 4 =087, 4, =080 (¢) £ = 0.0307ks
= |0 k$2)

D4.28 For the circuil shown in Figure 4.58, let Ry =0, €5 = 0. Ry = R; = 2kQ,
For = Ve =3V. 8= 10 Vpplon) = 07V, and ¥y = o Design R and Ry for a de
quiescent collector current of 1mA and a small-signal voltage gain of 20. (Ans
Rg= 24k Ry = 423k

4.8 THE THREE BASIC AMPLIFIERS: SUMMARY AND
COMPARISON

The basic smakl-signal charactenistics of the three single-stage amplifier config-
urations are summarized in Table 4.4,

Tabled.4 Characteristics of the three BJT amplifier configurations

Configuration Yoltage gain Current gain Input resistance  Qutpul resistarce
Common emitter A, =1 A, =1 Moderate Moderate to high
Emitter follower A4, =1 4,51 High Low

Common base A =1 4,=1 Low Moderate t3 high

For the common-emitter circuit, the voltage and current gains are gener-
ally greater than 1. For the emitter-follower, the voltage gain is slightly less
than |, while the current gain 13 greater than 1. For the common-base circuit,
the voltage gain is greater than 1, while the current gain is less than |.

The input resistance fooking into the base terminal of a common-emitter
circuil may be in the low kilohm range; in an emitter follower, it is generally in
the 50 to 100k range. The input resistance looking into the emitier of 2
common-base circuit is generally on the order of tens of chms.

The overall input resistance of both the commonp-emitter and emitter-
follower circuits can be greatly affected by the bias circuitry.
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The output resistance of the emitter Tollower is generally in the range of a
few vhms to lens of ohms. In contrast, the outpul resistance looking into the
collector terminal of the commen-emitter and common-base circuits is very
high. In addition, the output resistance looking back into the output termimal
of the common-¢emitter and commoen-base circuits 15 a strong function of the
collector resistance, For these circuits, the outpul resistance can easily drop to
i few kilohms,

The characteristics of these single-stage amplifiers will be used in the design
of multistage amplifiers.

49 MULTISTAGE AMPLIFIERS

In most applications, a single transistor amplifier will not be able to meet the
combined specifications of & given ampliication factor, inpul resistance, and
output resistance. For example, the required voltage gain may exceed that
which can e obtained 1n a single transistor circuit. We also saw an illustration
of this etfect in Example 4.12. in which a low output resistance was required in
a particular design.

Transistor amplifier circuits can be connected in series. or cascaded, as
shown in Figure 4.59, This may be done cither 10 increase the overall smali-
signal voltage gain or to provide an overall voltage gain greater than |, with a
very low outpul resistance. The overall voltage or current gain, in general. 1s
not simply the product of the individual amplification factors. For example, the
gain of stage | s a {unction of the input resistance of stage 2. In other words,
oading effects may have to be taken inlo account.

There are may posstble multistage contigurations; we will examine a few
here, in order 10 understand the type of analysis required.

e Stage | Sage 2 Smge3 |
‘.‘c r Ay ‘jl r Ayz d_% ] A q—.i Ou_,,
R Ko R R Ry Rz

Figure 4.59 A generalized three-stage amplifier

491 Multistage Analysis: Cascade Configuration

In Figure 4.60. the circuil is a cascade configuration of two common-emitier
circuils. The de analysis of this circuil, dene in Example 3.17 of Chapter 3,
showed thit both transistors are biased in the forward-active mode. Figure
461 shows the small-signal equivalent circuit, assuming all capacitors act as
short circuits and each transistor output resistance r, s infinite.

We may start the analysis at the output and work back o the inpul. or
start at the input and work toward the output.

The small-signal voltage gain is

5 R
A, = 7‘. = 1"'.mlgm!('Rl‘Z"l ||r12}{R(‘2“RL}(m) (489}

P4 L]



120

Part I Semiconductor Devices and Basic Applications

Vr=+5V

R=05K2 CO

—

Figure .61  Small-signal equivalent circuit of the cascade configuration

The input resistance of the amplifier is
Ru = RI HR'."r-ll

which is identical to that of a single-stage common-emitter amplificr. Similarly,
the output resistance looking back into the output terminals 1s R, = Re». To
determine the output resistance, the independent source V, is set equal to zero,
which means that ¥, = 0. Then g, ¥, = 0. which gives V. =0 and g,V
= (). The output resistance is thercfore Rey. Again, this is the same as the
output resistance of a single-stage common-emitter amplifier.

Computer Example 4.13 Objective: Determine the small-signal voltage gain of
the multitransistor circuit shown in Figure 4.60 using a PSpice analysis.

The de and ac analyses of a multitransistor circuit become more complex compared
to those for a single-transistor circuit. In this situation, a computer simulation of the
circuit, without a hand analysis, is extremety useful.

The PSpice circuit schematic is shown in Figure 4.62. Also given are the Q-point
valuwes of the transistors. The ac voltage at the collector of the npn transistor is 51 py
and that at the collector of the pnp transistor is 4.79mV. Since the input voltage was
assumed to be T pV, this result shows that a significant voltage gain can be achievedina
two-stage amplifier.
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| | 1
RE 11 SVT

Cg

Figure 4.62 PSpice circuit schematic for Example 4.13

*x*%* BIPOLAR JUNCTION TRANSISTORS

NAME Q_0l1 0 Q2

MODEL Q2N3906 QZN3904
I1E =-1.42E-0Q5 8.59E-06
IC -2.54E-03 1.18E-03
VEBE «7.30E-01 6. 70E-01
VBC 3.68E-01 -1, 1Z2E+0Q0Q
VCE -1.10E+00 1.79E+G0
BETADC 1.79E+(2 1.37E+02
GM G .50E-02 4.,48E-02
RPI 1.82E+0D3 3.49E+03
RX 1.00E+01 1.00E+01
RO 7.52E+03 6. 37E+04
CBE 3,.11E-11 2.00E-11
CacC 7.753E-12 2.74E-12
CJs 0.00E+00 0, Q0E+Q0
EETAAC 1.73E+0D2 1.57E+02
CBX Q.00E+0Q0 0.Q0E+Q0
ET 3.B3E+0B 3. 14E+08

Comment: W cun see from the G-point values that the collector-ematter voftage of
cach transistor is quite small. This implies that the maximem symmetrical swing in the
output voltage 15 limited 1o a fairly small value. These (-point valugs can be increased
by a slight redesign of the circuit.

Digcussion: The transistors used in this PSpice analysis of the circuit were standard
bipolar transistors from the PSpice library. We must keep in mind that, for the com-
puter simulation to be valid, the models of the devices used in the simulation must
match those of the actual devices used in the circuit. If the actual transistor charactes-
s0es were substantially different from those used in the computer simulation, then the
results of the computer analysis would not be accurate.
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In some applications. it would be desirable to have a bipolar transistor
with a much larger current gain than can nermally be obtamed. Figure 4.63(x)
shows a multitransisior configuration, ¢alled a Darlington pair or a Darlington
configuration. that provides increased current gain.

Figure 463 (a} A Darlirgton pair conhguration; (b} small-signai eguivaient cirguil

The smabl-signal equivalent in which the input signal 15 assumed 10 be a
current source, is shown i Figure 4.63(b). We will use the input carrent source
to determine the current gain of the circuit. To determine the small-signal
current gain 4, = I,/ {;. we see that

Voo = Lra) (4.90)
Therefore,

L Vo1 = Zuntnli = Al (4.91)
Then,

Vo= U+ Bif s (4.92)

The oulput current is
l‘[-' = Sm V.“ll iF Lo l..'r: = .B! "ld. + ﬁ]': I+ ﬁl H.' {4¢93}
where g,+rz1 = 8+ The everall current gain is then

,4,-:-‘;'—‘ = fi + MU+ ) = By {4 M)

From Equation (4.94). we see that the overall small-signal current gain of the
Parlington paie is essentialty the product of the ndividual current gams.
The input resistance 18 R, = ¥,/1,. We can write that

Viz=VFa+ Vo= lry + 140+ g (4'95}
50 that

Ri=rm +{l+ 8 (4.96)
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The base of transistor @5 is connected 1o the emitter of (4. which means
that the imput resistance 10 Q5 is multiplied by the facior (1 + £)). as we saw in
ciremts with emitter resistors. We can write

T [I b
ro = Bilp (4.97)
I i
and
§i om0 (4.98)
(i1 s ;
Therclore,
" r p
a1 = b (Ef:—‘j—) = pyre: {4.99)
Lo
From Equation {4.96), the input resistance 1s then approximately
Rr i :ﬁl "2 {4](“].'

We see from these equations that the overall gain of the Darlington pair is
Large. Al the same time, the input resistance tends to be large, because of the
multiplication.

49.2 Cascode Configuration

A stightly different muitistege contiguration, called a cascode configuration. is
shown in Figure 4.64(a). The inpul is into 4 common-emitter amplifier {2},
which drives a common-base amplifier (1), The ac equivalent circuit is shown
in Figure 4.64(b). We see that the output signal current of @ 1s the input signal
of -, We mentioned previously that, normally. the input signal of a common-
base configuration is to be a current. One advantage of this circut is that the
outpul resistance looking into the collector of ¢ is much larger than the cutput

h Ya
L 2y
v, [+ fe SR
T
(a) {b)

Figure 464 (a} Cascode ampifier and (b} the ac equivalant circult

123
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of a common-emitter circuit. Another important advantage of thus circuit is in
the frequency response, as we will sce in Chapter 7.

The small-signal equivalent circuit i3 shown in Figure 4.63 [or the case
when the capacitors act as short circuits. We see that V,; = V| since we are
assuming an ideal signal voltage source. Writing a KCL equation at £,. we
have

Em Vrrl T {410]]
o ¥,
¥, &
Figure 4,65 Small-signal equivalent circutt of the cascode configuration
Solving for the control voltage V,;. we find
Pgoa i)(g 1) 14.102)
n2 ]__l_.B2 mlt o
where fo = g.orm. The output voltage is
Vo= ~ VMR RL) {4.103a)
or
¥, 4.103(b
gwlgmz(l +ﬂ )(RC“RL] { b))
Therefore, the smali-signal voltage gain is
A, = A ( (RelRy) {4.164)
X e K V s gﬂﬂlgﬂl-} l+ﬁ ) C L !
An examination of Exqquation (4.104} shows
e B o
= =8 (4.105;
“"”'2(1 o
The gain of the cascode amplifier is then approximately
& —gui(RellRe) (4.106)

which is the same as for a single-stage common-emitter amplifier. This result is
to be expected since the current gain of the common-base circuit 1s essentially
unity.
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Test Your Understanding

*4.27 For exch transisior in the aircuit in Figure 4.66, the parameters are: f = {25,
Fap{on) =07 Y. and r, = . (a) Deterrmine the @-points of each transistor. (b) Find
the overall small-signal voltage gain A, = V. /F, {c) Determine the input resistance
R; and the output resistance R,. (Ans. (a) feg| =0.360 mA, bepg = 790V, I =
18I mA. Vg =22V D) A, = =177 {c} B, =476k, R, =4370)

*4.28 Consider the circuit in Figure 4.63(2). Let g8 = 100, Faefon} = 0.7V, and V,
= po for cach transisior. Assume Rp= 10%kQ, R =4k82. I, = 1mA, " =5V, and
7 = =5V, (a) Determine the OQ-point values for each transistor. (b} Calculate the
small-signal hybrid-x parameters for each transistor. (¢} Find the overall small-signal
vollage gaia 4, = V, /¥, (d) Find the input resisiance R;. (Ans. {a) /g = 0.0098 mA,
lr,:-;_-QL = 1? Y. )'{ = 09% mA, V(**_—Q) =24Y {b] Fal = 265 k2. EBm = UJ?TmA,V.
ey = 203KQ. g0 = WImAY {0) A, = 769 ()} R = 5331 k8D

VY =-8Y

Figure 4.68 Figure for Exercise 4.27

4.29 For the circuit shown in Figure 467, kt = 100, Foelon) =07V, and ¥y =
~a for cach transistor. Repeat partts (a)-(d) of Exercise 4.28. (Ans. {a) Irpy = 0.464mA,
rr"('.(':(.” =58 18V, ;t'Ql’ = (LR42 mA‘ V{_EQE =R8EV {b) Fag = 5.60 kSt By = 178 mA,l'-‘C'I.
rer = 109KE. g, = 324mMANV. 1,y =1 =00 (©) 4, = ~0.298 (d} R, =1.99 MR}

Figure .67 Figure for Exercise 4.29
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D4.30 Consider Lhe cascode circuil in Figure 4.6Ma). Let § = 100, Fyelom) = 0.7V,
and ¥, = oo for each transistor. Assume Fee = 12V, R = 2k, and R = 0.5k
{a) Find Ro. R,. Ry, and Ry such that Jeg: =0.5mA and Feg = Vg =4V, Lot
R, + R;+ Ry= 100k, (Hint: Neglect the de base currents and assume /- = [¢ in
both @, and @} (b) Deternune the small-signal hybrid-x pararmeters for each ransis-
tor. ic) Determine the small-signal voltage gain 4. = V,/F. (Ans. {a) R, = 75k,
Ry =192k8 R, = 333k, R, =588KkQ (b ry =r - = 52K, g, = g0 = 1913
mA V. ry =ras=ncicy 4, = -3

410 POWER CONSIDERATIONS

As mentioned previously, an amplifier produces a small-signal power gain.
Stnce energy must be conserved, the question naturally artses as to the source
of this “extra’ signal power. We will see that the “extra’ signal power defiv-
ered to a load is a result of a redistribution of power hetween the load and the
Iransistor.

Consider the simple common-emitter circuit shown in Frgure 4.68 in which
an ideal signal voltage source is connected at the wmput. The de power supplied
by the Ve voltage source e, the dc power dissipated or supplied to the
collector resistor Ppo. and the de power dissipated in the srunsistor Py are
given, respectively, as

Peo = TopVer + Py (4.107(21)

Py = IR, (4.107(b))
and

Py =IcoVewp + TnoVeeg = leph org (d.10%c))

The term Pg,, is the power dissipated in the bias resistors R) and R2 Normally
in @ transistor igg > Igg. 50 the power dissipated is primarily a function of the
collector current and collector emitter vollage.

Figure 4.68 Simple common-smittar amplilier for powsr calculations
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Il the signal voltage is given by
ve = Feoswf {4.108)

then the wotal base current 1s given by

F,
iy = Igp + ~Ccosmr = lgg + Iy cosat (4.109

’
and the ol collector current is

i = oo+ Blhcoswt = Igp + 1 cosof (4.110)
The tolal instantaneous coliector-emitier voitage is

viop = Voo —foRe = Vo =gy + L cosantRe = Vogy — 1. Re coswt
{(4.111)

The average power. inciuding ac signals, supplied by the voltage source
Fee s given by

‘n” ==

;
| ,
7 ] Ve dodi+ Py
[

.

1
= —r ‘ Ve “(Q + f{ EOSw!]dl' + Poin {4.112)

0

.
Veel.
= Veelep + —%—jcos el dt + Ppias
]

Since the integral of the cosine [unction over one period is Zero, the average
power supplied by the voltage source is the same as the dc power supplied. The
dc voltage source does not supply additional power.

The average power delivered to the load R is found from

f’lh’(' — l? [J?R( t’!." = B]'-'{_J[!(Q + f‘.COS w.']:df

" f -~ (4.113)
r‘ﬁ-r ol | PR, |
= ({;,. - [ ct + —%—'Icosmt at -+ {.T( lms‘I wl dr
[} ] 1]
The middke 12rm of this last expression is again zero., so
Pre = '!(3'(?":"(' + Elfc? Re (4.114)

The average power delivered to the foad has increased because of the signal
source. This is expected in an amplifier.

22
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Now, the average power dissipated in the transistor is

I T
.ﬁQ — *f J .‘( : 1’(‘.}.:‘ (f.’
It
; r 4115
= -};j[&v tFocosat] [Vegy — LR cosafjdr
o
which produces
_ I ;
P = ICQ V(-F_Q - —‘—;’-{- Icos'mr et {4.116(a))
0
or
Pg = lcoVepp =31 Re {4.116(b))

From Equalion {4.116(b}), we can deduce that the average power dissi-
pated in the transisior decreases when an ac signal is applied. The V- source
stll supplies all of the power, but the input signal changes the relative distobu-
tion of power between the transistor ang the load.

Test Your Understanding

.31  In the arcuit in Figure 4.69 (he transistor paremeters are: # = 80, Fap(on)
=07V, and V, = co. Determine the average power dissipated in B, R, and @ for:
(a) v, =0, and (b) v; = I3 cosrmV. (Ans. (3) prc = EmW, ppp =G, py = 14MW
(b) pg = 13.0mW, pp; = 0.479MW, ppi = 848mW)

4.32 For the aircuit in Figure 4.70, the transistor parameters are: g = 100, ¥gelon)
=07V, and V; = 20. (a) Determime R, soch that the {-point is in the center of
the load line. (b) Determine the average power dissipated in Ry and O for v, =4,
i<l Considering the maximum symmetrical swing in the output voltage, determine the
ratio of maximum signal power delivered 10 B 10 the total power dissipated in B, and
the transistor. (Ans. {a} R, = 232k [(b) figc = fip = 2.43mW (¢) 0.25)

Ver =417V

Ry = 33440
oy

Figure 4.69 Figure for Exercise 4.31 Figure 4.7 Figure for Exercize 4.32
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4.11 SUMMARY

® This chapter emphasized the application of bipolar transistors in linear ampiifier
vircuits. A small-signal equivalent circuit for the fransistor was developed that is
used in the analysis and design of linear amplifiers.

® Three basic ciceuit configurations were considered: the common-emitier, emitter-
follower, and common-base. These three configurations ferm the basic building
blecks for more complex integrated circuits. The small-signal veltage gains, current
gains, and input and output resistances for these circuits were analyzed. Table 4.4
compares the circuit characteristics of the three circuits.

® The cascode configuration of two common-emitter circuits was analyzed as one
example of a multistage transistor circuit. The overall small-signa! voltage gain is
increased compared 1o that of a single siage amplificy. A Darlington pair configura-
tion was also analyzed. In this mubtistage circuii, the overall current gain increases
and the input resistance incregses compared (o a single transistor circuit,

CHECKPOINT

After studying rhis chapter, the reader should have the ability te:

v Explain graphically the ampiification process in a simple bipolar amplifier circuit.
(Section 4.2)

¢ Describe the smail-signal hybrid-r equivalent circuit of the bipolar transistor and (o
determine the values of the small-sighal hybrid-r parameters. (Seclion 4.2)

& Apply the small-signal hybrid-r equivalent cireuit to varions bipolar amplifier cir-
cuits Lo obtuin the time-varying circuil charsclensiics.

V Charactorize the emall-signal voltage and current gains and the mput and output
resistances of a commaon-emitter amplifier. {(Section 4.4)

¢ Characterize the small-signal voliage and current gains and the input and outpul
resistances of an emitter-follower amplifier. (Section 4.6}

& Characterize the small-signal voltage and current gains and the input and output
resistances ol a common-base amplifier. (Section 4.7}

("4 Apply the bipolar small-signal equivalent circuit in the analysis of multistage ampli-
fler cirouiis

REVIEW QUESTIONS

t. Discuss. using the concept of a load line superimposed on the transistor character-
istics, how @ simple cornmon-emitter circuit can amplify a time-varying signal.

