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TABLE 5.1
Unloaded BIT Transistor Amplifiers

i ., Input Cutput Voliage. Current
Configuration Z Tmpedanie Z, Tmpedance A Gain 5 A; _Gaan
Medium (1k()) {Medium (2kQ) High (-200) High (100)
= = . .;.-{.RCI[YGJ ol BRgr,
i b ‘f_(ﬂ} + Re)(Rp + Br)
= |gfndl | = ok
(Rg = 108r,) (r, = 10R) =
= ("-n = IORC'!
(r, = 10R;) Ry = 108

Medium (1kQ) High (—200)

(rn = IORC)

High (100 k) High (50)

I

Z, = B(r, + Rg)| (anylevel ofr,)

(R.E >>re)

High (100kQ) | Low (20 Q) High (~50)

: (Rp == 1)
(RE = re)

Low (2002)  |Medium (2kQ) [ * High (200)

(Rp == r,)

(‘ollector Medium (1k€) [Medium (2kQ) High (—200) High (50)
feedback: — :

(ra = IORC)
(Rr >>Rc)

In
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TAELE 5.2
BIT Transistor Amplifiers Including the Effect of R and R,

R R

Configuration A, = V./V; Zz,; Z,
e ~(RulRe)
— ol . Re
Including r,:
{RL”R ”}‘0)
ﬁ_—TC— RB"ﬁfe Rc”ro
—(R[Re)
-‘—::_('L R, "Rzﬂﬁ"c Re
Including r,:
—(R|Rc|r)
e RilRy| g, Relr,
Ryi= RL”RE R; f R:”RIHRZ
4 R;
=] Rl”RZ ”B(rz o RE) RE” T_{ 25 T
Including r,:
r R-;
= RiIR,|B(r, + Ry) Rel 7 T
¢ SRR
=~ ( L” C‘) REH'} R(_‘
rf
Including r,:
—(RAR:| s
= ‘_( LL! C'IL ) RE”" e Rc”’”o
. re
—(R,|R¢)
h;—c_ R, "Rzlfﬁ(rc + Rp) ! Re
\E
Including r,;
—(R.|Re)
e RR| B(r. + R,) = Rc
E




TABLE 5.2 (Continued)

BJT Transisior Amplifiers Including the Effect af R and R,

Configuration Ay = ViV

Z(RefRc) Rel s, + Re) Re
R ‘
Including r,;
%“Rc) RolB (. + Ry) = R
£
‘(L“R) ’B“NI%I Re
Inclﬁding 1
;(RM BQH-I% RelBelr,
iR”RQ mgul‘% = RelR
Including r,:
E'j%@ = ,BRE”LIE—‘] = R¢| Ry

S

o
VNL

V;
and V=4 7

50 that

resistive elements.

Emy, is the open-circuit voltage between the output terminals, identified as V,. However,

(5.82)

Substituting the Thévenin equivalent circuit between the output terminals results in
the output configuration of Fig. 5.63. For the input circuit the parameters V; and I; are
related by Z; = R, permitting the use of R, to represent the input circuit. Because our
present interest is in BJT and FET amplifiers, both Z, and Z; can be represented by

Before continuing, let us check the results of Fig. 5.63 by finding Z, and A,,, inthe usual
manner. To find Z,, V; is set to zero, resulting in A, Vi = 0, permilting a short-circuit
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296 ELECTRONIC DEVICES Z 10kQ)(101.20
AND CIRCUIT THEORY Eq.(5.85): A, =—." 4 = ( ) )

T T

Zl'
c. Bg.(5.94): A, =-A -t~ g(101_20)< lﬂkﬂ)

I ; 26 0
d. Bg(B85): « e t@ o 208
e

V, = 0.025V,

i v
ad i 0.025  with VD = 147.97 from above
o Vf Vo =
e Ay = 7= =2 = (0.025)(147.97) = 3.7
VS Vx i

In total, therefore, the gain is about 25 times greater with the emitter-follower configuration
to draw the signal to the amplifier stages. Note, however, that it is also important that the
output impedance of the first stage is relatively close to the input impedance of the second
stage, otherwise the signal would have been “lost” again by the voltage-divider action.

