CHAPTER 5

Bipolar Junction
Transistors (BJTS)

its 5e sedra/smith Copyright@2005_0Organized by Dalton Lin



INTRODUCTION

®The basic principle involved is the use of the
voltage between two terminals to control the current
flowing In the third terminal. In this way, a three-
terminal device can be used to realize a controlled

source,

®The invention of the BJT in 1948 at the Bell
Telephone Laboratories ushered in the era of solid-
state circuits, which led to electronics changing the

way we work,
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®the reliability of BJT circuits under severe environmental
conditions makes them the dominant device in automotive
electronics, an important and still-growing area.

®The BJT is still the preferred device in very demanding
analog circuit applications, both integrated and discrete.
This is especially true in very-high-frequency applications,
such as radio frequency (RF) circuits for wireless systems.

®bipolar transistors can be combined with MOSFETs
to create innovative circuits that take advantage of the
high-input-impedance and low-power operation of
MOSFETs and the very-high-frequency operation and
high-current-driving capabillity of bipolar transistors.
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Figure5.2 A smplified structure of the pnp transistor.
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5.1 DEVICE STRUCTURE AND
PHYSICAL OPERATION

®As shown in Fig. 5.1, the BJT consists of three
semiconductor regions: the emitter region (n type), the

base region (p type), and the collector region (n type).
Such a transistor is called an npn transistor. Another

transistor, a dual of the Npn as shown in Fig. 5.2,

®the terminals labeled Emitter (E), base (B), and
collector (C).
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®The transistor consists of two pn junctions, the
emitter—base junction (EBJ) and the collector—
base junction (CBJ).

®The active mode, which is also called forward active
mode, is the one used If the transistor is to operate as
an amplifier. Switching applications (e.g., logic circuits)
utilize both the Cutoff and the saturation modes. The
reverse active (or inverse active) mode has very
limited application

Microelectronic circuits_5e sedra/smith Copyright@2005_Organized by Dalton Lin



Forward-biased

Reverse-biased

“Colfted

SlBCtrans

Tnjected holes (iy) [ ifmr==s
i electrons

' (i)
- -
[ 3 O i 5] iy O
iy l4|: I
= —_— I I I —
L | l 1 I
— ].}j g =+ . ltH +

Figure 5.3 Current flow in an npn transistor biased to operate in the active mode. (Reverse current
components due to drift of thermally generated minority carriers are not shown.)
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5.1.2 Operation of the npn
Transistor in the Active Mode

®Two external voltage sources are used to establish
the required bias conditions for active-mode operation.
The voltage Vg causes the p-type base to be higher in
potential than the n-type emitter, thus forward-biasing
the emitter—base junction. The collector—base voltage
V.g causes the n-type collector to be higher in
potential than the p-type base, thus reverse-biasing the
collector—base junction.
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Current Flow

®The forward bias on the emitter—base junction will
cause current to flow across this junction. Current will
consist of two components: electrons injected from
the emitter into the base, and holes injected from the
base into the emitter.

®the device is designed to have a high density of
electrons in the emitter and a low density of holes In
the base.
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® The direction of i¢is “out of” the emitter lead, which Is
In the direction of the hole current and opposite to the
direction of the electron current, with the emitter current
Iz being equal to the sum of these two components.

®the emitter current will be dominated by the electron
component.

®l et us now consider the electrons injected from the
emitter into the base. These electrons will be minority
carriers in the p -type base region.
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®The electron concentration will be highest [denoted by
n,(0)] at the emitter side and lowest (zero) at the
collector side. As in the case of any forward-biased pn

junction (Section 3.7.5), the concentration n,(0) will be
prODOI’tiona| {o eVBE/VT

ny(0) = n !_?ﬂfﬂﬂf;v? (5.1)
where is the thermal equilibrium value of the minority-
carrier (electron) concentration in the base region, vgg
IS the forward base—emitter bias voltage, and V; Is the
thermal voltage, which is equal to approximately 25
mV at room temperature
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®This electron diffusion current |, is directly

proportional to the slope of the straight-line
concentration profile,

1 ' ( 0
'!ffi' = AE{EDH%M = AE'@'DH' _EI:;— | 152'
dx \ 1 f

Where A; Is the cross-sectional area of the base—
emitter junction ,q Is the magnitude of the electron

charge, D,, is the electron diffusivity in the base, and
W is the effective width of the base.
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The Collector Current

®most of the diffusing electrons will reach the

boundary of the collector—base depletion region.