2. Why can the analysis of a iransistor circuit be split into a de analysis, with all ac

sources set cqual to zero, and then an ac analysis. with ali de sources set equal to

zero?

What are the physical meanings of the hybrid-n parameters », and r,?

il

4, What does the term small-signal imply”
5. Discuss the difference between the ac and d¢ common-emitter current gains,
6. Discuss similarities and differences between the hybrid-7r and A-parameter models

of the bipolar rransisior.

Discuss the four equivalent two-port networks and discuss the conditions under

which each equzvalent circuit wouid be used.

§. Sketch a simple common-emitter amplifier circuit and discuss the general ac circuit
characteristics (voltage gain, current gain, input and output resistances).

-3
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9. Discuss the general conditions under which a common-emitter amplifier would be
used.

10.  What are the changes in the ac charactenistics of a commen-emitter amplifier when
an emitter resistor and an emitter bypass capacitor are incorporated in the design?

Il. Discuss the concepts of a dc load fine and an ac load line.

2. Sketch a simpie emitter-follower amplifier circuit and discuss the general ac cireuit
characteristics (voltage gain, current gain, input and outpul resistances).

13. Discuss the general conditions under which an emitter-follower amplifier would be
used.

4. Sketch a simple common-base amplifier circuit and discoss the general ac circuil
characteristics {voltage gain. cusreni gain, input and output resistances).

15.  Discuss the general conditions under which a common-base amplifier would be
used,

16, Compare the ac circuit characteristics of the common-emitter, emitter-follower,
and common-base circuits.

|7. State at least iwo reasons why a multistage amplifier circuit would be required in a
design rather than a single-stage circuil.

|8, If a transistos circwit provides signal power gain, discuss the scurce of this addi-
tional signal power.

PROBLEMS

[Note: In the following problems, assume that the B-E turn-on voltage is 0.7V for both
npn and pnp transistors and Lhat Fy = oo unless otherwise stated. Also assume that all
capacitors act as short circuits (o the signal.

Section4.2  The Bipolar Linear Amplifier

4.1 (a) If the transistor parameters are == 180 and V4 = [50V, and it is bissed al
log = 2mA, determine the values of g, r.. and r,. (b} Repeat part (a) if fp = 0.5mA.

4,2 The transistor parametzrsare § = [25and V', = 200V, A value of g, = 200 mA YV
15 desired. Determine the collector carrent required, and then find r, and r,.

4.3 For the circuit in Figure 4.3, the transistor parameters are 8 = 120 and V', = oo,
and the circuit parameters are Fer = 5V, Re = 4kQ, R = 250k, and Vg =2.0V.
{a) Determine the hybrid-x pacameter values of g, fy, and r,,. (b) Find the small-signal
volltage gain A, =w/v. (0) If the time-varying output signal is given by », =
0.8sin{100/)V, what is v,?

4.4 The nominal guiescent collector current of a transistor 1s 1.2 mA. If the sange of §
for this transistor is 80 =< 8 < 120 and if the quiescent collector current changes by £10
percent, determine the range in values for g, and ry.

D4.5 For the ciccuit in Figure 4.3, A=120. Ve =5V, V, = 100V, and Ry =15k
{a) Determine ¥pz and Ro such that r, = 5.4k and the O-point 15 in the center of the
load line. {(b) Find the resulting small-signal voltage gam 4, = »,/v..

D46 For the circuit in Figure 4.4, = 100, V; =00, ¥pe = 0V, and Rz = 50k
{4) Determine ¥gp and R such that fop = 0.5 mA and the Q-point is in the center of
ihe load line. (b} Find the small-signal parameters g,,, rq. and r,. (¢} Determine the
small-signal voltage gain 4, = v, /v..
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Section4d  Common-Emitier Amplifier

4.7 The paramelers of 1he lransistor in the circuit m Figure P4.7 are = 100 and
Fi=100V¥. (a) Find the d¢ voltages at the base and emitter terminals. (k) Find R
such that ¥ego = 3.3V {¢) Assuming C- and Cg act as short circuits, determine the
small-signal voltage gain 4, = v, /v, {dy Repeat part (¢} if a 300 €2 souree resistor is in
sertes with the v, signal source.

V¥=45V

Ry= 1008

1.5k0 Re=
= 0.1 kg)
+
Flgure P4.7 Figure P4.8

4.8 For ihe dircwit in Figure P4.8, the transistor parameters are f = 180 and », = so.
(a) Determine the O-point values. (b) Find the small-signal hybrid-r parameters.
{¢) Find the small-signal voltage gain A, = v,/v..

*D4.9 The parameters of the transistor in the circuit in Figure P4.9 are §= 150 and
¥, = 2c. {(a) Delermine K and R, to obtain a bias-stable circuit with the (-point in the
center of the load line. (b) Determine the small-signal voltage gain 4, = v, /r,.

Vrtaasy

Vir=+¢12V

¥i
g

Va5V
Figure P4.9 Figure P4.10

4.10 Assume that 3= 100, V', =00, R, = 10kQ, and R> = 50kQ for the circuit in
Figure P4.10. {a) Plot the Q-point on the dc load line. (b) Determine the small-signal
voltage pain. (c) Determine the range of voltage gain if each resistor value varies by 45
percent.
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D411 The transistor parameters for the circuit in Figure P4.10 are =100 and
V, = oo. (a} Design the circuit such that it is bias stable and that the Q-point is in
the center of the toad line. (by Determine the small-signal voltage gain of the designed
circuit,

D4.¥2 For the cireuit in Figure P4.12, the transistor parameders are f= 100 and V',
= o0. Design the circuit such that /oy = 0.25mA and Vepg = 3V. Find the small-sighal
voltage gain A, = v, /v,. Find the input resistance seen by the signal source v,

Vr=as W

Vr=40Yy

Ce

Re

Ro= OO0

Ry :[ e 1)
V=i ¥ = KSR
Figure P4.12 Flgure P4.13

D4.13 For the circuit in Figure P4.13._ the transistor parameters are f = 80 and V, =
BOV. (a) Determine Re such that Ig, = 0.75mA. (b) Determine R such thail
Vicg = 7V. (c) For Ry = 10KRQ, determine the small-signal voltage gain A, = v,/v,.
{d) Determine the impedance seen by the signal soucs v,

D4.14  Assume the transister in the circuit in Figure P4.14 has parameters § = 120 and
¥, = 100Y. (a) Design the circuit such that ¥Vegp = 3.75V, (b) Deiermine the small-
signal tramsresisiance R, = v, /i,

L

Flgure P4.14
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D4.15 For transistor parameters f = 63 and F, = 75V, {a) design the circuit in Figure
P4.) 5 such thae the de voliages at the base and collector terminals are 0.30V and 3V,
tespectively. (b) Determine the small-signal transconductance G; = i, /v,.

¥'=+a¥

Yo =_5V
Figure P4.15 Figure P4.16

4.16 The transistor in the circuit in Figure P4.16 is a 2N2907A with a nominal dc
cutrent gain of § = 100. Assume the range of Ay is 8¢ < hy, < 120 and the range of 4, is
10 < h,, < 20pS. For h, =0 determine: {(a) the range of smali-signal voltage gain
A, =v,/v, and (b} the range in the input and output resistances R; and R,

*D4.17 Design a one-transistor cornmon-emitter preamplifier that can amplify a 10m¥
{rms) micraphone signal and produce a 0.5V {rms) output signal. The source resistance
of the microphone is 1 k2.

*4.18 For the transistor in the circuit in Figute P4.18, the parameters are £ = 100 and
¥, = oo. {a) Determine the Q-point. (b) Find the small-signat parameters g,,, ry, and r,.
(¢} Find the small-signal voltage gain A, =v,/v, and the smatl-signal current gain
A, = i,fi.. (d) Find the input resistances R, and R,,. () Repeat part (¢) if a 1k(2 source
resistor is in series with the v, signai source.

YV ==-6Y¥
Figure P4.18

4.19 1f the collector of a transistor is connected 10 the base terminal, the transistor
continues to operate in the forward-active mode, since the B~C junction is not reverse

233
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biased. Determine the small-signal resistance, r, = v, /f.. of this two-terminal device in
terms of g, Fq, and r,.

D4.20  Design an amplifier with the configuration simijar 1o that shown in Figure 4.28.
The source resistance 15 Rs = 10042 and the voltage gain should be approximately - 10.
The total power dissipated in the circuit should be ne more than approximately
0.12mW.

D421 An ideal signal voitage source is given by v, = 5sm (300 (mV). The peak
current that can be supphed by this source is 0.2 pA. The desired output vollage across
a 10 load wesistor is v, = LOFsin(5000n (mV). Design 4 one-(Cansistor common-
emitter amplifier to meet this specification.

*D4.22 Design a bias-stable common-emitter circuit thal has a minimum open-circit
small-signal voltage gain of |4,| = 10. The circuit is 10 be biased from a single power
supply Fee = 10V that can supply a maximum current of | mA, The available transis-
tors are pnp’s with g = 80 and ¥, = o Minimize the number of capacitors required in
the circuit.

‘D4.23 Desipn a common-emitter circuil whose outpul is capacitivety coupled to a
Ioad resistor &; = 10k{Z. The misimum smail-signal voltage gain 13 to be | 4,] = 20. The
circuif is to be biased a1 £5 V and each vollage source can supply a maximum of
B 5maA. The parameters of the available transiztors are f = 120 and ¥, = oo,

Section4.5 AC Load Line Analysis

" #.24  For the circuit in Figure P<.10 with cizcuit and transistor parameters as described

in Problem 4.10, determine the maximum undistorted swing in the outpul voltage if the
total instantaneous E-C voltage is to temain in the range | < vger = |1V

4,25 For the circuit in Figure P4.12, let = 100, Py =00, Rg =129KkQ, and R =
6% Deermine the maximum undistorled gwing in the ourput voltage if the total
instantaneous C-E voltage is to remain v the range | < vop = 9V and if the total
instantaneous collector current is 1o remain greater of equal to S0uA.

4.26 Consider the circuit in Figure P4.7 with sransistor parameters given in Problem
4.7 Assume R =6k (a) Dewermine the maximum undistoried swing itt the output
voltage if the lota!l instantancous C-E voliage is 10 remain in the range 0.5 =
vop < 4.5V. (b) Using the results of part (a), determine the range of collector current.

4.27 Consider the circuit in Figure P4.15. Let #=100, V, = oo, Rg = L0k, and
R, =4k, Determine the maximum undistorted swing in the ouiput current §, if the
total inslantanepus cellector currenl is /e = PORmA and the to1al instantanzous E-C
voltage is in the range 1 = vg- <9V,

4,28 Consider the circuil in Figure P4.18 with transistor parameters described in
Problem 4.18. Determine the maximum undistorted swing m the output current ie if
the total instantaneous collector curtent is i- = 0.1 mA and the total instantaneous C-E
voltage is in the tange | = vep = 21V,

*04.29 For the circuit in Figore P4.14, the transistor parameters are f = 150 and
I, = 00, Design & bias-siable circuit 1o achieve the maximum undistoried swing in
the output voltage if the wnal instantaneous C-E voltage is to remain in the range
| < ¥re = RY.

*RD4.3¢  In the circuit in Figure P4.8 with transistor parameters g = 180and V', =00,
redesign the bias resistors R, and Ry to achieve maximum symmetrical swing ins the
output voltage and to maintaio 4 bias-stable circvil. The 10tal instanlaneouns C-E volt-
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age Is 1o remain in the range 0.5 < vog < 4.5V and the 1otal instantancous collector
current is to be i = 0,25 mA.

4.31 For the circuit in Figure P4.16, the transistor parameters are = 100 and I,

= 00. (u} Determine the maximum wndistorted swing in the output voltage il the tolal
instantaneous E—C voltage is 1o temain in the range | < vee < 9V, {b} Using the results i
of part {a), determine the range of collector current. B

Section4.6 Common-Collector (Emitter-Follower) Amplifier

4.32 The transistor parameters for the circuit in Figure P4.32 are A= 180 and ¥,
=cc. (a) Find £y and Fegp. (b) Plot the de and ac load lines. (¢) Caleulate the smali-
signal voltage gain. (d) Determine the input and output resistances R, and R,.

Viz4v

Vo=V EILAY

Figure P4.32 Flgure P4.33

433 Consider the circuit in Figure P4.33, The transistor paramelers are =120 and
V4 = od. Repeat parts {a)-(d) of Problem 432,

‘D4.34  For the circuit in Figure P4.34. the transistor current gain is § = 80 and
Ry = 500 €. Design the circuit to obiain 4 small-signal current gan of 4, = §,/i, =&
Let ¥ =10V, Find R), Ry, and the outpul reststunce R, if Rg = 500 Q. What is the
current gain if Ry = 2000027

L 1
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D4.35 Design an emitter-follower circuit with the configuration shown in Figure 4.44
such that the input resistance R, as defined in Figure 4.46, &5 120 kS2. Assume (ransistor
parameters of f= 120 and ¥V, = oo. Let Fepe = 5V and Ry = 2k<2. Find new values of
R, and R;. The Q@-point should be approximately in the center of the load line.

D4.35 (a) For the emitter-follower circuit in Figure P4.34, assume Ve = 24V, 8 =175,
and A; = i,/i =& Design the circuit to drive an 8Q load. (b) Determing the maximum
undistorted swing in the outpwt voltage. (¢) Determine the output resistance R,,.

4.37 For the circuit shown in Figure P437, lel Ve =35V, R, =4k, R; =3kR,
R, = 60kR, and R, = 90k, The transistor parameters are = 30 and ¥, = 80V.
(a) Determine 7o and Vgcp. (b) Plot the dc and ac load lines. (¢) Determine A, =
v, /¥, and A; = /i, (d) Determine R and R,,. (¢) Determine the range in current gain if
each resistor value varies by 5 percent.

Figura P4.37

*D4.38 The output of an amplifier can be represented by v = 4sinen(V) and Ry =
4k82. An emitter-follower circuit, with the configuration shown in Figure 4.42, is to be
designed such that the output signal does not vary by more than 5 percent when 2 load
in the range R, = 4 10 10k{2 is connected to the cutput. The transistor current gain is in
the range 90 < 8 < 130 and the Early voitage is V4 = o0 For your design, find the
mibimum and maximum possible value of the output voltage.

439 (a) In the circuit shown in Figure P4.39, determine the range in small-signal
voltage gain A, = v,/v, and current gain 4, = i, /i, if’ 8 is in the range 75 = g < 150.

Vees+I0V
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s

V=5V
Figure P4.40

{b) Repeat part {a) if a 5k source resistor is in series with the v, signal source.

4.40 For the transistor in Figure P4.40, 8 = 80 and V4 = 150V. (a) Determine the dc
voltages at the base and emitter terminals. (b) Caleulate the small-tignal parameters g,,,,
rz. and r,.. () Determine the small-signal voltage pain and current gain. (d} Repeat part
(c) if a 2k source resistor is in series with the v, signal source.

4.41 Consider the circuit shown in Figure P4 40. The transistor current gain is in the
range 100 = B = 180 and the Eacly voltage is I, = 150 V. Determine the range in smalf-
signal voltage gain if the load resistance varies from R; = 0.5kQ to Ry = 500k,

*D4.42 For the transistor in Figure P4.42, the parameters are £ =100 and V, = o0.
(a) Design the circuit such that Izg = 1mA and the Q-point is in the center of the de
load line. {b) If the peak-to-peak sinusoidal output voltage is 4 V, determine the peak-to-
peak sinusoidal signals at the base of the transistor and the peak-to-peak value of v,.
{c) Tf a load resistor R; = | k€ is connected to the output through a coupling capacitor,
determine the peak-to-peak value in the cuiput voltage, assuming v, is equal to the value
determined in part (b).

Ve =+10V¥

y

Figure P4.42

“D4.43  An emitter-follower amplifier, with the configuratien shown in Figure 4.49, is
10 be designed such that an audio signal given by v, = 5 sin (3000/) ¥ but with a source
resistance of Rg = 10K can drive a small speaker. Assume the supply voltages are
V* = +12V and V™~ = —12V. The load, representing the speaker, is &, = 1282. The
amplifier should be capable of delivering approximately 1 W of average power to the
load. What is the signal powsr gain of your amplifier?

37




IR

Part [ Semiconductor Devices and Basic Applicalions

Sectiond.7 Common-Base Amplifier

4.44 For the circuit shown in Figure P444, B= 125, V,=o0, Fer =18V, Ry =
4%, Rg = 3kS, R- =4k, R, =256k, and R, = 10.4kQ The input signal is a
current. (a) Determme the J-point values. (b} Determine the (ransresistance R, = r,//,.
{c} Find the small-signal voltage gain 4, = v, /v..

Figure P4.44

*RDA.45 For the common-base cireyit shown in Figure P4.44, let §= 100, ¥, =00,
Vee =12V, Ry = 12kQ, and Rg = 5004L. (a) Redesign the circuit such that the smail-
signal voltage gainis A, = v,/ v, = 10. {b) What are the Q-poins values? ¢c) What is the
small-signal voliage gain if R is bypassed by a large capacitor?

'D4.468 A pholodiode in an optical transmission systern, such as shown in Figure 1.35.
can be modeled as a Norton equivalent circuil with i, in parallel with Rg as shown in
Figure P4.44. Assume that the current source 15 given by i, =2.35sinefpA and
R = 50k Design the common-base circuit of Figure P4.44 such thal the output
vollage is ¥, = SsinwrmV. Assume (ransistor parameters of A=120 and V', =20
Let Vpe =5V,

4.47 For the circuit shown in Figure P4.47, the sransisior parameters are § = 100 and
¥V, = oo. (a) Determine the de¢ voltages at the collectar, base. and emitter terminals.
ib) Determine the small-signal voltage gain A4, = v, /v,. {<} Find the input resistance R;.

3.48 In the common-base circuit shown in Figure P4.48, the transistor 1s a ZN2907A,
with a nominal dc current gain of 8 = 80, (a) Determine iep and ¥rcp. (b) Using the
h-parameters {assuming A, = 0). determine the range in small-signal voltage gain
A, = v,/v,. i€} Determine the range i input and output resistances &; and R,.

Va4 5Y

top=03mA
+—] K
Crz
R, =
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“D4.49  n the circuit of Figure P448, let Py = Ve = SV A= 1000 V, = o0, R =
I k2, and By = 0. (a) Design the ciccuwit such that the small-signal voltage gainis 4, =
Vofve = 25 and Fpep = 3 V. (b} What are the values of 1he small-signal parameters g,,.
rp.and r?

