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The Bipolar Linear Amplifier
O To use the circuit as an amplifier, the transistor needs to be biased with a dc voltage at a
guiescent point (Q-point), such that the transistor is biased in the forward-active region.

O If the transistor is not biased in the active region, the output voltage does not change with a
change in the input voltage.

O culoff
Ver f——
e :
Vﬂ1 i
! @ in forward-active region
i— VGEQ ______ '!'____ ! {-point
1 1
I : € in samration
1 1 r ]
L
¢
V.BB Vi —
(@ ®

{a) Bipolar transistor inverter circuit; (b) inverter transfer characteristics
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The Bipolar Linear Amplifier

O To obtain a linear amplifier, the time-varying or ac currents and voltages must be small

enough to ensure a linear relation between the ac signals.

fe igh

Figure 4.3 A common-emitter circuit with
time-varying signal source in series with the
base dc source
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Figure 4.4 Common-emitter transistor characteristics, dc load line,
and sinusoidal variation in base current, collector current, and
collector—emitter voltage
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Analysis of AC Circuit (Small Signal Analysis)

O Assume that the transistor is baised in the forward-active region with appropriate dc

voltages and currents.

BE is forward-biased, iz =|sexp(Vge /V;)

. |
lg = 1+Sﬂ exp(Vee /V;) =

= | g €XP(Voe V1) = g (14 Ve /Vr ) = g +1,

Iy = (lag Vi )Vie
Similarly, we have:

’. ) :
lg = BQ—I—Ib

lc = ICQ +1,
Vee :VCEQ + Ve

Vee = VBEQ + Vie
\

RN ST I

I I
1+Sﬂ exp((VBEQ + Voe) V1) = 1+Sﬁ exp(VBEQ IN; ) €Xp(Vee / V5 )

DC Components:

VBB - IBQRB +VBEQ
Vcc = ICQRC +VCEQ

DC+AC Components:
)/;B TV, = iBRB + Ve = Ugg +ib)RB + Waeg +Vbe)

cc — icRc +Veg =Weo T ic)Rc +MEQ +Vce)

AC Components:

Vs - IbRB + Vbe
I.R.+Vv,=0
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Small Signal Hybrid- szt Equivalent Circuit

Ve = lplz
i
1 o 0 I - -~
—=_—FB | = S _exp(Vge /V;) L —— ©
r?T 8VBE ‘Q aVBE 1+ ﬁ Q + Vo
Vo
1| | | - j N
S BQ ,
=— exp(Vee IV;) | =—
V, |1+ V, ®
Q
The BJT as a
i i i small-signal, two-port network
I : diffusion resistance
e = al gexp(Vge /V7)
Aig  dig| 1 |
c _ Y _ __CQ _
= =asexp(Vee Vr)=—>=0, |
A 0 V. V. iy, () io ()
VBE VBE Q T T —- -
] —— ©
J,, : transconductance NS é“m 4 (jm;f) s
e WV pe mtos ce Wee
v S O
_ T cQ _
r7z gm - ) - ﬂ @
IBQ VT N . . . o .
A simplified small-signal hybrid-= eguivalent circuit for the npn transistor
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Small Signal Hybrid- 7z Equivalent Circuit

B
Q iy (1) i (1)

§ Fr * ﬁib
Ve (Vbe) (WE’ ) Veg (Vce)

i iy (1)

BJT small-signal eguivalent circuit using common-emitter current gain
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Small Signal Hybrid- szt Equivalent Circuit

The small-signal equivalent circuit of the common-emitter circuit using the npn
transistor hybrid-= model

Vo = _gmvbeRC Vo = _ﬂl bRC
r V,
r+Rg
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Example 4.1 Objective: Calculate the small-signal voltage gain of the bipolar
transistor circuit shown in Figure 4.3.

Assume the transistor and circuit parameters are: 8= 100, Ve = 12V, Ve =
0.7V, R =6kQ, Rg =50k, and V=12V,

DC Solution: We first do the dc analysis to find the @-point values. We obtain
Veg — Vgglon) 1.2-0.7

Ipp = R, 50 = 10 pA
so that

Icg = Blgg = (100)(10 pA) = ImA
Then,

Verp = Vee — IcgRe = 12— (1)(6) = 6V Ro |/ _ o
Therefore, the transistor is biased in the forward-active mode. AN V..
. |\* CE
AC Solution: The small-signal hybrid-r parameters are v, <+> g vpp —| "~
Ve (100)(0.026 T
BV (100)0.026) o .
Teo 1
Vep

?

and

Icg 1

The small-signal voltage gain is determined using the small-signal equivalent circuit
shown in Figure 4.11. From Equation (4.23), we find

Fr
r7r+RB

V
A, =—2=— R~).
v VS (gm C) (

or

- _(38.5)(6)(%) =—11.4
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DC and AC Circuit Model

Transiormation of elements in dc and small-signal analysis

Element -V relationship DC model AC model
|14
Resistor Iy = R R R
Capacitor Ir=sCV Open C
—_ F
7. — K Short
Inductor - P N L
Diode Iy = I — 1) +V, — ¥ yy= Viiln
—ANAWN—
Independent + Vg — Short
voltage source Vs = constant _Illl_
Independent Ic Open

I = constant

current source :

Tahle sueggested by Richard Hester of Towa State University.
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Bipolar AC Analysis

Problem-Solving Technique: Bipolar AC Analysis

Since we are dealing with linear amplifier circuits, superposition applies, which
means that we can perform the dc and ac analyses separately. The analysis of
the BJT amplifier proceeds as follows:

1. Analyze the circuit with only the dc sources present. This solution is the dc
or quiescent solution, which uses the dc signal models for the elements, as
listed in Table 4.2. The transistor must be biased in the forward-active
region in order to produce a linear amplifier.