Because the collector is more positive than the
base (by vg Vvolts),

S
- “BE" " T -
g = .IJSE? 1.:'].}}

where the saturation current Ig Is given by

[ = ApggD, n o/ W

J!'J
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Substituting n,, =ni"/ N, where n; is the intrinsic
carrier density and N, is the doping concentration of
the base, we can express Ig as

. AEQD”Hf
5§ 1'“'5'?‘4 I_V

(5.4)

® An important observation to make here is that the
magnitude of i Is independent of v .
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The Base Current

®The base current iz Is composed of two components.
The first component ig; IS due to the holes injected from
the base region into the emitter region. This current
component is proportional to

*;EJ - r
NpL

ApgD ne o,V o
E97pli  voe’ "1 (5.5)

where D, Is the hole diffusivity in the emitter, L is
the hole diffusion length in the emitter, and Ng is the
doping concentration of the emitter.
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® The second component of base current, ig,, iIs due to
holes that have to be supplied by the external circuit in
order to replace the holes lost from the base through

the recombination process.

the current iz, must supply the base with a positive
charge equal to Q,, every 7, seconds,

= o (3.6)

igy =
Tp
0, = Apg x in,(0)W
replacing n, by H?XNA gives

Agpq W”nz Uge’ Vr
= 5.7
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] AE‘IW”?F%EFFT

lpz = |
2 1N,

: DN, W 1 W?*\ vV
_ 7 [PeNaW 1 ] sg/Vr 5.9
'8 S(D,,NDLF 2D.7, )¢ (59)

(5.8)

Comparing Egs. (5.3) and (5.9), we see that i; can
be expressed as a fraction of i~ as follows:

ip = 2—;," (5.10)

. (‘%f]e" (5.11)
(D,N,W 1 W*

= (2250 5.12

A= 1p, NpL, 2D,1, S

the constant 3 is called the common-emitter
current gain.
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The Emitter Current

'E.E —_— ic"|"-iﬂn

B+1.

-!':C - E}:IE

B

«“= 5
ip = (/o)™ '
o X
p= | — o
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a IS a constant (for the particular transistor) that
IS less than but very close to unity. For instance,
If 5 =100, then o = 0.99.

®Small changes in o correspond to very large
changesin j.

a 1s called the common-base current gain.
®because ¢ and S characterize the operation

of the BJT In the “forward active” mode, they are
often denoted a - and /3¢
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5.1.3 Structure of Actual Transistors

Figure 5.6 Cross-section of an npn BJT.
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5.1.4 The Ebers-Moll (EM) Model

®this composite model can be used to predict the
operation of the BJT in all of its possible modes.

Ip = Ipp— ORlpc (5.21)
ic = —ipe+ Otpipg (5.22)
ig = (1 —op)ipg+ (1 —og)ipc (3.23)
ing = Isg(e™ ' 7= 1) (5.24)
inc = Isc(e™ "-1) (5.25)
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OF . _ _OCr

Br = o (5.29) Br o

iz (ﬁje”ﬂ‘*”"" + 15(1 _ ij (531)

OF Op
io=Ie™ T+ IS(—I- _ 1) (5.32)
U

: IS] tge’ Vr ( | ] ]

ip= (e (L, L (5.33)
? (ﬁr \Br Br
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Figure 5.9 Thei.—Vg characteristic of an npn transistor fed with a constant emitter current I .. The transistor
enters the saturation mode of operation for v <—0.4 V, and the collector current diminishes.
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5.1.5 Operation In the Saturation Mode

®Figure 5.9 Indicates that as v.g Is lowered below
approximately 0.4 V, the BJT enters the saturation
mode of operation.

®|ncreasing Vg In the negative direction—that Is,
Increasing the forward-bias voltage of the CBJ—
reduces i
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5.1.6 The pnp Transistor

®The pnp transistor operates in a manner similar to that
of the npn device described above. Figure 5.11 shows a
pnp transistor biased to operate in the active mode.
Here the voltage Vg causes the p-type emitter to be
higher in potential than the n-type base, thus forward-
biasing the base—emitter junction. The collector—base
junction is reverse-biased by the voltage Vg, which
keeps the p-type collector lower in potential than the n-
type base.

®current in the pnp device is mainly conducted by holes
Injected from the emitter into the base as a result of the
forward-bias voltage V.
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Figure5.11 Current flow in a pnp transistor biased to operate in the active mode.
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5.2 CURRENT-VOLTAGE
CHARACTERISTICS

5.2.1 Circuit Symbols and Conventions

®Figure 5.13(a) shows the symbol for the npn transistor;
the pnp symbol is given in Fig. 5.13(b).