Sectiond.9  Multistage Ampliflers

*450 The parameters for each transistor in the circuit shown in Figure P4.50 are g =
100 and V', = oc. {a) Determine the small-signal parameters g, ry. and r, for both
sransistors. (b) Determine the small-signal voltage gain 4, = v, /v, assuming ¥, is
connected ta an open circuit, and determine the gain A4,; = v,fv,;. (c) Determine the
overill small-sipnal voltage gain 4, = v,/v,. Compare the overall gain with the product
Ay - 4,2, using the values calculated in part (b).

VC{*-= +0V

Figure P4.50

*4.51 Consider the circuil shown in Figure P4.51 with transistor parameters § = 110
and ¥, = 2. (4) Determine the smali-signal parameters g,,. ry, and r, or both tran-
sistors. (b) Plot the de and ac load lings for both transistors. (¢} Determine the overall
small-signal vollage gain 4, = »,/v. (d) Determine the input resistance R, and the
output resistance B, (e} Delermine the maximum undistorted swing in the output
vollape.

Ri.1| g
—= L

ik
|

Figure P4.51

39




Part 1 Semiconductor Devices and Basic Applications

4.82 Fot the circmt shown in Figate P4.52, assume transistor parametess of = 100
and ¥, = oo. (a) Determine the de collector current in ¢ach transistor. (b) Find the
small-signat voltage gain 4, = v,/v,. (¢) Determine the input and output resistances Ry
and R,.

ycr‘ LAY
a

o

Figure P4.52

*4,53 For each transistor in Figure P4.53, the parameters are § = 100 and V; = o0
(a) Determine the (2-point values for both Q) and @,. (b} Determine the overal] small-
signal voliage gain 4, = v,/v;. (¢) Determine the input and output resistances Ry, and
R,.

LT

Figure P4.53 Figure P4.54

4.54 An equivalent ac circuit of a Darlingten pair configuration is shown in Figure
P4.54. {a) Derive the expression for the output resistance R, as a function of Iy, and
I;. Take into account the transistor output resistances ro and r. (b) Assuming
transistor parameters of =100 and ¥, = |00V, determine R, for (i} fe; = Jpas =
i mA and (i) {0z = LA, fje =0
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Section4.10 Power Considerations

455 The transistor in the circuit shown in Figure 4.25 has parameters 8 = 100 and
¥, = 100V. (a) Determine the average power dissipated in the transistor and R, for
v, = (. {b) Determine the maximum undistorted signal power that can be delivered
1o R(",

4,58 Consider the circuit shown in Figure 4.35. The transistor parameters are § = [20
and r, = co. {a) Calculate the average power dissipated in the transistor, Rg, and R,
for v, = 0. (b) Determine the maximum undistorted signal power that can be delivered
to R;.

457 For the circuit shown in Figure 440, use the circuil and transistor parameters
described in Example 4.8, (a) Calculate the average power dissipated in the transistor,
R, and R, for v, = 0. {b} Determine the maximum signal power that can be delivered
te R;. What are the signal powers dissipated in Rg and R, and what is the average
power dissipated in the transistor in this case?

4.58 For the circuit shown in Figure 4.51, the transistor parameters are § = 100 and
K, =100V, and the source resistor is Rg = (. Determing the maximum undistoried
signal power that can be delivered to Ry if: (a) R; = 1 k&2, and (&) Ry = I10kRR,

4.59 Consider the circuit shown in Figure 4.58 with parameters given in Exercise 4.25.
(a} Calculaie the average power dissipated in the transistor and R¢, for v =0.
(b) Determine the maximum undistorted signal power that can be delivered to Ry,
and the resulting average power dissipated in the transistor and Re.

ravann e

COMPUTER SIMULATION PROBLEMS

480 Consider Example 4.2, Using a computer simulation analysis, invesligate the
effect of the Early voltage on the small-signal characteristics of the circuit.

4,61 The circuit in Figure P4.61 can be used to simulate the circuit shown in Figure
4.37(a). Assume Early voltages of ¥, = 60V. {(a) Plot the voliage transfer characteris-
tics, vy versus Vgg, over the range 0 < Vg5 < 'V, (b) Set Vgp such that the de value of
the outpui voltage is vg ¢ 2.5V, Determine the simall-signal voltage gain at this O-
point. Compare the results to those found in Example 4.7.

462 Verify the resulis of Example 4.8 with a computer simulation analysis.

+5 W
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4.63 Verify the input and output resistances of the emitter-follower circuit described in
Example 4.11.

484 Perform a computer simulation analysis of the common-base circuit described in
Exercise 425, In addiuon, assume ¥, = 80V and determine the output resistance look-
ing into Lhe collector of the ransisior. How does this value compare to r, = ¥/ fp?

Patan

DESIGN PROBLEMS

[Note: Each design should be correlated with a compuler simulation.]

*D4.65  Design @ common-emitter circuit with a small-signal voltage gain of |4, = 50
while driving a ioad R; = 3k£2 The source signal is v, = (.02coswi V and the source
resistance (s Ry = Lk&:. Bias the circuit at £33V, and use transistors with a maximusm
collector current raling of H0mA and current gains in the range 80 < A < 150,

*D4.66 For the circuit in Figure P4.37. let o = 10Y and Ry = | k2. The transistor
paramelers are § = 120 and |4 = co. {u) Desiga the circuit such that the current gain is
4, = 18. (b} Determine Ry, and K,. 4¢) Find the maximum undisiorted swing in the
output voltage.

*D4.67 Design a common-buse amplifier with the peneral configuration shown in
Figure 4.58. The availuble power supplies are £10 V. The outpul resistance of the signal
soaLrce is 5062, and the inpul resistance of the amplifier should match this value, The
output resistance is R, = 2k, and the output voltage is (o have the largest possible
symmetrical swing. In order ta maintain lincanty, the peak value of the B-E signal
veltage should be limited 10 15 mV. Assume that transistors with § = 150 are avuilable.
Spevify the current and power ratings of the transistors.

“DA.68 A microphone puts out a peak voltage of 1 mV and has an output resistance of
0 k2. Design an amplifier system to drive an 8Q speaker. producing ZW of signal
power. Use a 24 Y power supply to bias the circoil. Assume a current gain of g = 50 for
the available transistors. Specify the current and power ratings of the transistors,

*Da.69 Redesign the two-siage amplifier in Figure 4.60 such that a symmetrical sine
wave with a peak value of 3V can be obtained at 1he output. The load resistor is still
R; = 5k To avoid distortion, the minimum C-E voitage should be a1 least 1V and
the maximum C-E voitage should be no more than ¢V, Assume the transister currenl
gains are 8 = L00. If the Early voltage for each transistor is ¥, = 00, calculate the
resulting overall small-signal voltage gain. State the value of each resistor and the
quiescent valucs of cach transistor.



The Field-Effect Transistor

5.0 PREVIEW

[n the fast two chapters, we looked at the bipolar junction transistor and BST
circuits. In this chapter. we introduce the second major type of transistor. the
fikd-cliect transistor (FET). There are two general classes of FETs: the metal-
oxide-semiconductor FET (MOSFET) and the junction FET (JFET). The
MOSFET has Jed to the second clectromcs revolution in the 1970s and 1980,
in which the microprocessor has made possible powerfui desktop computers
anct sophisticated hand-held caleulators. The MOSFET can be made very small,
so high-density VLS circuits and high-density memories are possible,

W begin the chapler with a fock at the physical structure and operation of
the MOSFET. The current—voltage characteristics of the device are developed,
and then the de analysis and design of MOSFET circuits are considered. We
witl see how the MOSFET can be used in place of resistors in a circuit, so that
circuits containing only MOSFETs can be designed,

In the junction FET, the junction may be a pn junction, which forms a
pn JEET. or u Schouky barrier junction. which forms a metal-semiconductor
FET. or MESFET. MESFETs are used wn very high speed or high-frequency
apphications. such as microwave amplifiers, Since JFETs are specialized
devices, the discussion of JFET circuits is brief.

Althaugh the emphasis of this chapter is on dc circuits, we discuss how the
FET can he used in switch, digital, and linear amplifier applications. A major
goal ol this chupter is to enable the reader to become very famibar and com-
fortable with the MOSFET properties and to be able to quickly analyze and
design the de response of FET cireuts.

54 MOS FIELD-EFFECT TRANSISTOR

The metal-oxide-semiconductor field-effect tramsistor {MOSFET) became a prac-
tical realily in the 1970s. The MOSFET, compared to BJTs. can be made very
small (that is. it occupies a very small area on an I'C chip). Since digital circuits
can be designed using only MOSFETs, with essentially no resistors or diodes
required, high-density VLSI circuits, including microprocessors and memories,
can be fabricated. The MOSFET has made possible the hand-held calculator and



Part T Semiconductor Devices and Basic Applications

the powerful personal computer. MOSFETSs can also be used in analog circuits,
as we will see in the next chapter.

In the MOSFET, the current is controlled by an electric field applied
perpendicular to both the semiconductor surface and to the direction of
current. The phenomenon used to modulate the conductance of a semiconduc-
tor, or control the current in a semiconductor, by applying an electric field
perpendicular to the sutface 1s called the field effect. Again, the basic transistor
principle is that the voltage between two terminals controls the current through
the third terminal.

In the following twe sections, we will discuss the various types of
MOSFETs, develop the —v characteristics, and then consider the de biasing
of various MOSFET circuit configurations. After studying these sections, you
should be familiar and comfortable with the MOSFET and MOSFET circuits.

511 Two-Terminal MOS Structure

The heart of the MOSFET is the metal-oxide-semiconductor capacitor shown
in Figure 5.1. The metal may be alutmnum or some other type of metal. In
many cases, the metal is replaced by a high-conductivity polyerystalline silicon
layer deposited on the oxide. However, the term metal is usually still used in
referring to MOSFETs. In the figure, the parameter 1, is the thickness of the
oxide and ¢, is the oxide permittivity.

Metal
J’. vl insulasor
G {oxide}

[L]
T Semicemductor
substrate

l

Figure5.1 The basic MOS capacitor structure

-

The physics of the MOS structure can be explained with the aid of a simple
parallel-plate capacitor.’ Figure 5.2(a) shows a parallel-plaie capacitor with the
top plate at a negative voltage with respect (o the bottom plate. An insulatoy
material separates the two plates. With this bias, a negative charge exists on the
top plate, a positive charge exists on the bottom plate, and an electric field 1s
induced between the two plates, as shown.

A MOS capacitor with a p-type semiconductor substrate is shown in
Figure 52(b). The top metal terminal, also called the gate, is at a negative
voltage with respect to the semiconductor substrate. From the example of the
paraliel-plate capacitor, we can see that a negative charge will exisi on the top
metal plate and an electric field will be induced in the direction shown in the
figure. If the electric field penetrates the semiconductor, the holes in the p-type
semiconductor will experience a force toward the oxide-semiconductor inter-

' The capacitance of 2 parallel plate capacilor, neglecting [ringing fields, is C = €4/, where 4 is the
area of one plaic,  is the distance between plates, and ¢ is the permittivity of the medium between
the plates.
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Figure 5.2 ({a) A parallel-plate capacitor, showing the slectri field and conductor charges,
{b} & corresponding MOS capaciter with a negative gate bizs, showing the eiécinic fiald and
charge fow, and (c) the MOS capacitor with an accumulation layer of holes

face. The equilibrium distribution of charge i the MOS capacitor with this
particular applied voliage is shown in Figure 5.2(c). An accumulation layer of
positively-charged holes in the oxide-semiconductor junetion corresponds to
the positive charge on the bottom “plate” of the MOS capacitor.

Figure 5.3(a} shows the same MOS capacitor, but with the polanty of the
applied voltage reversed. A positive charge now exists on the top metal plate
and the induced electric field is in the opposite direction, as shown. In this case,
if the electric field penetrates the semiconductor, holes in the p-type material
will experience a lorce away from the oxide-semiconductor interface. As the
holes ate pushed away from the interface, a negative space-charge region is
created. due (o the fixed acceptor impurity atoms. The negative charge in the
induced depietion region corresponds to the negative charge on the bottom
“plate” of the MOS capacitor. Figure 3.3(b) shows the equilibrium distribution
of charge in the MOS capacitor with this applied voltage.

()

. ) J_

5
= il 157 7 ~ o
+ + +[r + 'TJ____ —_—V ‘;T L i LY J e
¥ Ploppe ] = p-type /
=v = T

pelype “* et T w Induced Induced Electron

: space-charge space-charge inversion

1 region FEEI0n layer

(a) {0} ©

Figure 5.3 The MOS capacitor with p-type substrate: {a) effect of positive gate bias,
showing the electric figld and charge flow, (b} the MOS capacitor with an induced space-
charge ragion due o a moderate gate bias, and (c) the MOS capacitor with an induced
space-charge region and electron inversion layer due to a larger gate bias

When a larger positive voltage is applied to the gate, the magnitude of the
induced clectric field increases. Minority carrier electrons are attracted to the
oxide-semiconductor interface, as shown sn Figure 5.3(c). This region of mi-
nority carrier electrons is called an electron inversion layer. The magnitude of
the charge in the inversion layer is a function of the applied gate voltage.

The same basic charge distributions can be obtained in a MOS capacitor
with ap n-type semiconductor substrate. Figure 5.4(a) shows this MOS ca-
pacitor structure, with a positive voliage applied to the top gate terminal. A
positive charge is created on the top gate and an electric field is induced in the
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Figure 5.4 The MOS capacitor with n-type substrate for: (a) a posilive gate hias. (b) a
moderate negative bias, znd {¢) a larger negative bias

direction shown. In this situation, an accumuiation layer of electrons is induced
in Lhe n-type semiconducior.

Figure 3.4(b) shows the case when a negative voltage is applied to the gale
terminal. A positive space-charge region 18 induced in the n-type substrale by
the induced eleciric feld, When a larger negative voltage 1 applied, a region of
positive charge 15 created ot the oxide-semiconductor interface, as shown in
Figure 5.4(c). This gegion ol minority carrier holes is called a hole inversion
Yayer. The magnitude of the positive charge in the inversion layer is a function
ol the applied gate veltage.

The term enhancement mode means that 3 voltage must be applied ¢ the
gate to create an inversion layer. For the MOS capacitor with & p-type sub-
strale. a positive gate voltage must be applied 10 create the electron inversion
fayer; for Lhe MOS capacitor with an n-type substrate. a negative gate voltage
must be applied to create the hole inversion layer.

51.2 n-Channel Enhancement-Mode MOSFET

We will now apply the concepts of an inversion layer charge in a MOS cu-
pacttor to create a (ransistor,

Trangistor Structure

Figure 3.5(a) shows a simplified cross section of a MOS keld-eflect transisior.
The gate, oxide, and p-type substrate regions are the same s those of 0 MOS
capacitor. In addition, we now have two n-regions, called the sonrce terminal
and drain terminal. The current in a MOSFET is the result of the flow of charge
in the inversion luyer. also called the channel region, adjacent 10 the oxide-
semiconductor interface.

The channel length £ and channel width W are defined on the figure. The
channel length of a typical integrated circuit MOSFET is less than | pm
(107° m), which means that MOSFETs are small devices. The oxide thickness
foe 15 typically on the order of 400 angstroms, or less.

The diagram in Figure 5.5(a) is a simplified sketch of the basic structure of
the transistor. Figure 5.5(h) shows a2 more detailed cross seciton of a MOSFET
fubricated into an integrated circuit configuration. A thick oxide, called the field
oxide. is deposiled ouwtside the ares in which the metal interconnect lines are
formed. The gate material is uswally heavily doped polysilicon. Even though the
actual structure of a MOSFET may be fairly complex, the simplified diagram
may be used to develop the basic transistor characteristics.
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Figure 5.5 (a) Schematic diagram of an r-channel enhancemen mode MOSFET and
{b) an n-channel MOSFET, showing the fiek] oxide and pelysilicon gale

Bagic Transistor Operation

With zero bius applied (o the gate. the source and drtin terminals are sepurated
by the p-region. as shown in Figure 5.6(a). This is equivalent (o two back-1o-
back diodes, as shown in Figure 5.6(b). The current in this cuse is essentially
zero, I a large enough positive gate voltage is applied, an electron inversion
layer Ys created at the oxide -semiconductor interluce and ths Liyer “connects™
the n-source to the n-drain. as shown in Figure 5.6(c). A current can then be
generated belween the source and dram tesminals, Since a voltage must be
applicd 1o the gate Lo create the inversion charge, this transistor s called an
enhancement-mode MOSFET. Also. since the carriers in the inversion layer are
electrons, this device is also calied an n-channed MOSFET.

The source terminal supplies carriers that flow through the channel. and
the drain teeminal allows the carriers to drarn rom the channel. For the n-
channel MOSFET. or NMOS transistor. electrons flow ttom the sousce o the
drain with an applied drain-to-source voltage, which means the conventional

Gate {G) G

Source (83 Dvain (D) S T 1>

(U o }
[ A __...1
Electrun
p-tyre 5 D " insersion yer
Substrate or hody (B) L—k:l—bh—-j Subatrate or body 1B)

(@) {b} {c)

Figure 5.6 {a) Cross section of the n-channel MOSFET prior to the formation of an electron
inversion fayer, (b) equivalent back-to-back diodes batwesn source and drain whan the
transistor is in cutofl, and (c) cross gection after the formation of an alectron inversion layer
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current enters the drain and leaves the source. The magnitude of the current is
a funclion of the amount of charge in the inversion layer, which in turn is a
function of the applied gate voltage. Since the gate terminal is separated from
the channel by an oxide or insulator, there is no gate current. Similarly, since
the channel and substrate are separated by a space-charge region. there is
essentially no current through the substrate.

513 Ideal MOSFET Current-Voltage Characteristics

The threshold voltage of the n-channel MOSFET is denoted as ¥y and is
defined? as the applied gate voltage needed to create an inversion charge in
which the density is equal to the concentration of majority carriers in the
semiconductor subsirate. In simple terms, we can think of the threshotd voltage
as the gate voltage required to “turn on™ the transistor.

For the n—hannel enhancement-mode MOSFET, the threshold voltage is
positive because a positive gate voltage 15 required 1o create the inversion
charge. If the gate voltage is less than the threshold voltage, the current in
the device is essentially zero. If the gate voltage is greater than the threshold
voltage, a drain-to-source current is generated as the drain-to-source voltage is
applied. The gate and drain voltages are measured with respect to the source.

Figure 5.7(a) shows an n-channef enhancement-mode MOSFET with the
source and substrate terminals connected to ground. The gate-to-source velt-
age is less than the threshhold voltage, and there is a smali drain-to-ﬁ'ic-urce
voltage, With this bias configuration, there is no electron inversion layer, the
drain-to-substrate pn junction is reverse biased, and the drain curreml is zero
(neglecting pn junction leakage currents).