2. Replace each element in the circuit with its small-signal model, as shown in
Table 4.2. The small-signal hybrid-m model applies to the transistor
although it is not specifically listed in the table.

3. Analyze the small-signal equivalent circuit, setting the dc source compo-
nents equal to zero, to produce the response of the circuit to the time-
varying input signals only.

LR TR S Electronics |, Neamen 3th Ed.
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Small Signal Equivalent Circuit Including Early Effect
o = al sexp(Vee /Vr )(1+ Ve /Vr)

VA . is the Early voltage

The output resistance is

1 i 1 |
ro_aVCE = e :Oflsexp(VBE/VT)'_zﬂ
Oi. o ., OV 0 A~ V),
I, i I, I,
& ;© — ;©
Vie Ve § Fre * 2m Ve é Fo o Ve Vie § Fre * By fo Ve
- - ©® ; - © ;
(@) (b)

Expanded small-signal model of the BJT, including the Early effect, for the case
when the circuit contains the (a) transconductance and {(b) the current gain parameters

RN ST I Electronics |, Neamen 3th Ed. 11



Example 4.2 Objective: Determine the small-signal voltage gain, including the
effect of the transistor output resistance r,.

Reconsider the circuit shown in Figure 4.1, with the parameters given in Example
4.1. In addition, assume the Early voltage is J', = 50 V.

Solution: The small-signal output resistance r, is determined to be

Vv
rO:—A:—Sp—:SOkQ
Irp~ 1mA

Using the small-signal equvialent circuit in Figure 4.11, we see that the output resistance
ro is in parallel with Rc. The small-signal voltage gain is therefore

. r
Av == _gm(RC“ro)( 2 )

rn+RB

2.
= _(38.5)(6||50)(-2~_6—f~§6) = 102

Comment: Comparing this result to that of Example 4.1, we see that r, reduces the
magnitude of the small-signal voltage gain. In many cases, the magnitude of r, is much
larger than that of R, which means that the effect of r, 1s negligible.

LR TR S Electronics |, Neamen 3th Ed.
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Small Signal Hybrid-7r Equivalent Circuit for PNP BJT

oV
. o
RB - I-
v, MM— Ve
- + R
L O e
sl

—|_+
L

(b)
{a) A common-emitter circuit with a pnp transistor and (b) the corresponding ac

equivalent circuit

i I I
—© —— —®©
e +> 8 Ve o Ve Ve e + Bls Fo Ve
@ + + @ +
> » O - . -
(@) (b)

The hybrid-= model of the pnp transistor with {a) the transconductance

parameter and (b) the current gain parameter

LR TR S Electronics |, Neamen 3th Ed.
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Small Signal Hybrid-7r Equivalent Circuit for PNP BJT

Vo — (gm Vj'r)(ro”RC)

V.,
e
RB—}—FE
V —g .t —B
Av = o = mr i R _ )
= R IR = (IR
Rp
—AAA— oV,
Iy
L

The small-signal eguivalent circuit of the common-emitter circuit with a pnp
transistor

LRI U A Electronics |, Neamen 3th Ed. 14



EXAMPLE 6.3

Objective: Analyze a pnp amplifier circuit.
Consider the circuit shown in Figure 6.18. Assume transistor param
B = 80, Vgg(on) = 0.7 V,and V4 = oo.

Solution (DC Analysis): A dc KVL equation around the E-B loop yields
V*t = Vgg(on) + Igg R + Vis

or
5=0.7+ I59(50) +3.65
which yields
Igop =13 pA
Then
Icg = 1.04mA  Ipg =1.05mA v C“_“

A de¢ KVL equation around the E-C loop yields
V+ = VECQ + ICQ RC S

or

5 = Veco + (1.04)(3)
We find
Veco = 1.88V

The transistor is therefore biased in the forward-active mode.

LR TR S Electronics |, Neamen 3th Ed.



Solution (AC Analysis): The small-signal hybrid-7 parameters are found to |

_dcp  1.04

&= Y, T 0.026

BVr  (80)(0.026)
oo 1.04

=40 mA/V

= 2 k&2

n

and
VA o0
Vop = — = —— = o0
Ico 1.04
The small-signal equivalent circuit is the same as shown in Figure 6.17. Withr
the small-signal output voltage is
Vo = (gm VZ)Rc

Aand we have

Fr
Vo= —=—).v,
g (l‘n-l—RB) ‘

;'_;Noting that 8 = gm7x, we find the small-signal voltage gain to be

Vo —PRc _ ~(B0)()
_VS-_I’H-FRB 2+ 50

or
A, = —4.62

Comment: We again note the —180° phase shift between the output and input sig-

nals. We may also note that the base resistance Ry in the denominator substantially
reduces the magnitude of the small-signal voltage gain. We can also note that placing
the pnp transistor in this configuration allows us to use positive power supplies.