®This arrowhead points in the direction of normal
current flow in the emitter, which is also the forward
direction of the base—emitter junction.

®Figure 5.14 shows npn and pnp transistors biased
to operate in the active mode.
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Figure 5.14 Voltage polarities and current flow in transistors biased in the active mode.
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®an npn transistor whose EBJ is forward biased will
operate in the active mode as long as the collector
voltage does not fall below that of the base by more
than approximately 0.4 V. Otherwise, the transistor
leaves the active mode and enters the saturation
region of operation.

®In a parallel manner, the pnp transistor will operate
In the active mode if the EBJ is forward biased and
the collector voltage is not allowed to rise above that
of the base by more than 0.4 V or so. Otherwise, the
CBJ becomes forward biased, and the pnp transistor
enters the saturation region of operation.
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TABLE 5.2 Summary of the BJT Current-Voltage Relationships in the Active Mode

i = ISEUHHVT
I v
1.3 = %: = (Esji’ HE)HFT
iy = ic _ (EJEUH.EJVT
¥ o

Note: For the pnp transistor, replace vge with vgg.

i = aiy ip = (1- @iy = ﬁ
ic = Pig ig = (B +1)ig
p=-2L a:_ﬁ_

- o f+1

V7 = thermal voltage = kT = 25 mV at room temperature
q
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The transistor in the circuit of Fig. 5.15(a) has = 100 and exhibits a vgy of 0.7 V ati-= 1 mA.
Design the circuit so that a current of 2 mA flows through the collector and a voltage of +5 V
appears at the collector.

+15V +15V

!

e
\j

—15V

(a) (b)

FIGURE 5.15 Circuit for Example 5.1.
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Microelectronic circuits_5e sedra/smith

Solution

Refer to Fig. 5.15(b). We note at the outset that since we are required to design for V.=+5V, the
CBJ will be reverse biased and the BJT will be operating in the active mode. To obtain a voltage
V.=+5 V the voltage drop across R.must be 15— 5 =10 V. Now, since [.= 2 mA, the value of
R should be selected according to

10V
Rr=—— =35k
€7 2mA
Since vge = 0.7V ati-= 1 mA, the value of vggati-= 2 mA is

Vg = 0T+ vfln@ = 0717V

Since the base is at 0 V, the emitter voltage should be

Ve=-0717TV
For =100, & = 1007101 = 0.99. Thus the emitter current should be
/ 2
E™ o™ 099
Now the value required for Ry can be determined from
Ve —(—
R, = YE=(C15)
Ig
—0.717 +15
= —— = = T7.07 k&2
2.02

This completes the design. We should note, however, that the calculations above were made with a
degree of accuracy that is usually neither necessary nor justified in practice in view, for instance, of
the expected tolerances of component values. Nevertheless, we chose to do the design precisely in
order to illustrate the various steps involved.
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5.2.2 Graphical Representation
of Transistor Characteristics

®Figure 5.16 shows the iIC—vBE characteristic, which
IS the exponential relationship

. E-IEE.-".-"!T
e = Isf.’

which is identical (except for the value of constant n)
to the diode I—v relationship. The ic-—vge and igz—Vge
characteristics are also exponential but with different
scale currents: for ig, and for Ig.
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®For vgc smaller than about 0.5 V, the current is
negligibly small.

®over most of the normal current range vg lies in the
range of 0.6 V to 0.8 V. we normally will assume that
VBE 0.7V,

®As in silicon diodes, the voltage across the emitter—
base junction decreases by about 2 mV for each rise
of 1'C in temperature,
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Figure5.16 Theis—Vvge characteristic for an npn transistor.
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The Common-Base Characteristics

®In the active region of operation, obtained v =-
0.4V for or so, the i—vg curves deviate from our
expectations in two ways.

®First, the curves are not horizontal straight lines but
show a small positive slope, Indicating that I
depends slightly on vz In the active mode. We shall
discuss this phenomenon shortly.

®Second, at relatively large values of v.g, the
collector current shows a rapid increase, which Is a
breakdown phenomenon we will consider at a later
stage.
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Figure5.18 The Vg Characteristics of an npn transistor.
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5.2.3 Dependence of IC on the
Collector Voltage—The Early Effect

®Fig. 5.19(a). The transistor is connected in the
common-emitter configuration

®The result is the family of i-—Vvg characteristic curves
shown in Fig. 5.19(b) and known as common-emitter
characteristics.