Figure 3.7b) shows the same MOSFET with an applied gate voltage
greater than the threshold voltage. In this situation, an electron inversion
layer is created and, when a small drain voltage is applied, electrons in the
inversion layer flow from the source to the positive drain terminal. The conven-

dl—

Vas < Vm +VES VG > "'FTJ'\-' g
5
% ‘ ip=9 2
\ / Space- Loduced electron
p charge regions charge regions P inversion Iayer
(m) {p}

Figure5.7 The n-channsl enhancement-mode MOSFET {a) with an applied gate voltage
Vas < Yrn, and (b) with an applied gate vollage vge > Vry

*The usual noation for threshokd volge is V. However, since we have defined the thermal
voltage as Vr = kT /¢, we will use Fry for the threshold voltage of the n-channel device.
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tional current enters the drain terminal and leaves the source terminal. Note
that a positive drain voltage creates a reverse-biased drain-to-substrate pn
Junction, so cutrent flows through the channel region and not through a pn
junctlion,

The ip versus vpg characteristics for small values of vpg are shown in Figure
5.8. When vps < Vry, the drain current is zero. When v is greater than Vyy,
the channel inversion charge is formed and the drain current increases with
vps. Then, with a larger gate vollage, a larger inversion charge density is
created. and the drain current is greater for a given value of vps.

Figure 5.9(a) shows the basic MOS structure for vgg > Vry and a small
applied vps. In the figure, the thickness of the inversion channel layer qualita-
tively indicates the relative charge density, which for this case is essentially
constant along the entire channel length. The corresponding 7, versus vy
curve 1% also shown in the figure.

Figure 5 9(b) shows the situation when vps Increases. As the drain voltage
increases, the voltage drop across the oxide near the drain terminal decreases,
which means that the induced inversion charge density near the drain also
decreases. The incremental conductance of the channel at the drain then
decreases, which causes the slope of the i versus vps curve to decrease. This
effect is shown n the i versus vpg curve in the figure,

As vpy increases to the point where the potential difference across the
oxide at the drain termmnal is equal to Vg, the induced inversion charge
density a1 the drain terminal is zero. This effect is shown schematically in
Figure 5.9(c). For this condition, the incremental channel conductance at the
drain is zero. which means that the slope of the ip, versus rps curve is zero. We
can write

oy — Tpgtsal) = Fry {5.1(a))
or
vpgisal) = vgg = My (3.1(b))

where vpy(sat) is the drain-ito-source voltage that produces zero inversion
charge density at the dramn terminal.

When vy becomes larger than vpg(sat), the point in the channel at which
the inversion charge is just zero moves toward the source terminal. In this case,
elecirons enter the channel at the source, travel through the channel toward the
drain, and then, at the point where the charge goes to zero, are injected into the
space-charge region, where they are swept by the E-field to the drain contact.
This process 18 similar to electrons being swept across a reverse-biased B—C
junction in a bipolar transistor. In the ideal MOSFET, the drain current is
constant for vpy > vps(sat). This region of the iy versus vps characteristic is
relerred 10 as the saturation region,’ which is shown in Figure 5.9(d).

*The term saturation for MOSEETS is not to be confused with saturation for BITs. We commonly
say that a BIT is driven into saruration, which means that the collector current oo longer increases
with increasing base cutrent and the collector—emitter voltage has reached a minimum value, When
a MOSFET is biased in the satwration region, the dramn current is essentially independent of drain
voliage lor 4 constant gate-10-source voltage,

24%
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Figure 5.8 Piot of iy versus
vpg characteristic for small
values of vpg al three vge
voliages
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Figure 5.9 Cross section and i, versus vpg curve for an n-channed enhancerneni-mode
MOSFET whan vgs > Wy for: ja) a smali vgs value, (b} a larger vy value,
{€) ¥ss = vps{sat), and (d} vps > vpgisal)

As the applied gate-to-source voltage changes, the ip versus vps curve
changes. In Figure 5.8. we saw that the initial slope of iy, versus vpg increases
as v,y incrcascs. Also, Equation (5.1(b)) shows that vpg(sat) is a function of
vys. Therefore, we can generate the family of curves for this n-channel
enhancement mode MOSFET as shown in Figure 5. [0

Although the derivaiion of the current-voltage characteristics of the
MOSFET is beyond the scope of this text, we can define the relationships.
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Flgure 5.10 Family of ip versus vpg curves for an n-channal enhancerment mide MOSFET

The region for which vpg < vpg(sat) is known as the nonsaturation or triode
region. The ideal current-voltage characteristics in this region are described by
the equation

; : ’ b -

ip = K[ 2vey — ¥ryps — vpsl (5.2(a))
In the sateration region. the ideai current voltage characteristics for v »
Vo are deseribed by Lhe equation

§ 3 - a

in = Ky = Fyy) (5-2(b}

In the satwration region. since the ideal drain current 1s independent of the
drain-te-source vollage, the incremental or small-signal resistance ¢ infinite,
We see that

roo= Avpgf A‘-ﬂ!rc,-_\zwnal =

The parameter K, i called the conduction parameter for the n-channel
device and is given by
h, - H"’.”:r(‘.'n

L 3

where (', is the oxide capacitance per unil arca. The capacilance is given by

{5.3(a))

"
( W = {'u\ffm.

where 7., 18 the oxide thickness and «,, is the oxide permittivity. For silicon
devices. €,, = (3.9%8.85 x 107'*)} Ffem. The paramcter i, is the mobility of the
electrons m the inversion layer. The channel width W and channel length L
were shown in Figure 5.5(a).

As Equation (5.3(a)) indicates, the conduction parameter is a function of
both electrical and geometric paramelers. The oxide capacitance and carrier
mobilily are essenlially constants for a given fabrication technology. However,
the geometry, or widith-to-length ratio B'/L, s a variable in the design of
MOSFETSs that is used to produce specific current-voltage characteristics in
MOSFET circuits.

251



51

Part 1 Sersiconductor Devices and Basic Applications

We can rewrite the conduction parameter 10 the form
1
L
where &, = 1, ... Normally. &, is considered to be a constant, so Equation

(5.3(b)} emphasizes that the width-to-length ratio B /L is the transistor design
variable.

k, _.

Example 5.1 Objective: Culculate the current in an n<hannet MOSFET.

Consider an n-channel enhancement mode MOSFET with the foliowing pa-
rameters: Vyy = 073V W =30pm, L= 4pm. u, = 650 ey Vs, f,, = 450 A and €,
= (3.9%8.85 x 10" Fjcm. Determine the current when Fy = 2¥ 1y, for the transistor
biased in the saturalion region.

Soluflon: The conduction parameter is determined by Equation (5.3{a)). First, con-
sider the units involved in this equation, 4s follows:

, om’ F
Wifem) - ar, (E)‘ (En) EoC/v)

A
=3

20icmy - £, {em) T V—
The value of the conduction parameter is therefore

L Wae,, 40 x 107 06503.9XR.85 « 1071
Gl d = 10-9)450 = 10°%)

or
K, = 0249 mA;V?
From Equation ¢5.2{b)} lor v;5 = 2F ., we find
ip = Ky{vgs — VeuF = (0.249)(1.5 - 0.75) = 0.140mA
Comment: The curcent capability of a transistor can be increased by increasing the

conduction parameter. For a given fabrication technology, K, is adjusted by varying the
transistor width H'.

Test Your Understanding

5.1 (1) An n-channel enhancement-mode MOSFET has a threshold voluge of Fiy
= 1.2V and an applied gale-to-source veltage of v,y =2V, Determing the region of
operation when: {1) vps = 0.4 V: () vps = | V; and {iil) vpy = 3V, (B) Repeal part ()
for an n-channel depletion-mode MOSFET with a threshold voltage of Fry = — 1.2V,
(Ans. (a) (1) nonsaturation, {ii) sauradon, (1) saturation: (b} (i) nonsaturation,
{ii) nonsaturation, (i) saturation)

8.2 The NMOS devices described in Exercise 5.1 have parameters B = (00,
L=Tpm, 1,,=450A, p, = 500cm’/V—=, and A = 0. (a) Cafculate the conduction
parameter K, for each device. {b) Caleulate the drain current for each bias condition.
(Ans. (2} K, =0274mA/VF (b ip = 0.132, 0.175, and 0.175mA; ip = 0.658. 1.48, and
2.81mA) '
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8.3 An NMOS (ransistor with ¥y = IV has a drain current i, = 0.8mA when
vy = 3V and vy = 4.3V, Calculate the drain current when: (2) vpg =1V, vpe =
4.5V und {bY by = 3V, vpe = | V. (Ans. () 0.2 mA (b 0.6mA}
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5.1.4  Circuit Symbols and Conventions

The convenlicnai circuit symbol [or the n-channel ephancemeni-mode
MOSFET is shown in Figure 5.11(a). The vertical solid line denotes the gate
electrode, the vertical broken line denotes the channel (the broken line indicates
the device is enhancement mode), and the separation between the gale line and
channel line denotes the oxide that insulates the gate from the channel. The
polazity of the pn junction between the substrate and the channel is indicated
by the arrowhead on the body or substrate terminal. The direction of the
arrowhead indicates the type of transistor, which in this case is an n-channel
device,

in most applications in this text, we will implicitly assume that the source
and subsirute terminals are connected together. Explicitly drawing the sub-
strate lermingl for each transistor in a circuit becomes redundant and makes
the circuits appear more complex. Instead, we will use the simplified circuit
symbol for the n-channel MOSFET shown in Figure 5.11{b}. In this symbol,
the arrowhead 1s on the source termiral and it indicates the direction of cur-
rent, which for the n-channel device is out of the source. By including the
arrowhead in the symbol, we do not need to explicitly indicate the source
and drain terminals. We will use the simplified circuit symbel throughout the
texd except in specific applications.

51.5 Additional MOSFET Structures and Circuit Symbols

Before we start analyzing MOSFET circuits, there are a number of other
MOSFET structures in addition to the n-channel enhancement-mode device
that need 1o be considered.

n-Channe! Depletion-Mode MOSFET

Figure 5.12(a) shows the cross section of an n-channel depletion-mode
MOSFET. When zero volts are applied to the gate, an n-channel region or
inversion layer exists under the oxide as a result. for example, of impunities
intreduced duting device fabrication. Since an n-region connects the n-source
and n-drain. a drain-to-source current may be generated in the channel even
with zero pate voltage. The term depletion mode means that a channel exists
even al zero gate voltage. A negative gate voltage must be applied to the n-
channel depletion-mode MOSFET to turn the device off.

Figuee 5.12(b) shows the n-channel depletion mode MOSFET with a nega-
tive applied gale-lo-source vollage. A negative gate voltage induces a space-
charge region under the oxide, thereby reducing the thickness of the n-channel
region. The reduced thickness decreases the channel conduciance, which in
turn reduces the drain current. When the gate voltage is equal to the threshold
voliage, which is negative for this device, the induced space-charge region

L
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Figure 5,12 Cross section of an nchannel depletion mode MOSFET for: {a) vgs =0,
{b) Vaos < 01 and (C‘,' Vg = 3]

extends complewely through the n-channel region, and the current goes to zero.
A positive gate voltage creates an electron accumulation layer, as shown in
Figure 5.12(c) which increases the drain current. The general ip versus vp,
family of curves for the n-channel depletion-mode MOSFET is shown in
Figure 5.13.

The current—voltage charactenstics detined by Equanons (5.2{a}} and
{5.2(b}) apply to both enhangement- and depletion-mode n-channel .devices.
The only dilference is that the threshold voltage Vyy is positive for the
enhancement-mode MOSFET and negative for the depletion-mode
MOSFET. Even though the current—voltage charactersstics of enhancement-
and depletion-mode devices are described by the same equations, different
circuit symbols are used, simply for purposes of clarity.

The conventiona! circuit symbol for the n-channel depletion-mode
MOSFET is shown in Figure 5.t4(a). The vertical solid line denoting the
channel indicates the device is depletion mode. A comparison of Figures
S.114a) and 5.14{a} shows that the only difference between the enhancement-
and depletion-mode symbols is the broken versus the solid line representing the
channel.

A simplified symbo! for the n-channel depletion-mode MOSFET is shown
in Figure 3.14(b). The arrowhead is again on the scurce terminal and indicates
the direction of current, which for the n-channel device is out of the source.
The heavy solid line represents the depletion-mode channel region. Again,
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Figure 5.13 Family ol iy vesus v;5 curves for an n-channel deplelion mode MOSFET

using a different circuit symbol for the depletion-mode device compared to the
enhancement-mode device is simply for clarity in a cireunt diagram.

p-Channel MOSFETs

Figures 5.15(n) and 5.15(b) show cross sections of a p-channel enhancement-
mode and a p-channel depletion-mode MOSFET, as well as the biasing con-
figurations and currrent directions. The types of impurity doping in the source.
drain, and substrate regions of the p-channel MOSFET, or PMOS transistor.
are reversed compared to the n-channel device. In the p-channel enhancement-
mode device, o negative gate-to-source voltage must be applied to creaie the
inversion layer, or channe) region. of holes that “connects™ the source and
drain regions. The threshold voltage. denoted as Fyp for the p-channel device.*
is ncgative lor an enhancement-mode device. The threshold voltige Frp is
positive for a p-channel depletion-mode device. Because holes flow from the
source (o the drain, the conventional current enters the source and leaves the
drain. A p-channel region exists in the depletion-mode device with zere gate
vitage.

The operatien of the p-channel device is the same as that of the p-channel
device, except that the hole is the charge carrier. rather than the electron, and
the conventional current direction and voltage polatities are reversed. For the
p-channel device biased in the nonsaturation region, the current s given by

ip = K205 + Vephrsp —~ V3ol (5.4(a)}
In 1he suturation region, the current is given by

in =K,y + Vrpl (5.4(p)}

*Using « different threshold voliage parameter [or a PMOS device compared to that for the NMOS
deviee is simply for clarity in particular applications.
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Figure 5.15 Cross section of p-channel MOSFETs: (&) enhancement-mode and
(b} depletion-mede

and the drain current exits the drain terminal The parameter K, 15 the con-
duction parameter for the p-channel device and 1s given by
Wi,y
Kp = _;:'ﬁ -
2L
where W, L, and C,, are the channgl width. length, and oxide capacitance per
unit area, as previously defined. The parameter u, 15 the mobility ol hoies in
the hole inversion layer. In general, the hole inversion layver mobiliLy is less than
the electron inversion layer mobility.
We can also rewnite Equation (3.5(a)) in the form

kW
il i 7

where k; = 1, C,..
For a p-channzl MOSFET biased in the saturation region, we have

(5.5(ah

(5.5(b))

Vo = i'SD(Sﬂ[} = ve; + VTP [56)

Example 5.2 Objeclive: Determine the source-to-drain voltage required to bias o
p-channel depletion-mode MOSFET in the saturation region.

Consider a depletion-mode p-channet MOSFET for which K, = 0.2 mAV, Vi
= +0.50¥, and /p = 0.50mA,

Solutlon: In the saturation region, the drain current is given by
ip = Ky(vss + Vrel

or
0.50 = 0.2(vg: + 0.50)

which yields
vse = OBV
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Ta bias this pchannel MOSFET in the saturation region, the following must apply:

byp = rgplsat) = vgs + Frp = 108+ 0.5 = 158V

Comment: Biasing a transistor in either the saturation or the nonsaturation region
depends on both the gate-to-source voltage and the drain-to-source voltage.
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Test Your Understanding

$.4 (a) For a PMOS device, the threshold voltage is ¥ = =2V and the applied
source-to-gate voltage is vge = 3V. Determine the region of operation when:
(1) vsp = 0.5V, (31} vgp = 2V; and (ii) vgp = 5 V. (b) Repeat part (a) for a depletion-
mede PMOS device with ¥rp = +0.5 V. (Ans. (a) (i) nonsaturation, (i} saturation, (iii)
sawration; (b) nonsaturation, (i) nonsaturation, (iil) saturaton)

The conventional circuit symbol for the p-channel enhancement-mode
MOSFET appears in Figure 5.16(a). Note that the arrowhead direction on
the substrate terminal is reversed from that in the n-channel enhancement-
mode device. The simplified circuit symbol we will use is shown in Figure
5.16(b). The arrowhead 1s on the source terminal, indicating the direction of
current, which for the p-channel device is into the source.

s 3
o o

+*
YsG

+

+
G — _'m
Ill:—OB Vip GD—ll:"sn

li_g . 1;9

3
D

o R

(a) {p)

Figure 516 The p-channel enhancement-mode MOSFET: (a} conventional circuit symbal
ard {b) simpiified circuit symbol

The conventional and simplified circuit symbols for the p-channel
depletion-mode device are shown in Figure 5.17. The heavy solid line in the
simplified symbol represents the channel region and denotes the depletion-
mode device. The arrowhead is again on the source terminal and it indicates
the current direction.

Complementary MOSFETs

Complementary MOS (CMOS) technology uses bath n-channe! and p-channe]
devices in the same circuit, Figure 5.18 shows the cross section of n-channel
and p-channel devices fabricated on the same chip. CMOS circuits, in general,

Qv

(b)

Figura 517 The p-channel
deplation mode MOSFET:

{a) conventional circult zymbol
and (b} simpified cirouit
symbol
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Field oxide Polysilicon gate Metal Metal contact

Gate oxide

Figure 5.18 Cross sections of nchannel and pchapnel transistors fabricated with a p-well
CMOS 1echnotogy

are more complicated to fabricate than circuits using entirely NMOS or PMOS
devices. Yet, as we will see in later chapters, CMOS circuits have great advan-
tages over just NMOS or PMOS circuits.

In order to fabricate n-channel and p-channel devices that are electrically
equivalent, the magnitude of the threshold voltages must be equal, and the n-
channel and p-channel conduction parameters must be equal. Since, in general,
#, and yi, are not equal, the design of equivalent transistors involves adjusting
the width-to-length ratios of the transistors.

5.1.8 Summary of Transistor Operation

We have presented a firsi-order model of the operation of the MOS transistor.
For an n-channel enhancement-mode MOSFET, a positive gate-to-source vol-
tage, graater than the threshold voltage Fpy, must be applied to induce an
electron inversion layer. For vgs > Vru, the device is turned on. For an n-
channel depletion-mode device, a channel between the source and drain exists
even for vgs = 0. The threshold voltage is negative, so that a negative value of
¥¢g is required to turn the device off.

For a p-channel device, all voltage polarities and current directions are
reversed compared to the NMOS device. For the p-channe! enhancement-mode
transistor, ¥ 7 < 0 and for the depletion-mode PMOS transistor, Vrp = 0.

Table 5.1 lists the first-order equations that describe the £-v retationships in
MOS devices. We note that X, and K, are positive values and that the drain
current ip is positive into the drain for the NMOS device and positive out of
the drain for the PMOS device.

Tabte 5.1 Summary of the MOSFET cumeni-voliage relationships

NMOS PMQGS
Nonsaturation region (vpg < vpz(sat)} Nonsalugation ragion {vep < vepisal))
in= KIIZ(PG_S - FW:“DS - 1’%)3] tp = KP[E("SG i I:"I'P}"".'.'E! = éﬂ]
Saturation region (vps > vﬂs{salfl) Saturation region {rgp > venl3aL))
ip = K(vgs = ¥ ruV’ In = Kfvss + Vre)
Transition point Transition point
vpsisal) = vgs = Fru veplsat) = vsg + Vrp
Enhancement mode Enhancement mode
Ven > 0 [
Depletion mode Depletion mode

Vﬂ( <9 V-rp =0
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5.1.7 Nonideal Current-Voltage Characteristics

The five nonideal effects in the current-voltage characteristics of MOS tran-
sistors ure: the finite output resistance in the saluration region, the body effect,
subthreshold conduction, breskdown efiects, and temperature eftecis. This
section will examine each of these effects.