RN S TR A Electronics |, Neamen 3th Ed.
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Two Port Network Model

Fourequivalenttwo-port networks

Type

Equivalent circuit

Gain property

Voltage amplifier

Current amplifier

Transconductance

amplifier

Transresistance amplifier

R ,
—_
o AWy 9
-1
Vin §R; vam L
& ’ °
Jin, '_..a
|
Rf A&gjin 'Va
o—e * °
o
o]
+
vai:n Vo
' o
i R
— AN—0
+
R By Ya
& . . o

Output voltage proportio-

nal to input voltage

Cutput current proportio-

nal to input current

Output current proportio-

nal to nput voltage

Ouiput voltage proportio-

nal to input current

Electronics I, Neamen 3th Ed.
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Common-Emitter Amplifier

Example 4.4 Objective: Determine the small-signal voltage gain of the circuit Vo122V
shown in Figure 4.25.

Assume the transistor parameters are: g = 100, Vgg(on) = 0.7V, and V, =100V,
A. DC analysis B. AC analysis
Ry =0.5k0
V, = __ 53 12-0750v = PV _100x 2920 107 - 2. 736K
93.7+6.3 l o 095 ,
R, =93.7K//6.3K =5.9K r :ﬁzﬁxly — 105K
_ > 0.95
I, = 0.756-0.7 _ 95.A cQ T
5.9K i _v_ﬂ_i 6.3//93.7/r v, = 0.288v,
lc =100l = 0.95mA " r. r. 631/93.7/Ir, 405"

v, =i, x(r,// R.) = ~100x 0.288v, x 5.67 = —163.23v,

R—» i e—Ea
|
| j’, . @ | v
e ve
R, =05kl | +
R R
Vs CD i g :15"9 G § w Ve g ZRe
} ©
| 1
Signal | =
source I Amplifier

The small-signal eguivalent circuit, assuming the coupling capacitor is a
short circuit

LR T Electronics I, Neamen 3th Ed. 18



Common Emitter amplifier

Discussion: The two-port equivalent circuit along with the input signal source for the
common-emitter amplifier analyzed in this example is shown in Figure 4.27. We can
determine the effect of the source resistance Ry in conjunction with the amplifier input
resistance R;. Using a voltage-divider equation, we find the input voltage to the ampli-
fier is

R; 1.87
Ve = ——— V. = | ———— |V, =0.789V,
" (RI-+RS) * (1.87+0.5) ’ *

Because the input resistance to the amplifier is not very much greater than the signal
source resistance, the actual input voltage to the amplifier is reduced to approximately
80 percent of the signal voltage. This is called a loading effect. The voltage Vj, is a
function of the amplifier connected to the source. In other amplifier designs, we will try
to minimize the loading effect, or make R; > Rs, which means that V;, = V..

Ry R,
AAAN > AAAN O+
+
VJ’ Ct) Vm Rz' Av Va'ra Va

o —

Two-port eguivalent circuit for the amplifier in Example 4.4

LR TR S Electronics |, Neamen 3th Ed.
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Common-Emitter Circuit with Emitter Resistor

Example 4.5 Objective: Determine the small-signal voltage gain of a common- Ver=10V
emitter circuit with an emitter resistor.

For the circuit in Figure 4.28, the transistor parameters are: 8 = 100, Vzg(on) =
0.7V, and V, = 0.

A. DC analysis B. AC analysis Ay vy
Co
= Ry=
V=22 10=179v r =PV 1005 998 10k O 132 m} —
56+12.2 o 2.16
R, = 56K //12.2K =10K P Vs — 0.1168v. mA =
- L79-07 4 ootema 10//(r, + % B)x0.4)+05
10+(1+100)x 0.4 i, = xi, = 0.1938i_,mA
IC :100|B :216mA 10+(I‘ﬂ+(l+ﬂ)><04)
10/ vV, =i, x R. =-100x0.1938x 0.1168v, x 2 = —4.527v,
_&
2K :
e
Re=2kL}
04K
Figure 4.2  The small-signal eguivalent circuit with an emiter
resistor

Electronics I, Neamen 3th Ed. 20



Amplification Stability

The input resistance to the amplifier is now
R; = R || R: || Ry, (4.48)

We can again relate V;, to V, through a voltage-divider equation as

R.
V. = d V.
] (Rz' + Rs) ’ (4.49)

Combining Equations (4.45), (4.47), and (4.49), we find the small-signal voltage
gain 18

v, —(BI)R v\ /1
Al’ - I/S - (ﬁVbs) - - _ﬁRC(Rib) . (Vc) (450(3))
or
_ —BRc R,
5 'z +(1+ B)Rg (R.f + Rs) i

From this equation, we see that if R; > Rg and if (1 + B)Ry > r,, then the
small-signal voltage gain is approximately
~BRc ., —Re

= ~_—C independent of 4.51
(0+PR; Ry 43D

LR TR S Electronics |, Neamen 3th Ed.
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Vr=35%¥

EXAMPLE 6.7

Objective: Analyze a pnp transistor circuit.

Consider the circuit shown in Figure 6.34(a). Determine the quiescent p Rp=
meter values and then the small-signal voltage gain. The transistor parameters gRl = 2k
Veg(on) = 0.7V, B = 80, and V4 = oo. . Lk

"
Solution (dc Analysis): The dc equivalent circuit with the Thevenin equivalent ¢ I
cuit of the base biasing is shown in Figure 6.34(b). We find

Rru = R\||R2 = 40]|60 = 24k e ?@:

60 kQ =
and - 4kQ
R 60
Vig = =—) -Vt = (5)=3V
R+ R 60 + 40 —
Writing a KVL equation around the E-B loop, assuming the transistor 1s biased in 5V
forward-active mode, we find 7
V¥ =+ B)poRe + Vgglon) + IgpRry + Vry ;| SRp=
. _ w3755
Solving for the base current, we obtain
/ vt — Veg(on) — Vry 5—-07-3 Ry |A/+
= = AW Vy
T Reu+(I+PRe 24+ BDHQ) AR N
+__ [BQ
or Vig —
- Tar Rc=
Ipg = 0.00699 mA -+ co| §4 kQ