®when extrapolated, the characteristic lines meet at a
point on the negative v.¢ axis, at vog = —V,. The voltage
V,, a positive number, is a parameter for the particular
BJT, with typical values in the range of 50 V to 100 V. It s
called the Early voltage,
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Figure5.19 (a) Conceptual circuit for measuring the i - —Vg characteristics of the
BJT. (b) Thei.—Vve characteristics of apractical BJT.
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®At a given value of vgg, Increasing v.g increases the
reverse-bias voltage on the collector-base junction and
thus increases the width of the depletion region of this
junction (refer to Fig. 5.3). This In turn results Iin a
decrease in the effective base width W.

®Recalling that I is inversely proportional to W (Eq.

5.4), we see that I will increase and that I~ Increases
proportionally. This is the Early effect.
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I —_ T 1 _
i = Ie"" T(] +‘—*’~"E] (5.36)

r, = (5.38)

Alternatively, we can write

Va

ﬂ: ’
Ic

r (5.38a)

where I'_is the value of the collector current with the
Early effect neglected

L= ™" (5.38b)
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Figure5.20 Large-signal equivalent-circuit models of an npn BJT operating in the
active mode in the common-emitter configuration.
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5.3 THE BJT AS AN AMPLIFIER AND

AS A SWITCH

TABLE 5.3 Summary of the BJT Current-Voltage Characteristics

Circuit Symbol and Directions

of Current Flow npn Transistor pnp Transistor
C E
o o
- W‘: + WE
_ Uge n ~ Ues n
Ip Ip
— - + —_— —
Bo Urg Bo Uge
+ —
Upg i Ucn i
Sk +[{'
O G
E C
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Operation in the Active Mode
(for Amplifier Application)

Conditions:
1. EBJ Forward Biased

2. CBJ Reversed Biased

Current-Voltage Relationships

Microelectronic circuits_5e sedra/smith

Upr = Vego: Vapan =05V
Typically, vgp = 0.7V
Uee = Vacon: Vecan=04 V

= U203V

m =1
B =i/ < i.=fi,
B =i o < i.= o
m op=L = af=—ﬁ—
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5.3.1 Large-Signhal Operation—
The Transfer Characteristic

®Figure 5.26(a) shows the basic structure (skeleton)
of the most commonly used BJT amplifier, the
grounded-emitter or common-emitter (CE) circuit.

®Resistor RC has vge=v,, Vo=Vg,two functions: to
establish a desired dc bias voltage at the collector,
and to convert the collector signal current i, to an
output voltage, v, or v,,.

®Figure 5.26(b) shows the voltage transfer
characteristic of the CE circuit of Fig. 5.26(a).

Vo = Upogp = LICI_'.'_RI_'."I:C {55{}}
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@since Vg = V|, the transistor will be effectively cutoff
for vi < 0.5V or so. Thus, for the range 0 <v,< 0.5V,
I will be negligibly small, and v, will be equal to the

supply voltage V¢

.-L,r . __.-1_,-

. g VY1 i Vo
fr_" = Isf} = JrlSIE:'

vV -
0o = Veo—Relse S (5.51)

In the saturation region, Veg = Vgaan

V oC FL"E sat T
‘rf_":s-'.u = . (D.32)
R

®\When saturated, transistor can be thought of as a
closed switch.On the other hand, when the BJT is
cutoff, thus acts as an open switch
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Figure 5.26 (a) Basic common-emitter amplifier circuit. (b) Transfer characteristic of the circuit in (). The amplifier is
biased at a point Q, and asmall voltage signal v; is superimposed on the dc bias voltage Vge. The resulting output signal v,
appears superimposed on the dc collector voltage V. The amplitude of v, islarger than that of v; by the voltage gain A,.
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5.3.2 Amplifier Gain

®|f the collector current at this value of Vg IS
denoted I, that Is

et (5.53)
Veer = Vee—Rel - (5.54)
®An expression for the small-signal gain A, can be

found by differentiating the expression in Eqg. (5.51)
and evaluating the derivative at point Q; that is,

for v, = Vg,
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A, = (5.55)
duy ty=Vgg
] Vep/Vr
A = -——I.¢ R
. v, 5 C

Now, using Eqg. (5.53) we can express A, in compact form:

. _ 1cRc _ Vie
4= €= (5.56)
Vec = Vee = Ve (5.57)
ViV
Au - __€C = CE sat {558}
T
7
Avmﬂx = _1;£T (3.59)
Vr
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5.3.4 Operation as a Switch

®T0 operate the BJT as a switch, we utilize the
cutoff and the saturation modes of operation.