Finlte Output Resistance

In the ideal case, when 2 MOSFET is biased in the saturation region, the drain
current ip s independent of drain-to-source volltage vps. However, in actual
MOSFET i, versus vpg charactenistics, a nonzero slope does exist bevond the
saturalion point. For vpg > vpglsal), the actual point in the channel at which
the inversion charge goes to zero moves away from the drain terminal (see
Figure 5.9(d)). The effective channel length decreases. producing the phenom-
encn called chaanel length modulation.

An exaggerated view of the current—voltage characteristics is shown in
Figure 5.1%. The curves can be extrapolated so that they intercept the voltage
axis at a point vpe = —F,. The voltage V, is usually defined as a positive
quantity and is similar to the Early voltage of a bipolar transistor (see
Chapter 3). The slope of the curve in the saturation region can be descnbed
by expressing the ip versus vpg charactenistic i the form, for an n-channel
device.

in = Ka[tvgs — Va2 + Avpg)] (5.7)

where X is a positive quantity called the channel-length modulation parameter.

0} Ve

Figure 5.1 Effect of channel langth modsdation, resulting in a finite oulpyt resistance

The parameters ). and V', are related. From Equation (5.7), we have (1 +
Avps) = 0 al the extrapolated point where ip =0. At this point, vpe = =V,
which means that ¥, =1/A.

The output resistance due to the channel length modulation is defined as

o=
Fo = ( 3[.0 )
a\‘ns

From Equation (5.7), the output resistance, evaluated at the @-point, is

(5.8)

Vg =CONsl.

ro= WK Vasp ~ Vel _ (5.9(a))
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or

| =1 [JJDQ]_] = L = K“— {5.9{b))
)‘J.DQ IDQ

The output resistance r, is also a factor in the small-signal equivalent circuit of
the MOSFET. which is discussed in the next chapter.

Test Your Understanding

8.5 For an NMOS enhancement-mode device, the parameters are: Fry =08V and
K, = 0.1mA/V’. The device is biased al vy = 2.5 V. Calculate the drain current when
vps =2V and vpg = 10V for: (a) 4 = 0 and (b} & = 0.02 V™", (¢) Calculate the output
resistance r, for parts {a) and (b). (Ans. (a) ip = 0.289mA for both 2 and 10V,
(b)ip =0.30mA (2V), ip = 0347 mA (10VY {cdr, = oo (a), r, = 173K (b))

D
1]
—
B
e
+ -
YGs ¥
- +
E:)
Ly

Figure 5.21 An n-channel
ennancemant-mode MOSFET
with & subsitate voliage

Body Effect

Up to this point, we have assurned that the substrate. or body, is connected to
the source. For this bias condition, the threshold voltage is a constant,

In integrated circuits, however, the substrates of all n-channel MOSFETs
are usually common and are tied to the most negative potenttal in the circuit,
An example of two n-channel MOSFETs in series is shown in Figure 5.20. The
p-type substrate is common to the two transistors, and the drain of M, is
common to the souece of M, When the two transistors are conducting.
there is a nonzeio drain-to-source voltage on A, which means that the source
of M, is not at the same potential as the substrate. These bias conditions mean
that a zero or reverse-bias voltage exists across the source—substrate pn junc-
tion, and a change in the source—substrate junction voltage changes the
threshold voltage. This is called the body effect. The same situation exists in
p-channel devices.

5, ¥ ¥o Vop
L— T o
D} % D,
[ a* n* n |
— |
M, My
p-substrale

i

—

Figure5.20 Two n-channel MOSFETSs fabricated in series in the samé substrate

For example, consider the n-channel device shown in Figure 5.21. To matn-
tain a zero- or reverse-biased source-substrate pn junction, we must have
vsp = 0. The threshold voltage for this condition is given by
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Vev = Vg + )’[‘/24";“ + vsp — ‘/‘Ef] (5.10)

where Fryo is the threshold voltage for vgg = 0; v, called the bulk threshold or
body-effect parameter, is related to device properties, and is typically on the
order of 0.5 V'/%; and ¢, is a semiconductor parameter, typically on the order of
0.35V, and is a function of the semiconductor doping. We see from Equation
(5.10) that the threshold voltage in n-channel devices increases due to this body
effect.

The body effect can cause a degradation in circuit performance because of
the changing threshold voltage. However, we will generally neglect the body
effect in our circuit anatyses, for simplicity.

Tast Your Understanding

8.8 An NMOS transistor has parameters Vryo = LV, ¥ =0.35VV2 and ¢, = 0.35V.
Calculate the threshold voltage when: (a) vsg = 0, (b) vgp = 1 ¥, and (¢) vop = 4 V. (Ans.
(a} 1V, (b 116V, {c) 1.47V)

Subthreshold Conduction

If we consider the ideal current-voltage relationship for the n-channel MOSFET
biased in the saturation region, we have, from Equation (5.2(b)),

in = Ky(vgs — ¥rn)’

Taking the square root of both sides of the equation, we obtain

Vin = VK, ves ~ Vrx) 5.11)

From Equation (5.11), we see that /7, is a linear function of vgs. Figure 5.22
shows a plot of this ideal relationship.

Also plotied in Figure 5.22 are experimental results, which show that when
vgs is slightly less than Vry, the drain current is not zero, as previously
assumed. This current is called the subthreshold corrent. The effect may not
be significant lor a single device, but if hundreds or thousands of devices on an
integrated circuit are biased just slightly below the threshold voltage, the power
supply current will aot be zero but may contribute to significant power dis-
sipation in the integrated circuit. One example of this is a dynamic random
access memory (DRAM), as we will see in Chapter 16.

In this text, for simplicity we will not specifically consider the subthreshold
current. However, when a MOSFET in a circuit is to be turned off, the
“proper” design of the circuit must involve biasing the device at least a few
tenths of a voli below the threshold voltage to achieve “true” cutoff.

Breakdown Effecis

Several possible breakdown effects may occur in a MOSFET. The drain-to-
substrate pn junction may break down if the applied drain voltage is too high

81
Vip
Experimental
\ ideal
- =
Vin vGs

Figure5.22 Plot ol /T
VOrsus vge characteristic
showing subthreshokd
conduction
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and avalanche multiplication occurs. This breakdown is the same reverse-
biased pn junction breakdown discussed in Chapier | in Section 1.2.5.

As the size of the device becomes smaller, another breakdown mechanism,
called punch-through, may become significant. Punch-through occurs when the
drain voltage is large enough for the depletion region around the drain to
extend completely through the channel to the source terminal. This effect
also causes the drain current to increase rapidly with ¢nly a small increase in
drain voltage.

A third breakdown mechanism is called near-avalanche or snapback break-
down. This breakdown process is due to second-order effects within the
MOSFET. The source-substrate-drain structure is equivalent to that of a bi-
polar transistor, As the device size shrinks, we may begin o see a parasitic
bipolar transistor action with increases in the drain voltage. This parasitic
action enhances the breakdown effect.

If the electric fiekd n the oxide becomes large enough, breakdown can
also occur in the oxide, which can lead to catastrophic failure. In silicon
dioxide, the electric field at breakdown is on the order of 6 x 10°V/em,
which, to a first approumation, is given by £, = Vi/t,.. A pate voliage
of approximately 30V would produce breakdown in an oxide with a thick-
ness of 1, = 500 A. However, a safety margin of a factor of 3 is common,
which means that the maximum safe gate voltage for 7, = 500 A would be
10V. A safety margin is necessary since there may be defects in the oxide that
lower the breakdown field. We must also keep in mind that the input impe-
dance at the gate is very high. and a small amount of static charge accumu-
lating on the gate can cause the breakdown voltage to be exceeded. To
prevent the accumulation of static charge on the gate capacitance of a
MOSFET, a gate protection device, such as a reverse-biased diode, 1s usually
included at the input of a MOS integrated circuit.

Temperature Effects

Boih the threshold voltage Iy and conduction parameter K, are functions of
temperature. The magnitude of the threshold voliage decreases with tempera-
ture, which means that the drain current increases with temperature at a given
Vs. However, the conduction parameter is a direct function of the inversion
carrier mobility, which decreases as the temperature increases. Since the tem-
perature dependence of mobility is larger than that of the threshold voltage, the
net effect of increasing temperature is a decrease in drain current at a given
Vs This particular result provides a negative feedback condition in power
MOSFETs. A decreasing value of X, inherently limits the channel current and
provides stability for a power MOSFET.

5.2 MOSFET DC CIRCUIT ANALYSIS

In the last section, we considered the basic MOSFET characteristics and prop-
erties. We now start analyzing and designing the dc biasing of MOS ransistor
circuits. A primagy purpose of the rest of the chapter is to continue to become
familiar and comfortable with the MOS transistor and MOSFET circuits. As
with bipolars, the dc biasing of MOSFETS, the [ocus of this chapter, is an
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important parl of the design of amplifiers, MOSFET amplifier design is the
focus of the next chapter.

In most of the circuits presented in this chapter, resistors are used in
conjunction with the MOS transistors. In a real MOSFET integraled circuit,
however, the resistors are generally replaced by other MOSFETSs, so the circuit
is composad entirely of MOS devices. As we go through the chapter, we will
begin to see how this is accomplished and as we fimish the text, we will indeed
analyze and design circuits containing only MOSFETs.

In the dc analysis of MOSFET circuits, we can use the ideal curreni-
voltage equations listed in Table 5.1 in Section 5.1.

521 Common-Source Circuit

One of the basic MOSFET circuit configurations is called the common-source
circuit, Figure 5.23 shows one example of this type of circuit using an n-channel
enhancement-mode MOSFET. The source terminal is at ground potential and
is common to both the input and output portions of the circuit. The coupling
capacitor C¢ acts as an open circuit to dc but it allows the signal voltage to be
coupled to the gate of the MOSFET.

The dc equivalent circuit is shown in Figure 5.24(a). In the fellowing dc
analyses, we again use the notation for dc currents and voltages. Since the gate
current into the transistor is zero, the voltage at the gate is given by a voitage
divider, which can be wrilten as

R,
V{_; = V(:'S = (R|_-|:-R_,) VBD {5.]2)

{a} (]
Figura 5.23 An NMOS common- Figure 524 (a) An NMOS common-source circuit and (b} the NMOS
source circult circuit for Example 5.3

Assuming that the gale-to-source vollage given by Equation (5. 12.) is
greater than Vpy, and that the transistor is biased in the saturation region,
the drain current is

Ip=KiVes—Vra) : (8.13)
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The drain-to-source voltage is
(5.14)

If ¥Vps > Vpgisat) = Fgg — Fpy, then the transistor is biased in the satu-
ration region, as we initially assumed, and our analysis is correct. If Vpg <
Vps(sat), then the transistor is biased in the nonsaturation region, and the
drain current is given by Equation (5.2(a)).

Vps=Vpp—IpRp

Example 5.3 Objeciive: Calculate the drain current and drain-to-soutce voltage
of a common-source circwit with an nchannel enhancement-mode MOSFET.

For the circuit shown in Figure 5.24(a), assume that By = J0k$2, R, =20k, Ry
= 20k Vpp = 5V, ¥oy = 1V, and K, = 0.1 mA/ V2,

Solutiom:  From the circuit shown in Figure $.24(b} and Equation (5.12), we have

R 20
Vo= Vgs= (E—_'_I—'ﬁ*) Voo = (m)(jl =2V

Assuming the transistor is biased in the saturatiot region, the drain current is
Ip = K,(Vgs — Vra¥t = (0.1{2 - 1> = 0.1mA

and the drain-io-source voltage is
Vps=Vpp —IpRp=5-10.1)20) =3V

Commaent: Because Vs = 3V » Fpgisal) = Vg ~ Fey =2 = | = 1V, the transistor
is indeed biased in the saturation region and our analysis is valid.

+¥nn

i
R, l"

Ry

{a)

Figure 5.25(a) shows a common-source circuit with a p-channel enhance-
ment-modes MOSFET. The source terminal is tied 1o +Vpp, which becomes
signal ground in the ac equivalent circuit. Thus the terminology common-
source applies Lo this circuit.

Ry = 50 k2 R =50kl
07 * 3
Vo= {505 Vip =5 ~(0.5T8)7.5) Vym 28V Vep=5 - (0S15KT.5;
«15V =0.065 ¥ « Vgpisat) =114V
Ry=50k0 Ip=0578 ma Ry=50 ki l:,,:o.s-ls mA
(Nox cormect) (Comecty

)

Flgure $.25 1a) A PMOS common-source ccut, (b) resalls when saturation-fegion bias
assumpbon i incomect, and () results when nonsaluration-region bias assumplion is comact
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The dc analysis is essentially the samme as for the n-channel MOSFET
circuis. The pate voltage 15

Vo= (22 VVp) 5.1
O Fa}) (5.15(2))
and the seurce-to-gate voltage is
Fay = Von =V (5.15(b))

Assuming that Vgs < Vrp, or Fgg > |Frpl. and that the device is biased in
the saturation region, the drain current is given by

Ip=K,Vyg+ Vip) (5.16)
and the source-10-drain voltage is
Vip = Vpn —IpRp (5.17)

If Vg > Vgpisat) = Vg + Vrp, then the transistor is indeed biased in the
saturation region, as we have assumed. However, if Vgp < Vpisat), the tran-
sistor ts biased in the nonsaturation region.

265

Example 5.4 objective: Calculate the drain curreat and source-to-drain voltage
of u commen-soutee circuit with a p-channel enhancement-mode MOSFET.

Consider the circuit shown in Figure 5.25(a). Assume that R| = Ry = 50kQ, Vpp
=5V, Ry = 7.5k, Vyp = D8V, and K, = 02mA/Y’,

Solutlon: From the circuit showr in Figure 5.25(b) and Equation {5.15{a)), we have

. { R {50 B
Ve = (R. + RE)(V”D) - (50+ 50){5} =23V

The source-to-gale voltage is therefore
Vi = Vop~¥g=3-25=235V

Assuming the iransistor is biased in the saturation region, the diain current is
Ip= KfVsg + VoY = (0.2)(2.5- 0.8Y =0.578mA

and the source-to-drain voltape is
Vep = Fpp— IpRp = 5 —(0.578)(7.5) = 0665 V

Since ¥gp = 0.665 ¥ is not greater than Vp(sat) = Ve + Vpp =25 -08 =17V,
the p-channel MOSFET is not biased in the saturalion region, as we imtially assumed.
in the nonsaturation eegion, the drain current is given by

Ip = K,[2¥sq + VrpWsp ~ Vol
and the source-to-drain voltage is

¥sp = Vpp— Inkp
Combining these two equations, we obtain

In = K\2Vs + Vrp)Vpp — IpRp) = (Vop — o Ro)Y')
oT

Ip = (020225 - 0.8%5 — Ip(7.5) — (5 — Ip(7.517]
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Solving this guadratic equation tor £y, we ind
{p=0515mA

We also find that
Fop =114V

Therelore, Vi < Uypisat), which verilies that the transistor is biased in the nonsatura-
Lon region,

Comment.  In sobang the gquadratic equation for fno we find a seeond solulion that
vields }gp = 293V, However, this vilug of gy 1 greater than episal), 50000 s nol o
valid seluiion since we assumed the tranststor w0 be hased I the nonsatzcation reginn.

As Example 5.4 illustrated, we may not know initially whether a transistor
is biased in the saluration or nonsaturation region. The approach involves
making an educated guess and then verifying that assumption, i the assump-
tion proves incorrect, we must then change it and reanalvze the circuit.

In lincar amplifiers containing MOSFETS. the transistors are biased in the
saluralion region.

Test Your Understanding

*S. 7  For the trinsistor in Che drewit in Figure 326, the parameters ane F ey = LV
and K, = 0.3mA/V-. Delermine Fyq £y and Ppy 4Ans. D= 265V ) = LibmA,
i‘i)_-,' =342 "’]

‘8.8 Consider the circuil shown in Figure 5,27, The transistor parameters are
Fpe=—1V and A, = 0.25mA/V", Calulate Fy;. dpound Fyp (Ans, Fyg = 304V,
;;) = |.0dmA. l._t;p =4.5V)

+AW
+3
K= R0 = 150k
R = 60K i Ry= 130 kLD Ris 1. REE
= 40K R.= 200 kO é g
Rz 30 kLY PR s 3 k= 4k
A Sy
Figura 5.26 Circun for Exercise 5.7 Figure5.27 Cirwcui for Exercise 5.8

RDS5.9 The (rumsistor in the circuit shown in Figure 5.24(a) has parameters
Py =08V and K, =025 mA;V:. The cireut 11 ased with 1, = 7.5V, Let
Ry 4+ Ry = 250 k02, Redesign the arcuit such that Jy = 0.40mA and Vg =4V {Ans.
R.=687kQ R = 18L3kQ. Rp=875k2)
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5.2.2 Load Line and Modes of Operation

The load line is helpful in visualizing the region in which the MOSFET is
biased. Consider again the common-source circwmt shown in Figure 5.24(h).
Weiting a KuchholUs voltage law equation around the drain-source loop
results in Equation {5.14), which is the load line equation, showing a linear
relationship between the drain current and drain-to-source voltage.

Figure 5.28 shows the rpg(sat) charactenistic for the traunsistor described in
Example 5.3. The load line is given by

Foy=Van— IpRp = 5 —1p{20) (S.18an

ar

5 Fi
sl g (MA) (5.18(b))

%3
and is alsv plotted in the figure. The two end points of the load line are
determined in the usual manner. If 7, =0, then Ve =5V Ve = 0. then
i =5/20 = 0.25mA. The @-point ol the Lransistor is given by the dc drain
curtent ansd diain-to-source voltage. and it 15 always on the lead line, as shown
in the figure. A few transistor characteristics are also shown on the figure.
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Figure 5.28 Transistor charactaristics, vps(sal) curve, load line, and G-point for the NMOS
common-source cirgult in Figure 5.24(b)

If the gale-to-source voltage is less than ¥y, the drain current is zero and
the transisior is in cutoff. As the gate-to-source vollage becomes just greater
than ¥, the transistor turns on and is biased in the saturation region. As Fs
increases, the {J-point moves up the load line. The transition point is the bound-
ary hetween the saturation and nonsaturation regions and is defined as the
point where 1'ps = Vpg(sat) = Vg — Voy. As Vi increase above the transi-
tion point value, the transistor becomes biased in the nensaturation region.
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Example 5.5 Objective: Determine the transition point parameters [or a common-
FO0ree Circut.

Consider the circuit shown in Figure 5.24(b). Assume transistor parameters of
Fry = LV and K, = 0.1mA/VE
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Solution: At the transition point,

Vps = Vpglsat)y = Vg = Vyy = Vop— loRp
The drain current is stilt

Ip = KdVgs = Vgl
Combining the 1ast 1wo equations, we obtain

Vas— Vv = Vop — KRt Vs = ViV
Rearrangmng this equation produces

K KoV e Pl el Pyl = py =0
or

0. D0H Vs = V) + 1V = Vra) =5 =0
Solving the quadratic equation, we find that

Vos — Vpw = 135V = Iy
Therefore,

Ve =235V
and

1, = (0.13(2.35— 1)° = G182 mA

Comment: For Vg < 235V, the transistor is biased in the saturation region: for
Vs > 2.35V, the transistor is biased in the nonsaturation region.