RN ST I Electronics |, Neamen 3th Ed. 22



| leg=Plag = 0.559 mA
 lgg=(1+ P)Isg = 0.566mA

 The quiescent emitter-collector voltage is

O
£

v Vecg=V" —IggRe — IcoRc = 5 — (0.566)(2) — (0.559)(4)

E2h
i or
e

VECQ =163V

E_@Solution {ac analysis): The small-signal hybrid- parameters are as follows:

. BVr _ (80)(0.026) L e ® © -
£ Ieg 0.559 )
é 1% r >
ICQ 0559 & 4 f EmV¥r
=— = —— =21.5mA/V +
L BTN, T 0026 TORELL ® $r,
and %feb
v
& ro = —A = Q0 J_
: IQ E=

_ The small-signal equivalent circuit 1s shown in Figure 6.35. As noted before, we

 ftart with the three terminals of the transistor, sketch the hybrid-7 equivalent circuit

“between these three terminals, and then put in the other circuit elements around the

" transistor.

LR TR S Electronics |, Neamen 3th Ed. 23



The output voltage is
Vo= gnm VzRc

Wntmg a KVL equation from the input around the B-E loop, we find

Va
b V.s‘:_vn' - (_ +ng7r)RE

rJ'I'
The term in the parenthesis is the total current through the R resistor. Solvingf
and recalling that g,,7, = B, we obtain '

V, =

Substituting into the expression for the output voltage, we find the small-signal

age gain as

A = Vn . '"ﬁRC
T VS _rn+(]+ﬁ)RE

Then

P G OIC)
P32+ (8D

—1.93

The negative sign indicates that the output voltage is 180 degrees out of phase
respect to the input voltage. This same result was found in common-emitter ci
using npn transistors.

Using the approximation given by Equation (6.59), we have
R¢ 4

- =9

A, = 2C =
R 2

This approximation is very close to the actual value of gain calculated.
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Common Emitter Circuit with Emitter Bypass Capacitor

O We can use an emitter bypass capacitor to effectively short out a portion or all of the
emitter resistance to enhance the small-signal voltage gain.

Design Example 4.6 Objective: An amplifier with the configuration in Figure
4.32 is to be designed such that a 12mV sinusoidal signal from a microphone is ampli-
fied to a 0.4V sinusoidal output signal. Standard resistor values are to be used in the

final design.

Initial Design Approach: The magnitude of the voltage gain of the amplifier needs

to be
04V
A =——==333
4] 12mV
From Equation (4.51), the approximate voltage gain of the amplifier is
R Vi=45V
[A4,] 2 &
El
Re
Ry=05kn Cc Vo
AWM {—
v, Rp=
100 k2

A bipolar circuit with an emitter resistor and an emitter bypass capacitor

LR T Electronics I, Neamen 3th Ed. 25



Noting from the last example that this value of gain produces an optimistically high
value, we can set R-/Rg; = 40 or R¢c = 40R,.
The dc base-emitter loop equation is

5 = IBRB + VBE(OH) + [E(RE] + REZ)

Assuming B8 = 100 and Vgg(on) = 0.7V, we can design the circuit to produce a quies-
cent emitter current of, for example, 0.20 mA. We then have

_(0.20)
5= qor) (100 + 070 + (0-20(Rp + Ry2)

which yields
REl + REZ = 205 kQ

Assuming [z = I~ and designing the circuit such that Vg, = 4V, the collector-emitter
loop equation produces

5+5=1IcRc+ Vepp + Ie(Rgr 4+ Rez) = (0.2)Re + 4 + (0.2)(20.5)

or
Re =9.5kQ2
Then
Rs 95 |
R = — = — = .
p1 =5 = 70 = 0238%kQ

and REZ == 20.3 kg
From Appendix D, we can pick standard resistor values of Rg; = 240Q, Ry, =
20kS2, and R = 10k€2.

RN S TR A Electronics |, Neamen 3th Ed.
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Common-Emitter Circuit with Current Source

Ty RB

(a) (b)

Figure 4.37 (a) A common-emitter circuit with current source biasing and a nonlinear load
resistor and (b) current—voltage characteristics of the nonlinear load resistor

Ay, = Ft: - _gm(ro”rc) (452)

oV,

Figure 4.38 Small-signal eguivalent circuit of the circuit in Figure 4.37(a)

LRI U A Electronics |, Neamen 3th Ed. 27



Example 4.7 oObjective: Determine the small-signal voltage gain of a common-
emitter circuit with a nonlinear load resistance.

Assume the circuit shown in Figure 4.37(a) is biased at Ip =0.5mA, and the
transistor parameters are g = 120 and V4, = 80V. Also assume that nonlinear small-
signal collector resistance is r, = 120kQ.

Solution: For a transistor current gain of 8 =120, Iop = Iy = Iy, and the small-
signal hybrid-mr parameters are

Ieg 0.5 oy

== - = 19.2mA/V

Em = T 0.026 mA/ T lic

and
R-|n
=4 80 60ke =
Icg 0.5
|:r|:' p——} 1-',:]

The small-signal voltage gain is therefore = { |’/ ::-

A, = —g,,(r,lIr.) = —(19.2)(160]|120) = —1317

v, C) Rp VeSS 2mVr érﬂ Fe V-

LR TR S Electronics |, Neamen 3th Ed.