RC-Coupled BIT Amplifiers

One popular connection of amplifier stages is the RC-coupled variety shown in Fig. 5.71 in

the next example. The name is derived frem the capacitive coupling capacitor C, and the -
fact that the load on the first sta

ge is an RC combination. The coupling capacitor isolateg
the two st

ages from a dc viewpoint but acts as a short-circuit equivalent for the ac response

The input impedance of the second stage acts as a load on the first stage, permitting tha

same approach to the analysis as described in the last two sections.

EXAMPLE 505

a. Calculate the no-load voltage gai ge of the R

b. Calculate the overall gain and output voltage if a 4.7 k) load is applied to the second

stage, and compare (o the results of part (a).

Calculate the input impedance of the first stage and the output impedance of the second
stage.

22kQ 15 kG 2.2kQ
CB—-CB Coscade §15m

Vi=25 v o—Jp——

10 pF A 00 - B=200
4.7kQ 4 4.7kQ P |
1kQ 2 1kQ

FiG. 5.71
RC-coupled BJT amplifier for Example 5.15.

Solution:

a. The dc bias analysis results in the follow

ing for each transistor:
Ve =4IV, V=240¥, Vo= 11V, L —d40mk




At the bias point, BJT AC ANALYSIS 287
26mV _ 26mV
‘ e
loading of the second stage is
Zfl = RlHRzllB’}
which results in the following gain for the first stage:

_ _Rd(Ri|R:]Br.)

B

=650

A

i(’

_ (22x0)|[15xQ[4.7xQ(200) (6.5 )]

5 650

665.2 O
=t = 1023
650 I
‘or the unloaded second stage the gain is
B 22 k0
- = —— = — - = —338.4
Ao r 2 = 338.46

resulting in an overall gain of

Ay = AvAry,, = (—102.3)(—338.46) = 34.6 x 10°
The output voltage is then

Vo = A, Vi = (34.6 X 10°}(25 uV) = 865 mV
The overall gain with the 10-k(} Toad applied is
Kol a0 ES 4.7 kO

= T T e et 8 NGl R 2
AR R ST m+2.2kn( 107) = 236 x 10

which is considerably less than the unloaded gain because R, is relatively close to K.
VoAl
= (23.6 X 10*)(25 uV)
= 590 mV
The input impedance of the first stage is

Z, = R||R)||Br, = 4.7kQ|15 kQ[(200)(6.5 Q) = 953.6 Q
whereas the output impedance for the second stage is
Z,, = R = 2.2kQ

- Cascode Corinection

T'he cascode configuration has one of two configurations. In each case the collector of the
leading transistor is connected to the emitter of the following transistor. One possible arrange-
ment appears in Fig. 5.72; the second is shown in Fig. 5.73 in the following example. The

Vee

Fé
-0

CE - (B Cascode

e
el

Cp

=+

FIG. 5.72
Cascode configuration.




{YBRID =~ MODEL

isistor model to be introduced is the hybrid 7 model, which includes parameters
i gppear in the other two models primarily to provide a more accurate model for
iy cffects. For lower frequencies approximations to the model can be made
ult that the r, model introduced earlier will result. The hybrid 7 model appears
1 with all the parameters necessary for a full-frequency analysis.

on

=& (l, rp) = &m ]E;bre=

% FIG. 5.123
Giacoletto (or hybrid 1) high-frequency transistor small-signal ac equivalent circuir.

Fcapacitors that appear in Fig. 5.123 are stray parasitic capacitors between the vari-
ions of the device. They are all capacitive effects that really only come into play at
aquencies. For low to mid-frequencies their reactance is very large, and they can be
wiilered open circuits. The capacitor C,, is usually just a few picofarads (pF) to a few tens

{urads, whereas the capacitance C, typically extends from less than 1 pF to a few pi-
ik, The resistance r, includes the base contact, base bulk, and base spreading resistance

The first is due to the actual connection to the base. The second includes the resistance
{he external terminal to the active region of the transistor, and the last is the actual re-

c¢ within the active base region. It is typically a few ohms to tens of ohms. The resistors
4 ind 1, are the resistances between the indicated terminals of the device when the de-
iz in the active region. The resistance r; (using the symbol 77 to agree with the hybrid
‘____ﬁnulo gy) is simply fr, as introduced for the common-emitter , model. The resistance 7L
l% subscript u refers to the union it provides between collector and base terminals) is a very
gr resistance and provides a feedback path from output to input circuits in the equivalent
iidlel. 1tis typically larger than Br,,, which places it in the megohm range. The output resist-
Gito 1, is the output resistance normally appearing across an applied load. Its value, which
"."ﬁn‘.,-.sslly lies between 5 k() and 40 k(), is determined from the hybrid parameter k..
. Itisimportant to note in Fig. 5.123 that the controlled source can be a voltage-controlled
frent source (VCCS) or a current-controlled current source (CCCS), depending on the pa-
neters employed.