Problem-Solving Technique: MOSFET DC Analysis

Analyzing the dc response of a MOSFET circuit requires knowing the bias
condition (saturation or nonsaturatien) of the transistor. In some <ases, the
bias condition may not be obvious, which means that we have to guess the bias
condition, then analyze the circuit 1o determine if we have 4 solution consistent
with our initia! guess. To do this, we can:

[, Assume that the transistor is biased in the saturation region. in which case
Vgs > Frn, Ip > 0, and Vs = I"Ds(sal).

Analyze the circuit using the saturation current-voltage relations.

3. Fvaluate the resulting bias condition of the transistor. If the assumed pa-
rameter values in siep | are valid, then the initial assumption is correct. I
Vs < Vrw, then the transistor is probably cutofl, and if Vps < Vpglsat),
the teansistor is likely biased in the nonsaturation region.

4, If the initial assumption is proved incorrect, then a new assumption must
be made and the circuit reanaiyzed. Step 3 must then be repeated.
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523 Common MOSFET Configurations: DC Analysis

There are various other MOSFET circuit configurations, in addition to the
basic common-source circuit. Several examples are discussed 1n this section.
We continue the dc analysis and design of MOSFET circuits to increase our
proficiency and to become more adept in the analysis of these types of circuits.

Design Example 5.6 Objective:  Design the dc bias of a MOSFET circuil to
produce a specified drain current,

For the de circuit in Figure 5.29, assume the MOSFET parameters are Fpy =1V,
kL= ROpA/Ye, and W /L =4 Choose R, and R. such that the current in the bras
Tesistors i approximately one-tenth of 7. Design the circull such that [, = 0.5mA.
In the final design. standard resistor vitlues are to he used.

Solution:  Assuming the transistor is biased in the saturation region, we have
k:l W 3 i 2
Iy = 3 1—“’03 = Vi)

3T
0.080 .

which yiclds
[",';_q =317V

The current through the bias resistors should be approximatety 0.05 mA se thal
10
4= e=— = M
Ry + Ry = o = 0K

We can write

s = ¥ = [ (g Jow - 5] - toRe~

50 that

R‘l
337 = — JI10y =092
17 (m)e 01 = (0.5%2)

We find that
Ry =954k0Q and R = 046kC
The closest standard resistor values are Ry = 100kQ und R, = 110ks2

Comment: Since Fpy = 4V, then Vps = Ppelsatl = P — Ve =377 -2=1.77V,
Theretore, the transistor is biased in the saturation region, as initially assumed.

Design Pointer: We must keep in mind that there are certain tolerances in resistor
values as well as telerances in transistor conduction parameter and threshold vollage
values. These tolerances lead Lo variations in the (-point values. One implication of this
vanation is that we should not design the Q-point 100 close 1o the transiton point, or
the parameter variations may push the O-point into the nonsaturation region. This is
one stuation in which a computer simulation may cul down the number of tedious
calculations.

0
=5V

Figure 529 MNMOS
common-squrce circuit with
SOUrCe resistor

B
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In bipolar circuits, we observad that the Q-point tended to be stabilized
when an emiuter resistor was included in the circuit. In a similar way, the
O-point of MOSFET aircuits will tend to be stabilized against variations in
transistor parameters by including a source resistor. The Lransistor conduction
parameter may vary from one device to another because of fabncalion loler-
ances in channel length. channel widih, oxide thickness, or carrier mobility. The
threshold voltage may also vary from one device to another. Yariations in these
device parameters will change the @-point in a given circuit, but the change can
be lessened by including a source resistor. Further, m many MOSFET circuits
today. the source resistor is replaced by a constant-current spurce, which byases
the transistor with a constant current that is independent of the transisior
parameters, thereby stabilizing the O-point.

Design Example 5.7 Objective: Dcsign 1 MOSFET circuit biased with u
constant-current sourde.

The parameters of the transistor in the civcuit shown in Figwre 5.300a) are Fyy
= ORV. & = 80pA/ V. and W'/ L = 3. Design the circuit such that the guiescent values
are fp = 28pA and 1, = 25V,

Solutlon: The de equivalent circuit is shown ie Figure 3.30(b). Since v, = 0, the gate is
al ground potential and 1there 15 ne gate current through £

@ {b}

Figure5.30 (a) NMOS common-scurce cireul biased with a constan-current sgurce and
{b} equivalent dc circuii

Assuming the transistor 1> blased i the saluration region. we have

ki B .
Iy ‘—‘?"' -E“ 65 = Fial
or
80 2
250 = (T) AN s —0.8)
which yields

Vs = 2.24V

The vollage al the source lerminal is Vg = —Fgg = -2V,
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The duun current can also be writlen as

5—1
Bgpmetn

Ry

For F7y == 25V, we have

Ree20A .
R“ = _{)__2_5" = !ﬂkﬁ

The drain-io-source vollage is
itﬂ\' 5= l'l,ll I't. zedd —l‘-224) =474V

Since Fpy =474V = Fpglsat) = Vi — Fpy = 224 - 0.8 = L44V, the transistor is
biased in the saturation region. as nitially assumed.

Comment: MOSFET circuits can be biased by using constant-current sources. which
in turn are designed by using cther MOS transistors.
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Test Your Understanding

RD5.10 For the cireut shown in Figure 5 MKb) the transisior parameters are
Vg = 12Vand &, = (1030 mA/V’. Redesign the circuil by replacing the current source
with a0 source resistor such that fp = 100pA and Vpg == 435V {Ans. Ry = 26.8kQ and
Ry = 28.2K00

BS.11  Consder the circuit shown in Figure 531 The transistor parameters are
Frpom =08V and K, = 0030 mA VS Design the circuit such that 7, = 120uA and
Fop - BV (A0S Ry = 63T75kQ. Rp = 3025k}

+ 1Y

-

”y

-1y

Figure5.31 Circuit for
Exarcise 5.11

Aun enhancement-mode MOSFET connected in a configuration such as that
shown in Figure 5.32 can be used as a nonlincar resistor. A transistor with this
connection s called an ewhancement load device. Since the transistor is an
enhitncement mode device, Vyy = 0. Also. for this circut, vpy = vgs >
¥pelsl) = v,y — 'y, which means that the transistor 15 always biased in the
saturation reginn, The general ip versus vy charactenstics can then be writlen
as

tp = Kylvg, — "‘m‘?: = Ku(vps — Vra?" (5.19)

Figure 5.33 shows a plot of Equation (5.19) for the case when K, = | mA/V"
and ¥y =1V,

1n the next chapter, we will see how this transister is used in place of a toad
resistor in an amplifier circuit. [n later chapters, we will show how this tran-
sistor 13 used in digital logic circuits,

*
—| Yin
+ -
Feg

Figure5.32 Enhancemeni-
mods NMOS dawvice with the
gate connacted (o the drain
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inimA)

13+

vpg (s = vy ~Voy ¢
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Transistor
characteristics

] |
0 i 2 1 4 5 V(¥

Figure §.33 Current-voltage charactetistic of an enhancement load device

Vpp= 5V

+
L[ v
n
Viss

.'D]ERF 10 ket

Figure5.34 Circuit
containing an enhancement
Ivad device

Example 5.8 Objective: Calculate the characteristics of a circuit containing an
enhancement load device.

Consider the circuit shown im Figure 5.34 with transistor parameters Fpy =08V
and K, =0.05mA/V*.

Solution: Since the transistor is biased in the saturation region. the dc drain current is
given by

Ip=K,(Vys = Vrw)
and the dc drain-to-source vollage is
Vos = Vgs=5-1IpRs
Combining these 1wo equations, we ehtain
Vs =35 — KyRslVgs — V)
Substituting parameter values, we obtain
Vs = 5— (0.05)10KVss - 0.8)
which can be writien as
0513 4020 —4.68 =0
The two possible solutions are
Ves==-327V and Vo =+287V

Since we are assuming the transisior is conducting, the gate-to-source voltage must be
greaier than the threshold voltage. We therefore have the following solution:

Ves = Vps =287V and fp = 0213mA

Comment: This particular circuit is obviously not an amplifier. However, the transis-
tor connected in this configuration is extremely useful as an effective load resistor.
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Test Your Understanding

8.92 The parameters for the circuit shown in Figure 5.34 are changed to Vpp = 10V
and Rs = L0k, and the transistor parameters are Fpy =2V and K, = 0.20mA /¥,
Calculate [y, Vpg, and the power dissipated in the transistor. {Ans. Vo=
Vs =3TIV 1, =0.623mA, P=2.35mW)

D5.13 The parameters for the circuit shown in Figure 534 are ¥pp =5V and
Re = 5k The transistor threshotd voltage is Vey =1 V. If £, =40 pA/VE, design
the transistor widih-to-length ratio such that ¥pe = 2.2V, [Ans. W/L = 15.5)

If an enhancement load device is connected in a circuit with another
MOSFET tn the configuration in Figure $.35, the circuit can be used as an
amphifier or as an inverter in a digital logic circuit. The load device, M, Is
always biased in the saturation region, and the transistor Mp, called the driver
transistor, can be biased in either the saturaton cor nonsaturation region,
depending on the value of the input voltage. The next example addresses the
dc analysis of this circuit for de input voltages to the gate of Mp.

Vo =5V
L]

l Ipy

+

+—|l:"’t Yo Leat

Veu,

—aV,
l-’w

i
vy D—'|+ My Vosp Drriver
Vasp

=

Figure 5.35 Circult with enhancement load device and NMOS driver

Example 5.9 Objecyive: Determine the dc transistor currents and voliages in a
circuil contaming an enhancement load device.

The transistors in the circuit shown in Figure 5.35 have parameters Fryp = Frap
= 1V, K,p = S0 pA/V:, and K,; = W0uA/VE (The subscript D applies 1o the driver
transistot and the subscript L applies to the load transistor.) Determine Vg for ¥y =3V
and V; =159V

Solution: (I} = 5 V) Assume that the driver transistor My is biased in the nonsatura-
tion tegion. The drain eurrent in the load device is equal to the drain current in the
driver transistor. Writing these currents in generic form, we have

Ipp = ipy
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o1
Kopl2Wisp = VivalVosn — Visol = Kt Vosr — Fnel
Since Fysp = Vi Vpsp = Voo and Vase = Vasi = Vep = Fo. then
Knﬂ{Z(V.' — FrapiVo - VE!] - Kmf.l Vop - Vn - V'r.'«.'.-.]3
Substituting numbers, we find
150M[2(5 — 1o~ KAl = (1005 — Vo ~ I
Rearranging the terms provides
Wh—24Vy+4=0
Using the quadratic formula. we oblain lwo possible solutions:
Va=2.6Y or V=043V

Since the output voltage cunnot be greater than the supply voltage Fyp = 5V, the valid
solution 18 1, = 0.349 V.

Also, since Vpsp = Vo= 0.MIV « Ugg, — Prop =5 =1 =4V the driver Mp s
biased in the nonsaturation region. as initially assunmed.

The currenl ¢an be determined from

Ip=KulVes Vi ¥ =K Wnp — b= Vo)
or

In = (1OKS — 0.349 — 1y = 133 A

Solution: (F; = 1.3 V) Assume thal the driver transistor My 18 based in the sutwiation
region, Equating the currents in the two transistors and writing the current vquatiens in
generic form. we huve

fop=1Im

or

A

KuplVoso = Visol = K Voss = Viwe
Again. since Vo =V and Fgp = Yy = Vpp — V. then
Kapl Vs - "":‘.-‘-;}-’1: = KalVop - Vo - er.lz
Substituting numbers and taking the square reot, we find
0[5 1] = V0[S = Iy —1]

which yields Fy = LER V.

Since Vpop = Vo =288V > Fogp - Vrap =13 =1 =05V, the driver rarsistor
Mp is biased in the saturation region, as initially assumed.

The current is

In = Knp(Visp — Vanp) = (50X15 = 1P = 12.5pA

Comment  For this example, we made an wnitial guess as to whether the driver tran-
sistor was biascd in the satuzation of nonsaturation region. A more analytical approach
is shown following this example.

Computer Simulation: The vollage transfer characteristics of the NMOS inverter
circuit with the enhancement load shown in Figure 5.35 were obtained by a PSpice
analysis. These results are shown in Figure 3.36. For an input voltage less Lhan 1V,
the driver is cut off and the ouiput voltage is Vg = ¥pp — Vywe =5— 1 =4V As the
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Folvy
40
2.01-
] !
0 50

Fp (Vi

Figure5.36 Voltage 1ransfer charactanstics of NMOS inverter with enhancerment
load device

nput voltage decreases. the oulpur voliage increases. charging and dischacging capaci-
tances in the transistors. When the cusrent goes 1o zeroat V; = 1V and by = 4V, the
capacilances cease charging and discharging so the output volltage cannot get to the full
lf;:;. = :! ‘\'I \f'.il'llk.‘_

When the input voltage is just greater than |V, both transistors are biased in the
saturalion region as the previous analsyis for 1 = 1.5V showed. The output voltage is
a linear function of input voltage.

For an mput vollage greater than approsimaely 225V, the driver transistor is
based in the nonsaturation region and the output volsage is a nonlinear function of the
inpul voltage.

78

In the circuit shown in Figure 535, we can determine the Lransition poinl
for the driver transistor that separates the saturation and nonsaturation
regions, The transition point is determined by the equation

Vosptsa) = Vggp = Vrsp i5.20)

Again. the drain currents in the two transistors are equal. Using the satura-
tion drain current relationship for the driver transistor, we have

I = Iy (5.21{a)}
ar
KiolVeso — Vewol = KoplVese — Vol {5.21(b))

Again. neting that ¥on = Vy and Vg = Vg = Vpp — V. and taking the
sguare rool, we hive

Ko
Kﬂ L

(Vi = Veyp)={(Vpp — Vo — Vryr) (5.22)
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At the transition point, we can define the input voltage as V; = };, and the
output voltage as Vo, = Vpyplsat) = ¥, — Vrap. Then, from Equation (5.22),
the input voltage at the tramsition point 15

_ Vop = Fone + Viwpll + VKin/Ksr )

I, =
# I+ L Kﬂﬂ[]:nl

If we apply Equation (5.23) 10 the previous exampie, we ¢an show that our
imitial assumplions were correct.

(5.23)

Test Your Understanding

$.14 For the circuit shown in Figure 5.35, use the (ransistor paramelers given in
Example 5.9. (a) Determine I; and Fy at the transition point for the driver transistor,
(b) Calculate the transistor currents at the transition point. (Ans. (a} Fp = 224V,
Voy = 124V, (b) Jp = 769 1A)

DS8.15 Consider the ciscoit shown in Figure 535 with transistor parameters
Vivn = Ve = 1 V. (@) Design the ratio K, /K, that will produce a transition peint
at ¥y = 2.5V, (b) Using the results of part (ay. find F; for V) = V. (Ans. () Ko/ K =
178 (b) ¥y = 0.57V)

Von

+

_I Vi

ful Rg

Figqure 538 Circuit
contalining a depletion
load device

Up to this point, we have only considered the n-channel enhancement-
mode MOSFET as a load device. An n-channel depletion-mode MOSFET
can also be used. Consider the depletion-mede MOSFET with the gate and
source connected together shown in Figure 5.37(a). The current-voltage char-
acteristics are shown in Figure 5.37(b). The transistor may be biased in etther
the saturation or nonsaturation regions. The transition point is also shown on
the plot. The threshold voliage of the n-channel depletion-mode MOSFET is
negative so that vps(sat) is positive.

Yoo
o
Jre
in vos st = vos - Yy = - ¥y
s
+ }l 1‘(;'5 =0
—L |
- '
'
1
i
= vps (sat} Ype
(a} (v)

Figure 5.37 (a) Depletion-mods NMCS device with the gate connectad to the source and
{b) cument—vaottage characterislics

Consider the circuit shown in Figure 5.38 in which the transistor is being
used as a depletion load device. [t may be biased in the saturation or nonsatura-
tion region, depending on the values of the transistor parameters and Fpp
and .Rs.
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Example 510 oOpjectiver Calculate the characteristics of a circuit containing a
depletron load device.

For the circuil shown in Figure 538 the transistor parameters are Vyy = -2V and
K, = 0.1 mA/V?. Assumne that Vgp = 5V and R; = 542,

Solution: I we assume that the transistor s biased i the saturation region, then the
de drain current is

Ip = Kf Vi ~ Voul = K=V )t = 01%~(=2) = 04 mA

In this case, the lransistor is acting as a constant-current source. The dc drain-to-source
vollage s

l”'},}" = VDB‘ — I.DRS - 5 “(0-4}(5) = 3V
Stnce
Fpy =3V e Fpusat) = Vs —Fry =0-(-2)=2¥%

the transistor is biased in the saturation region.

Comment: Although this circuit is aiso not an amplifier, this transistor confguration
is useful as an effective load resistor in both analog and digiial circuits.

Test Yaur Understanding

8.16 For the circuil shown in Figure 5,33, the circuit parameters are Vpp = 10 ¥V and
Ry =4k, and the transistor parameters are Vyy = —2.5V and K, = 0.25 mA/V?
Calculate Ip, Fpg. and Lhe power dissipated in the transistot. Is the Lransistor biased
in the saturalion or nonsaturation region? {Ans. fp = 1.56mA, Vg =376V, P=
587 mW, saturation region)

D5.17 The parameters for the circuit shown in Figure 5.38 are Fpp =5V and
Ry = R k2. The transistor threshold voltage is Vry = -1.8V. Ik, = 35pA/ V2, design
the transistor width-to-length ratio such 1hat ¥Fpg = 1.2V s the transistor biased in the
saturation or nonsaturation region? (Ans. W/L = 9.4], nonsaturaticn}

A depletion load device can be used in conjunction with another
MOSFET, as shown in Figure 5.39, to create a circuit that can be used as
an amplifier or s an mverter in a digital logic circuit. Both the load device M,
and driver transistor M; may be based in gither the saturation or nonsatura-
tion region, depending on the value of the input voltage. We will perform the
de analysis of this ciscuit for a particular de input voltage to the gate of the
driver transistor,

Example 511 Objective: Determine the dc transistor currents and voltages in a
circuik contaiming a depletion foad device.