AC Load Line

DC Load Line: AC Load Line:
VI =I1:Re +Vep + 1e(Rpy + Rpp)) + V7 I Re+ve+i,Rpp =0
IE - [(1 + ﬁ)/ﬁ]IC assuming ic = ies Vee = _ic(RC + REI)
_ I+ 8
Vep= VT =V7) - [CI:RC + (T)(Rm + REz):|
‘ (n:}:;" DClwd“ﬂ%81°PG=RC+E;+Rm - 02
ic /
\ — —
a0l \\/ACIMH’“’S“P“'=RC13E1= 10.211;9
\\\
\\ Q-point ip  Time
re s
020} S =24
X
0.10
Vesg=4V |
o 2 4
) ‘Time

The dc and ac load lines for the circuit in Figure 4.33, and the signal responses 1o
input signal

LR T Electronics I, Neamen 3th Ed. 29



Example 4.8 Objective: Determine the dc and ac load lines for the circuit shown
in Figure 4.40.
Assume the transistor parameters are: Vyg(on) = 0.7V, 8 =150, and ¥V, = oo.

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

VY =IeRg+ Ve +IcR-+ V™
The dc load line equation is then

Vee =Vt —V7) - IC[RC + (HTB)RE]

Assuming that (1 + 8)/8 = 1, the dc load line is plotted in Figure 4.41.

To determine the Q-point parameters, write a KVL equation around the B-E loop,
as follows:

] V=410V
V- = (1 + ﬁ)IBQRE + VEB(OH) + IBQRB {
or % Ry =10 ki3
V* — Viglon) 10 - 0.7
Igo = = = 5.96 pA P R
% = Ry +(1+ ARy 50+ (151)(10) Re=tbp Co 2 L &,
Then, AW | 9 ;
I;F-rll"-.'
Ieg = Blzy = (150)(5.96 pA) = 0.894 mA i R M 7 o
Irg = (1 + By = (151)(5.96 pA) = 0.90 mA Yo {20 .
Reo= S Rp=2i0
and a8 § ki3
Veco=(V" = V") —IcgRc — Igg R )
— [10 — (—10)] — (0.894)(5) — (0.90)(10) = 6.53V Ve=-10V
The Q-point is also plotted in Figure 4.41. Figure 4,40 Girewl for Example 4.8

LR TR S Electronics |, Neamen 3th Ed.
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AC Solution: Assuming that all capacitors act as short circuits, the small-signal
equivalent circuit is shown in Figure 4.42. Note that the current directions and voltage
polarities in the hybrid-z equivalent circuit of the pnp transistor are reversed compared
to those of the npn device. The small-signal hybrid-7 parameters are

r, = I;T’S = (0'0022)9250) — 436k i (mA) & .
]CQ . 894' Itmam) = TP~ 133ma
5 C E
g =2 =77 _344mA/V ~
vy 0.026 . \  Qpoint
and S \1‘ A ] |
Vy oo 0.894 - ————— '{ aclﬂjdhm'ﬂopcr_ R-||R,  L43k0
Fop=7—=7"=00 |1" Ry
Ieg  Icg N ’
|y “a— dc Joad line, slope = -
The small-signal output voltage, or C-E voltage, is : 3 .
\ .
| iy
Vo = Vee = +(&mV)(RcllRL) |\ x-;""'«\
| * -
where 6.53 VI-V =20V vg (V)
EmVn =1L Figure 4.41  Plots of de and ac load lines for Example 4.8
The ac load line, written in terms of the E-C voltage, is defined by
Vee = _ic(RC”RL)
The ac load line is also plotted in Figure 4.41. Ry=1k0 i ©
MWW Yo
—= +
- c
+ RB = v RC = RL = 5
“’C—) §50kﬂ ® r”@ 1D & é‘smézm e
+ -
1 ’

The small-signal equivalent circuit for Example 4.8

LR T Electronics I, Neamen 3th Ed. 31



Maximum Symmetrical Swing
O When symmetrical sinusoidal signals are applied to the input of an amplifier, symmetrical
sinusoidal signals are generated at the output.
O AC load can be used to determine the maximum output symmetrical swing.

O If the output exceeds the limit, a portion of the output signal will be clipped and signal
distortion will occurs.

Example 4.9 Objective: Determine the maximum symmetrical swing in the out-
put voltage of the circuit given in Figure 4.40.

Solution: The ac load line is given in Figure 4.41. The maximum negative swing in the
collector current is from 0.894 mA to zero; therefore, the maximum possible symme-

trical peak-to-peak ac collector current is fclna) —_
A fmax) =2 = 133m4
Ai, = 2(0.894) = 1.79mA & \  eThE
. . . S\ Qo
The maximum symmetrical peak-to-peak output voltage is given by ~ )
0.8 ______."‘1{1(- i e lR T "Im
|AVee| = |ALI(RCIIRL) = (1.79)(5112) = 2.56 V SNy clfe 1
Na™ N TN
Therefore, the maximum instantaneous collector current is : \ SN R s
1|| oy
ic = Icp +31Ai] = 0.894 + 0.894 = 1.79mA \
633 V- V'L— 0V vﬁ.c_.nﬁ

Comment: Considering the Q-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 collector current, 1.79mA, is larger than the maximum dc collector current,
1.33mA, as determined from the dc load line. This apparent anomaly is due to the

different resistance in the C-E circuit for the ac signal and the dc signal.
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DESIGN EXAMPLE 6

Objective: Design a circuit to achieve a maximum symmetrical swing in the output ;
voltage.