I‘or the broad range of low- to mid-frequency analysis, the effect of the stray capacitive
ellects can be ignored due to the very high reactance levels associated with each. The resist-
ihee 1, is usually so small it can be replaced by a short-circuit equivalent, and the resistance
f, Is usually so large it can be ignored for most applications. The result is an equivalent net-
work similar to the r, common-emitter model introduced earlier.

Because the use of the model is totally dependent on finding the parameter values for the

cquivalent network, it is important to be aware of the following relationships to extract the
parameter values from the data typically provided:

(5.162)

(5.163)

(5.164)
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(5.165)

The equivalence between the (wo sources o
Egs. (5.162) and (5.163).

The hybrid 77 model will not appear in the small-signal analysis of this chapter becuuc
it is primarily used to investigate high-frequency effects. It will dppear again in the discus
sion of high-frequency effects in C hapter 9.

f Fig. 5.123 is demonstrated in the figure using:

5.23 VARIATIONS OF TRANSISTOR PARAMETERS

A variety of curves can be drawn to show the vari
perature, frequency, voltage, and current. The mo
velopment include the variations with Junction t

The effect of the collector current on the r,
in Fig. 5.124. Take careful note of the logarith

ations of the transistor parameters with tem
stinteresting and useful at this stage of the dc
emperature and collector voltage and current,
model and hybrid equivalent mode] is shown -
mic scale on the vertical and horizontal axcs.
lin Chapter 9. The parameters have all beep *

the quiescent point is at the fairly typical v
the frequency and temperature of operali
also indicated on the curves. Figure 5.12
lector current. Note that at Ic = 1mA th
to 1 on the vertical axis. The result is th
the values at the defined operating point,
rameters for plots of this type, they ar
broaden the use of the curves the r,andh

alues of Vi = 5.0V and I = 1.0 mA. Because
on also affect the parameters, these quantities are
4 shows the variation of the parameters with col-
e value of all the parameters has been normalized
at the magnitude of each parameter is compared to
Because manufacturers typically use the hybrid pa-
e the curves of choice in Fig. 5.124, However, 10
ybrid 7 equivalent parameters have also been added.

& Relative magnitude of parameters

i (Br,) e

7T
'l
A\

2 ‘:'\“sﬁ .°°...- ///
IC =1 mA -_'hre (r’—‘:) \...:s~ 2 i
Vee =5V id,
T a5eE el
S =Tkl 05

hye®

Qi Lo i

0.1 [y () ' It k)

0.05

0.02
0.01
0.

FIG. 5.124
Hybrid parameter variations with collector current,

At first glance it is particularly interesting to note that:

The parameter hy. (B) varies the least of all the parameters of a transistor equivalent
circuit when plotted against variations in collector current.

Figure 5.124 clearly reveals that for
hy(B) varies from 0.5 of its Q-point value
of about 6 mA. For a transistor with a 8

the full range of collector current the parameter
to a peak of about 1.5 times that value af a current
of 100, it therefore varies from about 50 to 150.