Consider the circuil shown in Figure 5.39 with transistor parameters: Fryp =1V,
Ving = —2V, Kup = SOpA/VE, and K,y = 10 pA/V2. Determine ¥ for ¥, =5V.
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¥y 0—-‘__| E‘fr,- Yosp Driver
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Figure 539 Circui! with deptetion load device and NMOS driver

Solution: Assume the driver rransistor A, 15 biased in the nonsaturation region and
the load (ransistor M, 1s biased in the saturation region. The drain currents in the two
Iransistors are equitl. in generic form, these cocrents are

fop = Ips

or

Kaph2(Vosp = ¥ oW s — Vosp) = KW ese — Visal

Since Vgsn = Fy. Fasp = Voo and Vs =0, then
Kapl20¥; = Vpxg) Vo = Vil = Ky [ Vi)
Substituting numbers, we find
(SO[AS = 11V — V] = (10)—=2]
Rearranging 1he terms produdces
S5 - 40V +4=0
Using the quadratic tormula. we oblain two possible solutions:
Fa=790V of V=010V

Since the outpul voltage cannot be greater than the supply voltuge Vpp = 5V, the valid
solution is ¥ = 0,10 Y.
The current is

In = Koy (=Fry ) = 100 ~(—21]" = 40pA

Comment: Since ¥pep = Vo =0.10V < Fgsp — Fryp = 5 — 1= 4 V. Mp is biased in
the nonsaturation region, a5 assumed. Similarly, since bpg = Vpp— Vo= 49V =
Fose = Vrae =0-¢-21 =2V, M, is biased ip the saturation region, as originalty
assumed.

Computer Simulation: The voliage transfer characteristics of the NMOS inverter
circuit with depletion load in Figure 3.9 were obtained using a PSpice analysis,
These results are shown in Figure 540, For an input voltage less than |V, the driver
is cut off and the cutput voltage is Vg = Fpp =5V,

When the input voltage isjust greater than 1V, the driver transistor is biased in the
saturation region and the Joad device in the nonsaturation region. When the input
voltage is approximately 1.9V, both transisiors are biased in the saturation region. If
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otV
50

0 ¥

0 v 50

Figure5.40 Voltage fransier charactersiics of NMOS inwerier with deptetion load device

the channed length modulation parameter A s ussumed (0 be zere as in this example,
there is no change in the input voltage durmg this transition region. As the input vohiage
becomes larper than 1.9V, the driver is biased in the nonsaturation region and the load
in the saturalion region,

Test Your Understanding

5,18 Fuor the circait shown in Figure 5.39, use the lransistor parameters given in
Esumple 511, ¢ Determine F; and Fp, st the iransiion peint for the load transistor.
(b} Determine Iy and I, at the transition point lor the driver transistor. (Ans.
b By, = 1ROV, 1y = 3V: (b) 1), = 189V, 1, = 039Y)

D5.19 Consider the areuit shown i Figure 539 with lransistor parameters
Frag = |V and Vg = =2V, (0) Design the ratio K,p/K,; that will produce an
output voltage of F, =025V al ¥, =3V (h) Find &, and K, if the transistor
currents are 1.2mA when Fp = 5V (Ans. 3 Kp/K,, =206 (b) K,y = 5 pA/Y,
Ko = W3pA/Y)

A p-chantie! enhancement-mode transistor can also be used as a load
device 10 form a complementary MOS (CMOS) inverter. The term complemen-
tary implics that both n-channel and p-channel transistors are used in the same
circuit. The CMOS technology is used exlensively in both analog and digial
alectronie circuits.

Figure 541 shows one example of a CMOS inverter. The NMQS tran-
sistor is used as the amplifying device, or the driver, and the PMOS device 1s
the load, which is referred 1o as ap active load. This configuration »s typically
used in analog applications. In another configuration, Lhe two gates are tied
topether and Torms the input. This configuration will be discussed 1n detail in
Chapter 16.
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Figure 5.41 Example of CMOS inverter

As with the previous two NMOS inverters, the two transistors shown in
Figure 541 may be biased in either the saturation or nensaturation regicn,
depending on the value of the input voliage. The voltage transfer characteristic
is most easily determined from a PSpice analysis.

Example 5.12 oObjective: Determine the voltage transfer characteristic of the
CMOS inverter using a PSpice analysis.

For the circuit shown in Figure 5.4}, assume transistor parameters of Fry = 1 ¥,
Vep=—1V,and K, = K,. Also assumne VFpp =3V and V= 325V,

Solution: The voltage transfer characteristics are shown in Figure 5.42. In this case,
there is a region, as was the case for an NMOS inverter with depletion lead. in which
both transistors are biased in the saluration region, and the input voltage is & constant
over this transition region for the assumption that the channel length medulation
parameter A is z€ro.

Fql¥)

S

0 v, (V) 5.0

Figure 5.42 Voltage transtor chatacteristics of CMOS inverter in Figura 5.41
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Comunent: In this example, the source-to-gate voltage of the PMOS device is only
Fog = 0.75 V. The effective resistance looking into the drain of the PMOS device is then
relativeiy large. This is a desirable characteristic for an amplifier, as we will see in the
next chapter.

31

524 Constant-Current Source Biasing
As was shown in Figure 5.30, a MOSFET can be biased by using a constant-

current source [y, The advantage of this circuit is that the drain current is
independent of the transistor parameters.

The constant-current source c¢an be implemented by using MOSFETs as
shown in Figure 5.43. The transistors M, M, and M, form the current source.
Treansistors M; and A, are each connected in a dicde-type configuration, and
they establish a reference current. We noted in the last section that this diode-
type connection implies the transistor is always biased in the saturation region.
Transistors M5 and M4 are therefore biased in the saturation region, and M is
assumed to be biased in the saturation region. The resulting gate-to-source
voltage on M; is applied to M,, and this establishes the bias current /.

¥ta5yv

-

v
*Elh' = |
_ Ves

Trer 1

V =-S5V

Figure 5.43 hnplementation of a MOSFET constant-current source

Since the reference current is the same in transistors M, and My, we can
write

KaWosy = ViwsY = Ku(Voss = Vvl (5.24)
We also know thai
Vesat Ve = (=F7) (5.25)

Solving Equation (5.25) for Vg and substituting the result inio Egquation
{5.24) yields
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K _
Vesi= 1fK—":i(*V )~ Fraad + Vran

= {5.26)
L+ v K::
Since Vg3 = Vg2, the bias current is
Io = Kn(Vess — Vi)’ (3.27)

Example 5.13 Objective: Determine the currents and voltages in a MOSFET
constant-current source.

For the circuit shown in Figure 543, the transistor parameters are: Ky =
0~2mAIV2, xﬂ = anﬂ - K,,‘ =OlmA_J'V:, and VTNI = VTNE — VTN3 = V]rwq =|V.

Solution: From Equation (5.26), we can determine Vs, as follows:

0.1 _
\/6_‘_—1[5-1]71

Vess = :
]+1’ﬁ

Since M; and M are identical transistors, Fgg; should be one-half of the bias voltage.
The bias current /y is then

=25V

Iy =(0.1)-(25 - [} =0.225mA
The gate-to-source voltage on A, is found from
Iy =Kyl¥os — Veni ¥
ar
0225 =(02) (Veg, = 1)°
which yields
Vosi =206V
The drain-to-source voliage on M; is
Vps: =(—V7) — Vs = 5— 206 = 294V

Sitce Wpgy = 294V > Vpglsal) = Vg — Pywp = 25— 1 = 1.5V, M; is biased in the
saturation region.

Design Consideration: Since in this example A, and M), are identical transistors, the
reference current Jpgr and bias current [ are equal. By redesigning the width-to-length
ratios of M, My, and M,, we can obtain a specific bias current fy. If M, and M, are not
identical, then 7y and Jpgr will not be equal. A variety of design options are possible
with such a cifcuit configuration.
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Test Your Understanding

D8.20 Consider the constant-current source shown in Figure 5.4, Assume that the
threshold voltage of each transistor is ¥y = 1V. (a) Design the ratio of K47/ K, such
that ¥gg = 2V. (b) Determine K,, such that Iy = 100 uA. (c) Find X,3 and K4 such
that iggr =200 pA. (Ans. (@) Kn/Kys =4 (b) Kz = 0. mA/V? (&) K; =0.2mA/VE,
Ko = 005mA/SY)

5.3 BASIC MOSFET APPLICATIONS: SWITCH, DIGITAL LOGIC
GATE, AND AMPLIFIER

MOSFETs may be used to: switch currents, voltages, and power, perform
digital logic functiens; and amplify small time-varying signals. In this section,
we will examine the switching properties of an NMOS transistor, analyze a
simple NMOS transistor digital logic circuit, and discuss how the MOSFET
can be used to amplify stnall signals.

5.3.1  NMOS Inverter

The MOSFET can be used as a switch in a wide variety of electronic applica-
tions. The transistor switch provides an advantage over mechanical switches in
both speed and reliability. The transistor switch considered in this section is
also called an inverter. Two other switch configurations, the NMOS transmis-
sion gate and the CMOS transmission gate, are discussed in Chapter 16.

Figure 5.44 shows the n-channel enhancement-mode MOSFET inverter
circuit. If v, < Vyy, the transistor is in cutoff and {5 = 0. There is no voltage
drop across Rp, and the output voltage is vo = ¥pp. Also, since ip =0, no
power is dissipated in the transistor,

If v; > ¥y, the transistor is on and initially is biased in the saturauon
region. since vpg > ¥gs — Vyn. As the input vollage increases, the drain-to-
source voltage decreases, and the transistor eventually becomes biased in the
nonsaturation region. When ¥, = Vpp, the transistor is biased in the non-
saturation region, v, reaches a minimum value, and the drain current reaches
a maximum value. The current and voltage are given by

ip = K20y = VrwPo — Vol (3.28)
and
po — vDD - EDRB (5+29}

where vg = vps and vy = vgs.

Figure 5.4 NMOS inverter
Girguit
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Daslgn Example 5.14 Objective: Design the size of a power MOSFET 1o
meet the specification of a particular switch application.

The load in the inverter circoit in Figure 544 is a coil of an electromagnet that
requires a current of 0.5 A when turned on. The effective load resistance varies between
% and 10£:, depending on temperature and other vaniables. A 10Y power supply is
available. The transistor parameters are k) = BOpA/V2 and Vyy =1 V.

Solutlon:  One solution is 1o bias the transistor in the saturation region so that the
current is consiant, independent of the lead resistance.

The minimum Vg value is 5V, We need Fpy > Fpglsat) = Fgs — Fry. If we bias
the transistor at Vge = 5V, then the transistor will always be biased in the saturation
region. We can then write

W
Ip =“§‘T(Vcs— Vow)
or

80 x 1078 (W 3
e ——| =] (51
0.5 3 ( L) ( )
which yields W/L = 781
The maximum power dissipated in the transistor 1s

P(max) = Vps(max) - Ip = (6) - (0.5) = IW

Comment: We see that we can switch a relatively large drain current with essentially no
input current to the transistor. The size of the transistor required is fairky large, which
implies a power transistor is necessary. If a transistor with a slightly different width-to-
length ratio is available, the applied Vg can be changed to meet the specification.

5V

—

Figure $.4%5

14

Test Your Understanding

8.21 For the MOS invecter circuit shown in Figure 5.44, assume the circuil values
are: ¥pp =5V and Rp = |0 k2. The threshold voliage of the transistor is Fry =1V.
Determine the value of the conduction parameter K, such that vy = 1V when v, =3V,
What is the power dissipated in the transistor? (Ans. X, = 0.037mA /Vl, P = 0.4mW)
D5.22 Thecircuit shown in Figure 5.44 is biased with Vpp = 10V and the transistor
has parameters Vry = 0.70¥ and K, = 0.050mA/V?. Design the value of R, for which
the output voltage will be vy = 0.35V, when v; = 10V. (Ans. Rp = 30.3kQ}

D8.23 The transistor in the circuit shown in Figure 545 has parameters K, =
4mA/V: and Vqy = 08Y, and is used to switch the LED on and off. The LED
cutin voliage 1s ¥, = 1.5V, The LED is turned on by appiying an input voltage of
v; = $V. (a) Determine the value of R such that the diode current is 12mA. {b} From
the results of part (a), whal is the value of vp;? (Ans. (a) R = 261 Q, (b) vps = 0.374 Y}
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5.3.2 Digital Logic Gate

For the transistor inverter circuit in Figure 5.44, when the input is low and
approximately zero volts, the transistor is cut off, and the output is high and
equal to Vpp. When the input is high and equal to ¥y, the transistor is biased
in the nonsaturation region and the output reaches a low value. Since the input
voltages will be either high or low, we can analyze the circuit in terms of dc
parameters.

Now consider the case when a second transistor is connected in parallel, as
shown in Figure 546 If the two inputs are zero, both M| and M, are cut off,
and Vo =3V, When V| = 5V and V', =0, the wransistor M, turns on and M,
is still cut off. Transistor A, is biased in the nonsaturation region, and Vp
reaches a low value. If we reverse the input voltages such that ¥V, =0 and
¥y =5V, then M, 1s cut off and M, is biased in the nonsaturation region.
Again, F; is at a low value. If both inputs are high, at V|, = V; =3V, then
both transistors are biased in the nonsaturation region and V,, is low.

Figure5.46 A two-input NMOS NOR logic gate

Table 5.2 shows these various conditions for the ¢ircuit in Figure 5.46. In a
positive logic system, these results indicate that this circuit performs the NOR
logic funclion, and, it is therefore called a two-input NOR logic circuit. In
actual NMOS logic circuits, the resistor Rp, is replaced by ancther NMOS
transistor.

Table$.2 NMOS NOR logic tircuil responss

Fi (V) ¥ (V) Vo (V)
Q L High
5 { Loaw
1] 5 Low
5 5 Low

285
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Example 5.15 Objective: Determine the currents and veltages i a digital logic
gate, for various input conditions.

Consider the circuit shown in Figure 5.46 with circuit and transistor parameters
Ry =20k K, =0.1mA/VE and ¥y =08V,

Solution: Far ¥, = V. =0, both M, and M- are cut olf and V' = Vpp = 5V, For
¥, =5V and Vy =0, the transistor M is biased in the nonsaturation regien, and we
can write

5— ¥, . A
fh=1Ip = TR K2V =Vl — Vol
o
Solving for the output voltage V. we obtain Vg = 029V,

The currents are

5—0.29
Ig=Ipn = 5 ={.236mA

For ¥, =0 and ¥, =5V, we have V,, =029V and Jg = fp; = 3.236mA, When
both inputs go high to ¥, = Vy = 5V, we have Jp = Ip| + Ip;. Or

$.- W

= K209, — VisIVa = VEL + K2V = VahVy — Vil

which can be solved for Fy 10 yield Fy = 0,147V,
The currents are

_5-0.447

L 0

=043 mA

and

!D|_—“102=%R=G.IE]ITIA

Comment: When either ransistor is biased on, it is biased in the nonsaturation region.
since Vpe < Vpsisal), and the output voltage reaches a low state.

This exarple and discussion illustrates that MOS transistors can be con-
figured in a circuit to perform logic functions. A more detailed analysis and
design of MOSFET logic gates and circuits is presented in Chapter 16.

Test Your Understanding

B.24 For the circuit in Figure 5.46, assume the circuit and transistor parameters arc:
Rp = 30k2, Vi =1V, and K, = S0pA/V?. Determine Vp, fr. fpy, and Ip; for:
@ V, =5V, ¥,=0;, and (b} V=PV, =5V. (Ans. @) Vp=040V, lg=
Ip; = 0.153mA, [p: =0(b) Vo =0205V. [z =0.16mA, I = Ip; = 0.08CmA)
%.28 1n the circuit in Figure 5.46, let Ry = 25k2 and ¥y = | V. (a) Determine the
value of the conduction parameter K, required such that Vg =0.10 V when ¥, =0 and
¥, = 5V. (b) Using the results of part (a), find the vatue of ¥ when ¥} = I3 = 5V.
(Ans. (a) K, = 0.248mA/V, (b} Vp = 0.0502V)
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5.3.3 MOSFET Small-Signal Amplifier

The MOSFET, in conjunction with other circuit elements, can amplify small
time-varying signals. Figure 5.47(a) shows the MOSFET small-signal amplifier,
which is a common-source circuil in which a time-varying signal is coupled 1o
the gate through a coupling capacitor. Figure 5.47(b) shows the tranmsistor
characteristics and the load line. The load line is determined for v, =0,

We can establish a particular Q-point on the load line by designing the
ratio of (he bias resistors R, and R,. If we assume that v; = ¥, sin o, the gate-
to-source voltage will have a sinusoidal signal superimposed on the de quies-
cent value, As the gate-to-source voltage changes over time, the Q-point will
move up and down the line, as indicated in the figure.

Voo
i
- vy (58l
!
f
i
!
f
I ! *
b |- Vi,
gl AN
i L \NS
- 4/ I N
IDQ'- , 1 1 I\ Vﬁs
| I I
Ll i I L
Vps  Ypsg  Vis Yoo  vas
)]

Figure 5.47 {2) An NMOS common-source circuit with a ime-varying signal coupled 1o the
gate and {b) transisior characieristics, lead line, and superimpesed simusoidal signaks

Moving up and down the load line translates into a sinusoidal variation in
the drain current and in the drain-lo-source voltage. The variation in output
voitage can be larger than the input signal voltage, which means the input signal
is amplified. The actual signal gain depends on both the transistor parameters
and the circuit element values.

[n the next chapter, we will develop an equivalent circuit for the transistor
used to determine the time-varying small-signal gain and other characteristics
of the circuit.
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54 JUNCTION FIELD-EFFECT TRANSISTOR

The two general categories of junction field-effect tramsistor (JFET) are the pn
junclion FET, or pn JFET, and the metal-semiconductor field-effect tramsistor
(MESFET), which is fabricated with a Schottky barrier janction,

The current in a JFET is through a semiconductor region known as the
channel, with ohmic contacts at sach end. The basic transistor action is the

modulation of the channel conductance by an electric ficld perpendicular to the -
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channel. Since the modulating electric field is induced in the space-charge
region of a reverse-biased pn junction or Schottky barrier junction, the field
15 a functlion of the gate voltage. Modulation of the channel conductance by the
gate voltage modulates the channel current.

JFETs were developed before MOSFETs, but the zpplications and uses of
the MOSFET have far surpassed those of the JFET. One reason is that the
voltages applied to the pate and drain of a MOSFET are the same polarity
(both positive or both negative), whereas the voltages apphied to the gate and |
drain of most JFETs must have opposite polarities. Since the IFET is used only
in specialized applications, our discussion will be brief.

54.1 pnJFET and MESFET Operation
pn JFET

A simplified cross section of a symmetrical pn JFET is shown in Figure 5.48. In
the n-region channel between the two p-regions, majority carner electrons flow
from the source to the drain terminal; thus, the JFET is called a majority-
carrier device. The two gate terminals shown in Figure 5.48 are connected o
form a single gate.

)
Seare ——
e n Drain
—
f P’ 1 T'D

Figure 548 Cross section of a symmetrical n-channal pn junction figkd-effect transistor

{n a p-channel JFET, the p- and n-regions are reversed from those of the n-
channe! device, and holes flow in the channel from the source to the drain. The
current direction and voltage polarities in the p-channel JFET are reversed
from those in the n-channel device. Also, the p-channel JFET is generally a
lower-frequency device than the n-channel JFET, because hole mobility is
lower than electron mobility.

Figure 5.49(a) shows an n-channel JFET with zero volts applied to the
gate. If the source is at ground potential, and if a small positive drain voltage 1s
applied, a drain curtent ip is produced between the source and drain terminals.
Since the n-channel acts essentially as a resistance, the ip versus vpg character-
istic for small vpg values is approximately linear, as shown in the figure.