Specifications: The circuit configuration to be designed is shown in Figure 6.48a.

The circuit is to be designed to be bias stable. The minimum collector current is
to be Ic(min) = 0.1 mA and the minimum collector-emitter voltage is to be

VCE(min) =1V

+5V
Cer
I
i
US
(b)
oV,
-~ +
+ I
Vs Cf) Rl ” RZ viz’ r RC RL V(‘E
_ 8nVr
T ° }
(c)

Figure 6.48 (a) Circuit for Example 6.12, (b) Thevenin equivalent circuit, and (c¢) small-
signal equivalent circuit
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Choices: Assume nominal resistance values of Rp =2k and Rec = TkQ. Let.
Rry = Ri||R; = (0.)(1 + B)Rg = 24.2k2. Assume transistor parameters of:

B =120, Vgg(on) = 0.7 V,and V4 = oc.

Solution {(Q-Point): The dc equivalent circuit is shown in Figure 6.48(b) and the

midband small-signal equivalent circuit is shown in Figure 6.48(c).
The dc load line, from Figure 6.48(b), is (assuming Ic = If)

Veg = 10— I¢(Re + Rg) = 10 — I(9)
The ac load line, from Figure 6.48(c), is
Vce = "‘Ic‘(RC”RL) = _[c(4]2)

These two load lines are plotted in Figure 6.49. At this point, the Q-point is unknown.;
Also shown in the figure are the /- (min) and V¢ g(min) values. The peak value of the.
ac collector current is Al and the peak value of the ac collector—emitter voltage is,

AVes.
We can write ic (mA) l
Ale = Ieg — Ic(min) = Icp — 0.1 \l‘\

and \

AVeg = Vepg — Vep(min) = Vegg — |

where Ic{(min) and Vg (min) were given in the specifications.

AVee = Alc(Rc||RL)

|

|

|

|

|

|

|

|

|

Now g ——-:-————

|

|

|

|

or |
|

|

|

Vero — 1= (e — 0.1)(4.12)

\ AC load line slope =

Ie (min) -4 T —————\— —————————
|

-1
4.12kQ

DC load line slope =

-1
9kQ

Substituting the expression for the dc load line, we obtain 0 Vgg (min)
10~1Ico®) —1 =g —0.1)(4.12)
RN ST I

Veeo

Electronics I, Neamen 3th Ed.
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which yields

[CQ =0.717mA
and then
Vepg = 3.54V

Solution {Bias Resistors): We can now determine R and R; to produce the desired
Q-point.
From the dc equivalent circuit, we have

v —( s )[5-(—5)]—5
"T\R + R,

1 1
= & Rrm(10) =5 = 2-(242)(10) -5

Then, from a KVL equation around the B—E loop, we obtain

Viy = ('%Q) Rry + Vgg(on) + (HTﬁ) IcoRg =5

or
i(24.2)(10) —5= (w) (24.2) + 0.7 + (E) (0.7117)(2) — 5
R; 120 120

which yields
R; = 106k

We then find
R, =31.4kQ

Symmetrical Swing Results: We then find that the peak ac collector current is
Alc = 0.617 mA, or the peak-to-peak ac collector current is 1.234 mA. The peak ac
collect-emitter voltage is 2.54 V, or the peak-to-peak ac collector-emitter voltage is
5.08 V.
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Common-Collector Amplifier (Emitter-Follower)

Vee=5V

R, =50k B

Rp=2kQ

v+ Yo +
s C_D Ry =50kQ Ry v,
L ’

Emitter-follower circuit Small-signal eguivalent circuit of the emitter-follower
Ry | By | Bo
— e
Re=05kQ | B) | e ® |
AWV —— +M =V,
I I, tVe I Iel

Another small-signal eguivalent circuit for the emitter-follower
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Common-Collector Amplifier (Emitter-Follower)

O Small-Signal Voltage Gain

|, :Base Input Current

V, = 1,(L+ B)(r, /I R.)

Rp =1 + 1+ B)(1, I/ Re) By Be R
l,=V,/Ry (M, =Vi) Ra-';“?i]i_?..!%..:v‘;’i ' - ' @?l oV,
v - @+B)IR) |, v, @ VuSR IR, " % %RE
° r+@+ B, /IR ° _ |
V=R, )

R +R
R=R/IIRIR,
AV:VO_ A+ B)L TR  RIRITR,

RN ST I

V, 1 +@+B)1//R) R+RIRIR,
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Example 4.10 Objective: Calculate the small-signal voltage gain of an emitter-

follower circuit.

For the circuit shown in Figure 4.44, assume the transistor parameters are: 8 = 100,

Vgep(on) =0.7V, and V, =80V.