s ieems like quite a big, but look at A,,,, which jumps to almost 40 times its Q-point value
i collector current of 50 mA.
igure 5.124 also shows that ho(1/r,) and h,(Br,) vary the most for the chosen current
¢, The parameter A, varies from about 10 times its Q-point value down to about one tenth
<point the value at 50 mA. This variation, however, should be expected because we
v that the value of r, is directly related to the emitter current by r, = 26 mV/I.. As
1) increases, the value of r, and therefore Br, will decrease, as shown in Fig. 5.124.
¢p in mind as you review the curve of /1, versus current that the actual output resist-
1, is 1/h,,. Therefore, as the curve increases with current, the value of r, becomes less
| less. Because r, is a parameter that normally appears in parallel with the applied load,
casing values of r, can become a critical problem. The fact that r, has dropped to almost
?{;ﬁ)' { its value at the Q-point could spell a real reduction in gain at 50 mA.
e parameter A, varies quite a bit, but because its Q-point value is usually small enough
rmit ignoring its effect, it is a parameter that is only of concern for collector currents
{ are much less, or quite a bit more, than the Q-point level.
This may seem like an extensive description of a set of characteristic curves. However,
crience has revealed that graphs of this nature are too often reviewed without taking the
¢ o fully appreciate the broad impact of what they are providing. These plots reveal a
of information that could be extremely useful in the design process.
Figure 5.125 shows the variation in magnitude of the parameters due to changes in collec-
f-lo-emitter voltage. This set of curves is normalized at the same operating point as the
srves of Fig. 5.124 to permit comparisons between the two. In this case, however, the ver-
cal scale is in percent rather than whole numbers. The 200% level defines a set of parame-
1 twice that at the 100% level. A level of 1000% would reflect a 10:1 change. Note that
-and £, are relatively steady in magnitude with variations in collector-to-emitter voli-
¢, whereas for changes in collector current the variation is a great deal more significant.
‘other words, if you want a parameter such’as /;,(8r,) to remain fairly steady, keep the
yariation of I, to a minimum while worrying less about variations in the collector-to-
gmitter voltage. The variation of h,, and #,, remains significant for the indicated range of
tollector-to-emitter voltage.

4 (% of Vg = 5 V value of each quantity)
3000 —
2000 —
1000 —
700 |- E
Hoe (75) 1 )
D8 hre("r“ﬂ)\'.'. le uh 1
¥ '.' ,/ Loe ( fa)
300 i 7 et
N, aatt
Ig=1mA 200 — e i N (]
, s 25 s S
Vep =5V Ny | g antemmmt R (B)
T=25°¢ — IO —
he (B ==
f=1kHz 70 — hie (Br.)
50—
30 l | | | | ] | | .
0.2 0.5 1 2 5 I 20 50 100 Vg (V)
FIG. 5.125

Hybrid paramerer variations with collector—emitter potential.

In Fig. 5.126, the variation in parameters is plotted for changes in junction temperature,
The normalization value is taken to be room temperature, T = 25°C. The horizontal scale
is now a linear scale rather than the logarithmic scale employed in the two previous figures.
In general:

All the parameters of a hybrid transistor equivalent circuit increase with temperature.

However, again keep in mind that the actual output resistance r, is inversely related to
hoe, 50 its value drops with an increase in h,,. The greatest change is in A, although note
that the range of the vertical scale is considerably less than in the other plots. At a temperature
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Relative magnitude of parameters

(Freezing H,0) (Boiling H,0)

Lo P (B
¥
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b
e
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-

|
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025050 100 150 200
I
Room temperature

FIG. 5.126
Hybrid parameter variations with lemperarure,

of 200°C the value of h;, s almost 3 times jts Q-point value, but in Fig. 5.124 parum
Jumped to almost 40 times the Q-point value.

Of the three barameters, therefore, the variation in collector current has by far the P
est effect on the Parameters of a transistor equivalent circui. Temperature is always i
tor, but the effect of the collector current can be significant,

5.24 TROUBLESHOOT] NG e
Although the terminology troubleshooting sy ggests
designed simply to isolate a malfunction, it is i i

can be applied to ensure thatas
ing, and Isolating procedures re

ages. There is no ac response

°s of the capacitor at the applici

is measured in volts and v; in millivolts suggests a sizable g
the network appears to be operating properly. If desired, the (.

- In fact, there may be more thu
one problem area in the same system. Fortunate]y, however, with time and experience, (he

probability of malfunctiong I some areas can be predicted, and an experienced person ¢
1solate problem areas fairly quickly.
In geneéral, there is nothing mysterious about the general troubleshooting process. If you
csponse, it it good procedure to start
progress through the system toward the load, checkin g critical points alop
expected response at some point suggests that the network is fine up to

dn




TABLE 6.2
Field Effect Transistors

Type

Symbol and
Basic Relationships

JFET
(n-channel)

o

MOSFET
depletion type
(n-channel)

MOSFET
enhancement type
(n-channel)

MESFET

depletion type
(r-channel)

MESFET
enhancement type
(n-channel)

Ip=k (Vs = Vg ey
= I, D{on)
Vesion = Vos omy)?

Ic=0A,I,=1;

Ip=k (Vg5 ~ Vs amy?
ID(on)
Vason ~ Vos o)’

Transfer Curve

o

¥ s