If a voltage is appiied to the gate of a pn JFET, the channe] conductance
changes. If a negative gate voltage is applied to the n-chantel pn JFET in
Figure 5.49, the gate-to-channel pn junction becomes reverse biased. The
space-charge region widens, the channel region narrows, the resistance of the
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Figure 549 Gate-to-channel space-charge regions and current-voitage characteristics for
small drain-to-source voltages and for: (3} zero gale voltage, () small reverse-biased gate
voitage, and (c) a gate voltage that achieves pinchoff

n-channel increases, and the slope of the i versus vpg curve, for small vpg,
decreases. These effects are shown in Figure 5.49(b). Il a larger negative gate
voltage is applied, the condition shown in Figure 5.49(c) can be achieved. The
reverse-biased gate-to-channel space-charge region completely fills the channel
region. This condition is known as pinchoff. Since the depletion region isolates
the source and drain terminals, the drain current at pincholT is essentially zero.
The ip versus vpg curves are shown in Figure 549(c). The current in the
channel is controlled by the gate voltage. The control of the current in one
part of the device by a voltage in another part of the device is the basic
transistor action. The pn JFET is a “normally on,” or depletion mode, device;
that is, a voltage must be applied (o the gate terminal to turn the device off.
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Consider the situation in which the gate voliage is zero, v = 0, and the
drain voltage changes, as shown in Figure 5.50(a). As the drain voltage increases
(positive), the gate-to-channel pn junction becomes reverse hiased near the
drain terminal, and the space-charge region widens, extending farther into the
channel. The channel acts essentially as a resistor, and the effective channet
resistance increases as the space-charge region widens; therefore, the slope of
the 7p versus vpg characteristic decreases, as shown in Figure 5.50(b). The
effective channel resistance now varies along the channel length, and, since
the channel current must be constant. the voliage drop through the channel
becomes dependent on position.

If the drain voltage increases further, the condition shown in Figure
5.50(c) can result. The channe¢l is pinched off at the drain terminal. Any

vas =0 vgs =0
v i Y I > T
s i M
) Yy {FVpy) b Y —0 (g}
———————— — S e
Pl v 0 Hle=sls
p M 11 P l "
Vg = 0 Ygs = ]
in in
L]
-
N
! Changing channel
resiince
Yo Yo
() (1)
P = 0
HIES N
. Opois |
_I:_' _.:::-'-f"(l ——al+++ipg)
- . 3
= i
HIES l il
vop=0
in
,‘_.T ----- T
I n
’! I— Saurauon
1 TegH0n
1
1
¥pg (sat) Yos
(¢}

Figure5.50 Gale-lo-channel space-charge regions and curreni—vollage characteristics for
zero gate voltage and for: (a) a smal drain voltage, (b) a karger drin volage, and (c) a drain
voltage that achigves pincholf at the drain rminal
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further increase in drain voltage will not increase the drain current. The ip—
vps characteristic for this condition is also shown in the figure. The drain
valtage at pincholl s vpg(sat). Therefore, for vpg > vpgisat), the transistor is
biased in the saturation region, and the drain current for this ideal case is
independent of »py.

MESFET

[n the MESFET, the gate junction is a Schottky barrier junction, instead of a
pn junction. Afthough MESFETSs can be fabricated in silicon, they are usually
associated with galtium arsenide or other compound-semiconductor materials.

A simplified cross section of a GaAs MESFET is shown in Figure 5.51. A
thin, epiaxial layer of GaAs is used for the active region; the substraiz is a very
high resistivity GaAs material, referred to as a semi-insulating substrate, The
advantages of these devices include: higher electron mobility in GaAs, hence
smaller transit time and faster response; and decreased parasitic capacitance
and a simphified fabrication process, resulting from the semi-insulating GaAs
subsirale.

Ohmic Rectifying Chimic
vonlact conlact contact

RN

Substrae
{Semi-insulating ¢ = 0

Figure 5.51 Cross section of an n-channel MESFET with a sami-insulating substrate

In the MESFET in Figure 551, a reverse-bias gale-to-source voltage
induces a space-charge region under. the metal gate, which modulates the
channei conduclance, as in the case of the pn JFET. If a negative applied
gate voltage 15 sulficiently large, the space-charge region will eventually reach
the substrate. Again, pinchofl will occur. Also, the device shown in the figure is
a depletion mode device, since a gate voltage must be applied to pinch ofT the
channel, that is, to turn the device off.

In ancther type of MESFET, the channel is pinched off even at v = 0, as
shown m Figure 5.52{a). For this MESFET, (he channel thickness is smaller
than the zero-biased space-charge width. To open a channel, the depletion
region must be reduced; that is, a forward-biased voltage must be applied to
the gate-semiconductor junction. When a slightly forward-bias voltage is
applied. the depletion region extends just to the width of the channel as
shown n Figure 5.52(b). The threshoid voltage is the gate-to-source voltage
required 10 create the pinchoff condition. The threshold voltage for this n-
channel MESFET is positive, in contrast to the negative threshold voltage of
the n-channel depletion-mode device. If a larger forward-bias voltage is
applied, the channel region opens, as shown in Figure 5.52(c). The applied

)
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gs=0 vas= Vin vee s Vg

1

A i

Semi-insolating substrate

(m) {b) {c)

Figure5.52 GChanne! space-charge region of an enhancement-mode MESFET lor.
@) vas =0, (b) vgs = Vry, and {c) vgs > Vi

forward-bias gate voltage is limited to a few tenths of a volt before a significant
galﬁ current ooours.

This device is an w~channel enhancement-mode MESFET. Enhancement-
mode p-channel MESFETs and enhancement-mode pn JFETs have also been
fabricated. The advantage of enhancement-mode MESFETSs is that circuits can
be designed in which the voitage polarities on the gate and drain are the same.
However, the output voltage swing of these devices is quite small.

5.4.2 Current-Vollage Characterislics

The circuit symbols for the n-channel and p-channel JFETs are shown in
Figure 5.53, along with the gate-to-source voltages and current directions.
The ideal current—voliage characteristics, when the transistor is biased in the

& saturation region, ar¢ described by
I'J:r s 2
_ ip= r,,ss(l = —‘i) (5.30)
Yps
Go—; - where Ipgs is the saturation current when vgg =0, and Vp is the pinchodl
vos voltage.
Tk The current-voltage characteristics for n-channe! and p-channel JFETs are
5 shown in Figures 5.54(a) and 5.54(b), respectively. Note that the pinchoff
(@) voltage ¥, for the n-channel JFET is negative and the gate-to-source voltage

vgs 15 usually negative; therefore, the ratio ves/Vp 15 positive. Similatly, the
pinchoff voltage Fp for the p-channel JFET is positive and the gate-to-source
voltage vgs must be positive, and therefore the ratio vgs/Vp is positive.

For the n-channel device, the saturation region occurs when vy > vpg(sat)

where

vpsisat) = v — Vp (530
For the p-channel device, the saturation region occurs when vgp > vsp(sat)
where

vsp(sat) = Ve — ¥gs (5.32)

(b)

T — The voltage transfer characteristics of iy versus vgg, when the transisior is
,o,?‘;a] mcharinal ‘E':E;ym biased in the saturation region, are shown in Figure 5.55, for both the n-
(b) p-channel JFET channe! and pchannel JFET.
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Figure 5.5¢ Current-voliage characteristics for. {a) n-channel JFET and {b) p-channe! JFET

(a) (b}

Figure 5.55 Drain current versus gate-to-source voltage characteristics for the transistor
biased in the saturation region (a) n-channed JFET and (b) p-channel JFET.

Example 5.6 Objective: Cakulate ip and vpg(sat) in ap n-channel pn JFET.
Assume the saturation current is fpss = 2mA and the pinchoff voltage is ¥p =
—1.5V. Calculate ip and vpgisat) for vee =0, Vp/4, and Fp/2,

Solution: From Equation (5.30), we have

F3 2
o=t - ) = (1 -255)

Therefore, for vy =10, Vp/4, and Vp/2, we obtain
in =2.1.13, and 0.5mA

From Equation (3.31), we have
vpglsal}) = vgg — Vp = wes — (—3.5)
Therefore, for vgs =0, Vp/4, and Vp/2, we obtain
vpsisat) = 35,263, and 1.5V
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Comment. The current capability of a JFET can be increased by increasing the value
of fpgs, which i3 a function of the transistor width.

As for the MOSFET, the iy versus vpg characteristic may have a nonzero
slope beyond the saturation point. This nonzero slope can be described through
the following equation:

ip = fpss( = l;,if) 1+ Jvpe) (5.33)

where A~ is analogous to the Early voltage in bipolar transistors.
The output resistance ¢, is defined as

dip )*j
h=\a— 534
(BPDS ir,;_\-:cunst. ( )
Using Equation (5.33), we find that
Vesor?]™
Fp = [lff)ss(] = 55(2) :| (535{3}]
F .

or

ol = 35(b

v (5.3500)

The output resistance will be considered again when we discuss the small-signal
equivalent circuit of the JFET in the next chapter.

Enhancement-mode GaAs MESFETs can be fabricated with current-
voltage characteristics much like those of the enhancement-mode MOSFET.
Therefore, for the ideal enhancement-mode MESFET biased in the saturation
region, we can write

in = Kptvgs = Vin)' (5.36(a))
For the ideal enhancement-mode MESFET biased in the nonsaturation region.
ip = K 2vgs = Vra)vps — vps] (5.36(b))

where K, is the conduction parameter and Vyy is the threshold voltage,
which in this case is equivalent to the pinchofl voltage. For an n-channel
enhancement-mode MESFET, the threshold voitage is positive.

Test Your Understanding

8.26 The parameters of an n-channel JFET are Ipgs = 12mA, Vp = -4.5V, and
x = 0. Determine Vpgisat) for Vs = —1.2V, and calculate Ip for Vps > Fpglsal).
{Ans. Vps(ﬁﬂt:l =13V, "D =645mA)

8.27 For an n-channel JFET. the parameters are: Ipps = ZmA, Vp = -2.5V, and

A = 0. What is the value of Vg5 when Ip =1.2mA and the transistor is biased in the
saturation region? (Ans. Fgg = —0.564 V)
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8.28 A p-channel JFET has a pinchoff voltage of ¥p = 3.8 V. The drain current in
the saturation region is 7p = ImA when Vg = 0.8 Y. Determine fpse and Fiplsat).
(Ans. Tpgs = 481 mA, Vypisal) =30V)

5.29 An n-channel GaAs MESFET has parameters K, =25uA/V? and Vyy =
0.23 V. Determine I in the saturation region for: (a} Fge =033V, and (b} Vg5 =
0.50V. (Ans. (a) fp =025 A, (B) Ip == 1.56 pA)

205

54.3 Common JFET Configurations: DC Analysis

There are several common JFET circuit configurations. We will look at a few
of these, using examples, and will illustrate the dc analysis and design of such
circuits.

Design Example 5.17 Objective: Design the dc bias of a JFET circuit with an
n-channel depletion-mode JFET.

For the circuit in Figure 5.56(a), the transistor parameters are: fpss = SmA,
Fp=—4V,and X =0. Design the circuit such that /p, = 2mA and Vs =6V,

+1i0Y¥

V= Vps+ V=147V

+
VDS'E' L

+—o V= _VU$= 14TV

> -
: 1.4
JD=2mAl:E Rg=m

=073
2 073 ki)

®)

Figure 5.56 (a) An n-channel JFET circuil with a self-biasing source resistor and (b) circuit
for Example 5.18

Solution: Assume the transisior is hiased in the saturation region. The dc drain cur-
rent is then given by

2
i Vs
ip= fnss(l % )

or
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Therefore,

Vos = —§47V

From Figure 5.56(b) we see that the current through the source resistor can be
written as

_=Vas
I =5
Therefors,
Vs —(—147
po=Ves Tl _hassve
Ip 2

The drain-to-seurce voltage 15
Vos=Vopp — IpRp — InRs
Therelore,

Vpp = Vps = IpRs 10 = 6 = (D(0.735)

A 3 =1.27kR2

RD=

We also see that
Vas=6Y > Feg— Vp = =147 = (-4 = 2.53V¥

which shows that the JFET is indeed biased in the saturation region, as initially
assummed,

Comment:  Since the source lerminal must be positive with respect to the pate in order
to bias the transistor on, the source resistor self-biases the JFET, even though the gate
and the “bottom™ of Rg are at ground potential.

Design Example 5.8 Objective: Design a JFET circuit with a voltage divider
biasing circuit. .

Consider the circuil shown in Figure 5.5%a) with transistor parameters Ipge =
12mA, Vp=-35V, and X = 0. Let R; + Ry = 100kS2. Design the circuit such that
the dc drain current is /5 = SmA and the dc drain-to-source voltage is Fps =5 V.

Solution: Assume the transistor is biased in the saturation region. The dc drain cur-
rent is then given by

_ Ves\
w-3)

Therefore,

5= 12(1 = {fgfs))z
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+5V¥
+5Y¥
R|§ o0 V= Vet Vg
j N =215V
Dl kp +
gkl Vs Vy+vgs | S | Ves=3V
+ =-25 —I.:!l-"'—*"‘ e
VDS =—3.‘|'|4 \'I v
v G _
o T o =0 e =i 305 - §
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R n= =05
2 R, <050 Re =05 KD

-5V

{a)

()

Figure §.§7 (a) An n-channel JFET circuit with voltage dividers biasing and (b) the
n-channai JFET circutt for Example 5.18

which yields
Vg 51, 24%

From Figure 5.57(b)., the voltage at the source terreinal is
l"”_g = f.I)R_C; -5= [5](’05} -5 =25V

which meuns that the gate voltage 15
Ve=VFug+ Ve==1.2d =25=~3M4YV

We can also write the gate voltage as

. R ~
“-'-(m)“‘” 3

or

R

Therelore,

Ry =126kQ
and

Ry =874k0

5.

The drain-to-source voltage is
Vﬂs - 5 - IDRD‘ — fﬂRs —(_5}

Therefore,

Ry

10— Vps —IpRs _ 10 = 5 —{SK0.5)

=05k

Iy

5

97
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We also see that
Vps =5V > Vos — Fp= =124 = (-3.5) = 226V

which shows that the JFET is indeed biased in the saturation region, as initially
assumed.

Comment: The dc analysis of the JFET circuit s esseatialty the same as that of the
MOSFET circuit, since the gate current is assumed to be zero.

+0V

Figure 5.58 A p-channel
JFET dircuit biased with a
gonstant-current sOUCE

Example 5.19 Objective: Calcuiate the quiescent current and voltage values in a
p-channet JEET circwt,

The paramgiers of the transislor in the circuit shown in Figure 5.58 are! Jnss =
2.5mA, ¥V, = +2.5V, und & = 0. The transistor is biased with a constant- current source.

Solubion: From Figure 5.58. we can write the dc drain current as

VD = (_9)
n“ﬂ fQ 0.8m RE
which yields

Vp=(08)4)—9=-58Y

Now, assume the transisior (s biased in the saturation region. We then have

VisY'
to=tos(! 77

ar

Vs’
038 = 2.5(: - 2—5*)

which yieids
Ves = 1086V
Then
Ve=1-Vyo=1—1.086=-0086V
and
Vip = Vg — Vp = —0.086 — {(—58) = 571V
Again, we see that
Vip = 5.1V > Vp = Vgg=2.5- 1086 = 141V

which verifies that the 1ransistor is biased in the saturation region, as assummed.

Comment: In the same way as bipolar or MOS transistors, junction field-effect tran-
sistors can be biased using constant-current sources.
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Design Example 520 Objeclive: Design a circuit with ap enhancement-mode
MESFET.

Consider the circuit shown in Figure 5.59(a). The transislor parameters are:
Vin =024V, K, = 1.1mA/V", and » =0. Let R, + R, = 50k Design the circuit
such that V55 = 0.50V and Fps =2.5V.

+4

0 V=4 - (0074467
=35V

] *
Vg =¥+ Vg —[ Vpo =25V

| amntiane ] 1"'? = 'r'ln- FDS

Rzg =1Y
Ip= g S BT
744 pAlv. i

{a) (]

Figure 5.5% {a) An n-channel enhancement-mode MESFET circuit and {t) the n-channel
MESFET circuit for Example 5.20

Solutton: From Equation (5.36(a)) the drain current is
Ip = KtVes = VeeF = (LINGS —024)° = T4.4pA

From Figure 5.59(b), the voltage at the dramn is
Vo=Von —TpRp =4 —{00M4Y6.T) = 35V

Therefare, the voliage at the source is
Fe=Vp—Vps=35-25=1¥

The source resistance is then

Rs = 2= gom = 13.4kR2

The voliage at the gate is
V=V +Ve=054+1=13V

Since the gate current is zero, the gate vollage is also given by a voliuge divider equa-
sion, us follows:

, R
Vi = ('RI +R:)(VDD]

or
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_ 53) \
1.5—(50 {4

which yields

R, = 18 75kE2
and

R =31.25k82

Again, we see that
VDS - 25 V - V’gs B V]’_'V = 05‘ ) 024 = (}IBV
which confirms that the transistor is biased in the saturation region. as initially assumed.

Comment: The dc analysis and design of an enhancement-mode MESFET circuit
is similar 1o that of MOSFET circuits, except that the gale-to-source voltage of the
MESFET must be held fo no more than a few tenths of a volt.

Vr=415 v

Ry =04 k&2

= lp=$mA
VoISV

Figure 5.60 Circuil for
Exercise 5.30

Test Your Understanding

5.30 For the crcuit in Figure 560, the wansistor purameters are: Vp= -3.5V,
Ipss = 18mA, and & = 0. Calculate Vs and Fpg. [s the transistor biased in the satura-
tion or nonsaturation region” (Ans. Vg = —L17VY, ¥Fps = 743V, saluration region)

5,31 The transister in the circust in Figure 561 has parameters fpge = 6mA,
Vp=—4V, and ) =0. Design the ciccuil such that fp, =2.5mA and Fpg =06V,
and the tolal power dissipated in R, and R. is 2mW. {(Ans. Rp = L.35kQ
R, = I38kQ, R, = 42k)

*$.32 For the p-channel transistor in the circuit in Figure 5.62, the parameters are:
foss = 6mA, Fp = 4V, and A = 0. Calculate the quiescent values of Iy, ¥Fgs, and Vgp.
Is the wransistor biased in the saturation or nonsaturation region? (Ans. Voo = LBV,
fp = LEImA, Vep =247V, saturation region)

*DS5.33 Consider the circwit shown in Figure 5.63 with transistor parameters fpgs =
8mA, Fp =4V, and & = 0, Design the circuit such that R, = 100k, /yp = 5mA, and
Vsop = 12V. (Ans. Rp = 0.4%Q, R, =38TkQ. Ry = 135k}

+0V  +5Y

" B

7 g

.

7 Ry= 025 ki}
SV -5V -5V
Figure 5.61 Circuit for Figure 5.62 Circuil

Exercise 5.31 tor Exercise 5.32