Solution: The dc analysis shows that Iy = 0.793mA and V¢gp = 3.4 V. The small-

signal hybrid-7 parameters are determined to be

__VrB _ (0.026)(100)

- ~ 3.28Kk
"= Teo 0.793
Iep 0793
= ——— = . A V
En =y T 0026 S0 mA/
and
Ve 80
= A= % 00k
"0 Teg 0793 = 10KE

We may note that

Ry = 3.28+(101)(100]12) = 201 k2
and

R; = 5050|201 = 22.2kQ
The small-signal voltage gain is then

(101)(100(12) ( 222 )

YT 328+ (101)(100]2) \222+0.5
or
A, = +0.962
RN ST I

."II:.'C: 5%
éﬁl = 50 k02
Ry=05k0 Cc
A MM i
I
"JC %H3=3U|{ﬂ

Electronics I, Neamen 3th Ed.
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Common-Collector Amplifier (Emitter-Follower)
O Input Impedance R, . R

| Bk | Ry
R =T, + L+ B)(1, /I Re) i vt N @l.
YL tVeo I, iy
R=RIRIR, TORE MR & %
Y _

"TRERIRI, + (14 A1, T R))
O Output Impedance
V

= RIRIR
VX VX
=R TP R R IR,
1 K
RV,
(1. +RIRIR, RIIR IR, LR
RO—E s j//rO//RE
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Example 4.11 oObjective: Calculate the input and output resistance of the emitter-

follower circuit shown in Figure 4.44.
The small-signal parameters, as determined in Example 4.10, are r, = 3.28 k<2,

B =100, and r, = 100 k<.

Solution: Input Resistance. The input resistance looking into the base was determined
in Example 4.10 as

Ry = ry + (1 + B)(r,IRE) = 3.28 + (101)(1002) = 201 k2
and the input resistance seen by the signal source R; is

R; = R |IIR || Ry = 50|150(1201 = 22.2k2

Solution: Output Resistance. The output resistance is found from Equation (4.66) as

rr + Ri||R, IR 3.28 + 50(|50[10.5
R, = ( =2 S)IIREHro _ ( | )!|2i|100

1+ 8 101
or
R, =0.0373]12]{100 = 0.0366 k2 = 36.6 Q
The output resistance is dominated by the first term that has (1 + 8) in the denominator.
Comment: The emitter-follower circuit is sometimes referred to as an impedance trans-
former, since the input impedance is large and the output impedance is small. The very
low output resistance makes the emirter-follower act almost like an ideal voltage source,

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

RN S TR A Electronics |, Neamen 3th Ed.
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Common-Collector Amplifier (Emitter-Follower)
O Small-Signal Current Gain

1{ Ri | Rr'b | I Ry
A =— — I
I; Rs=05kQ | | Py ® |
A A A ; . i A A A A o . i '3'1’10
;L (_RiR N, Tl e LT L
"TAR|IR+ Ry ; (O v ’ ﬂ
§IEA) ib L,C_) VoS R(IR, $ B, éra Rp
R|IR; ) -
[0 = (1] + B8, = 1 + [!- +

r r—u
I, = £ 1
‘ (ro + RE) ’

/ R IR
Afz_e:(1+ﬁ)( IR, )( : )
I; Ri|[[Ry + Ry ) \ro, + Rg

If we assume that R||R, > R;, and r, 3> R, then

A;=(1+p)

which is the current gain of the transistor.

Although the small-signal voltage gain of the emitter follower is slightly
less than 1, the small-signal current is normally greater than 1. Therefore, the
emitter-follower circuit produces a small-signal power gain.
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DESIGN EXAMPLE 6.15

Objective: To design an emitter-follower amplifier to meet an output resis

¢

L o

specification. :
Specifications: Consider the output signal of the amplifier designed in Example 6.8.
We now want to design an emitter-follower circuit with the configuration shown in
Figure 6.57 such that the output signal from this circuit does not vary by more than
§ percent when a load in the range R; = 4k§2 to Ry, = 20kS2 is connected to the

output.

Choices: We will assume that a transistor with nominal parameter values of
p =100, Vgg(on) = 0.7 V, and V4, = 80 V is available.

Discussion: The output resistance of the common-emitter circuit designed in Exam-
ple 6.8is R, = R¢c = 10 k€2. Connecting a load resistance between 4 k€2 and 20 k€2
will load down this circuit, so that the output voltage will change substantially. For
this reason, an emitter-follower circuit with a low output resistance must be designed
to minimize the loading effect. The Thevenin equivalent circuit is shown in Fig-

ure 6.58. The output voltage can be written as

R
v, = _— - b
0 RL + Ra TH

where vry is the ideal voltage generated by the amplifier. In order to have v, change
by less than 5 percent as a load resistance R;, is added, we must have R, less than or
equal to approximately 5 percent of the minimum value of R;. In this case, then, we

need R, to be approximately 200 2.

LR TR S Electronics |, Neamen 3th Ed.
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Initial Design Approach: Consider the emitter-follower circuit shown in Figure 6.57.
Note that the source resistance is Rg = 10 k€2, corresponding to the output resistance
of the circuit designed in Example 6.8. Assume that 8 = 100, Vzr(on) = 0.7 V, and
Vi=80V.
The output resistance, given by Equation (6.79), is
rr + Ril[Rz2||Rs
R, = R o
0 ( 1 + ﬁ || E ”r
The first term, with (1 4+ 8) in the denominator, dominates, and if R|[|R2||Rs = Rs,
then we have
» + R
R, = I'= + Rs
1+
For R, = 200 Q, we find
rr + 10
101

ot r, = 10.2 k. Since r, = (BVr)/Ic o, the quiescent collector current must be

0.2 =

BVr _ (100)(0.026)
Fe o 10.2

= 0.255 mA

Icg =

Assuming Icg = Igg and letting Vego = 5V, we find

Rp= Y= VeroZVZ 3755 _ 9640
B e T 0.255 ‘

The term (1 + B) R is
(I + BYRe = (101)(19.6) = 1.98 MQ2

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

Rry = (0.1)(1 + B)Re = (0.1)(101)(19.6) = 198 k2
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The base current is
Vig — Vgp(on) — V™
Rry + (1 + B)Rg

Ip =
where
R 1
Vig=| ———1(10)—5=—(R 10) -5
TH (R|+R2)( ) R}( ra)(10)
We can then write

1
0255 R, 1OWUO =5~ 0.7 — (—5)

100 198 + (101)(19.6)

We find R; = 317k and R, = 527 Kk{2.

Comment: The quiescent collector current /cp = 0.255 mA establishes the re-
quired r,, value which in turn establishes the required output resistance R,.

LR TR S Electronics |, Neamen 3th Ed.
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Common-Base Amplifier
O Small-Signal Voltage Gain (I, = o0)

| _Vx Re Cey
b_z x:_Vn —"'-"'u"h-""r—i
V.-V, V . Re
S X — X 1 X ¥r i _ _
R RE+(+ﬂ)7r & Vo = ﬂé
VS:(1+1+1—|—,B)X L
R R R 1,
_ r- Vs RV, ® Bl & vri ®
Vo= (RIRN )2 A S
V, =gV, (R /IR) W@ m3 v;'ﬁ: Sk '3x,
rﬂ' VS I Ibn
—gm(Rc//RL)(Rs//RE//1+ﬁ)RS b T

A = gm(R;eS”RL)(Rs//RE// 1)~ G(RAR) (R0
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Common-Base Amplifier
O Small-Signal Current Gain

I.=é+(l+ﬁ)\%: RE,V ® Bt l .
1 p+1 L R_fﬂ )
_KRE_F - )VX HC_J % %f!b §C §L
— VS | E "?

Re /I(r. /(B +1))
V.R DGRy [ v =RIR Y

l, = RC+RL TR V, (RITRe 1+/3)RS

as R —>0

a=lo_ GRe _{RElllrﬂ}

i R+R +p
o P
R. — ’RC>>RL’A~1+,B_)1
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Common-Base Amplifier
O Input Impedance

= Re |
Yilvie e
R, =V, /1, =1, /(1+ ) RO CE L O
O Output Impedance -
v, =~(RIIRMT)G,Y,
Lt (RIRMEIGN, =0 e B

V. =0 TS % S ot
R =R i s T
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Multistage Amplifiers: Cascade Configuration

Vi=45V

Rey=5k0 Rpa =21k

Ry=0.5kQ CCrl
AW I
Ve
V- =5V
A two-stage amplifier in a cascade configuration
Rz'.v | | Ro
B —= B © & © ==
AMA—— ' } oV,
N _
v, RillR; s Vy Rey Py & Voo Rey 2R
- &m1 Vel n Zma V2

Small-signal equivalent circuit of the cascade configuration

Yo _ R
A\/ _V - gmlng(RCZ//RL)(RC1//rn2) RS‘|‘ R

S S

LR TR S Electronics |, Neamen 3th Ed.
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Darlington Pair Configuration

I, =fl,
=1+ B)I. R = rn1 + (1+ B

= ,lez = ﬂz(l‘i‘ ﬁl)li 1= ﬁlVT = LBl_I_l)VT 'ﬁz = (ﬁ1+1)r7r2

| CQ1 | CQ2

l,=1,+1,=(B8,+ B, + L)l 'R = (B, +Dr_,+ 1+ B)r., _2(,81+1)rﬂ2

——————————————————————————————————-l

Pl X Bk 3R 4 Electronics I, Neamen 3th Ed. 49




Multistage Amplifiers: Cascode Configuration

mEVrzz
@ @ @‘ g+ ‘@* oV
. 4 ¢
v, Ct) R, Ry Tr1SVy, <*>g y g Veo Re R;
e 1 &
Vo
V() — _gmlgm2(1 n ﬁ?)(R( “RL)V
V7Z'1 :VS 1% .
Vn2 A, = 2= _gmlgm2( )(RC“RL)
8 mi Vrrl - T“ + Em2 V:rr2 VS 32
. T2 . 7( ¥ ) 3 ;82 .
VS’T m e 1 - 1 R
2 = (1+ﬁ2)(g V) + £ + B>

IIZ

— R
= =V ReARD A= mem(RelR)
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Power Consideration

O DC Power
Vee
Pee = IcpViee + Phias
2
PRC — ICQR(' ég fi Re
1
Po=1coVerp + 1p0VeEo = IcoVieEp
Ce +
e

O Total Current and Voltage -

vy =V, cos wt

V
ig = Ipg +r—Pcoswz = Ipp + I, cos wt
b4

iC = ICQ + iBIb COS wl = ICQ + IC COS wt

Ve = VCC — I.CRC = VCC — ([CQ + I(. COS CUI)RC = VCEQ — I(;RC COS wi

LR TR S Electronics |, Neamen 3th Ed.
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Power Consideration

O Total Power

| r

T Vee - ic dt + Ppjyg
0

ﬁcc —

== | Vec-Ucg + 1. coswi] di + Py
0

Veel t 0
= Veeleg + CTC M+ Ppi.s
0

= Icg Ve + Prias

_ |
Prc = T T

= [%QRC + %IERC
H_J

RN ST I

T

: R

itRedt = =5 JUCQ + I, cos wil’dt
0

C

T r 0
IR 2Ucpl, I’R
=—7F J dt + = coswt dt + T
0 0

_ 1.
pQ :? IC'VCEdT
1

= Ucg + 1. coswt] - [Vepg — IR cos wi] dt

O N O N

>R,

= ]CQ VCEQ — 0032 wl dt

© P, =

2
= IcgVepp — 51 Re

T

2 v
Jcos wt dt Ce +
0
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