®For v, less than about 0.5 V, the transistor will be
cutoff; thus i = 0,i- =0, and v = V¢

®To turn the transistor on, we have to increase v,
above 0.5 V. In fact, for appreciable currents to flow,
vBE should be about 0.7 V and v, should be higher.

_ =V <
lp = R {:l'hﬂ}
B
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which applies only when the device is in the active
mode. This will be the case as long as the CBJ is not
forward biased, that is, aslongasvC >vB -0.4V,

®Eventually, v will become lower than v; by 0.4 V, at
which point the transistor leaves the active region and
enters the saturation region. This edge-of-saturation
(EOS) point is defined by

V=03 _
I cEosy = S (5.63)
(ELhs) R;_"
I - (kos) .
‘,-E[EDS] = Jlrj 1:"["!4-}
Vigos) = IpEosRe+ Ve (3.65)
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®\e shall usually assume that for a saturated transistor,
Vige = 0.2 V.

7 J
o ! cC 1 CF sat

‘rf_"r;;lt - R (5.606)
c
. .. _
.llrjforced = ?‘mt (5.67)
B

Figure5.32 A simplecircuit used to illustrate the different modes of
operation of the BJT.
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5.4 BJT CIRCUITS AT DC

®In the following examples we will use the simple
model In which, |Vgglof a conducting transistor Is
0.7 V and |Vg| of a saturated transistor is 0.2 V,
and we will neglect the Early effect.

®procedure:;

Assume that the transistor iIs operating in the active
mode, and proceed to determine the various voltages
and currents. Then check for consistency of the results
with the assumption of active-mode operation; that is, is
Vg Of an npn transistor greater than —0.4 V (or v of a
pnp transistor lower than 0.4 V)?
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®If the answer Is yes, then our task is complete. If
the answer Is no, assume saturation-mode operation,
and proceed to determine currents and voltages and
to check for consistency of the results with the
assumption of saturation-mode operation. Here the
test is usually to compute the ratio and to verify that it
IS lower than the transistor 5;1.€., Biyceq < B
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Consider the circuit shown in Fig. 5.34(a), which is redrawn in Fig. 5.34(b) to remind the reader
of the convention employed throughout this book for indicating connections to dc sources. We
wish to analyze this circuit to determine all node voltages and branch currents. We will assume

that [3 is specified to be 100.

+10V

4V == Rp =

(a) (b)
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+10 V

(3) 099 x 1 =0.99 mA |
4.7 kQ

10 — 099 X 47 =53V
bav ®

—_—
(5) 1.00 — 0.99 = 0.01 mA

33k

(c)

FIGURE 5.34 Analysis of the circuit for Example 5.4: (a) circuit; (b} circuit redrawn to remind the reader of
the convention used in this book to show connections to the power supply: (c) analysis with the steps numbered.
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Solution

Glancing at the circuit in Fig. 5.34(a), we note that the base is connected to +4 V and the emitter
1s connected to ground through a resistance Rg. It therefore is safe to conclude that the base—
emitter junction will be forward biased. Assuming that this is the case and assuming that Vi is
approximately 0.7 V, it follows that the emitter voltage will be

We are now in an opportune position; we know the voltages at the two ends of Ry and thus can
determine the current [ through it,

V-0 _ 33
Rg 3.3
Since the collector is connected through R to the +10-V power supply, it appears possible

that the collector voltage will be higher than the base voltage, which is essential for active-mode
operation. Assuming that this is the case, we can evaluate the collector current from

Iy = - 1 mA

The value of o is obtained from
a=-B_ 100499
B+1 101
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Thus I~ will be given by
I-=099x1=0.99 mA
We are now in a position to use Ohm’s law to determine the collector voltage V.,
Ve=10-1-R-=10-099x 47 =+53 V

Since the base is at +4 V, the collector—base junction is reverse biased by 1.3 V, and the transistor
1s indeed in the active mode as assumed.
It remains only to determine the base current [, as follows:

J'E_l

= = ~ (.01 mA
B B+1 101

Before leaving this example we wish to emphasize strongly the value of carrying out the
analysis directly on the circuit diagram. Only in this way will one be able to analyze complex cir-
cuits in a reasonable length of time. Figure 5.34(c) illustrates the above analysis on the circuit
diagram, with the order of the analysis steps indicated by the circled numbers.
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least 50,
+10V
4.7 k&
+6 V
§ 33 kO
(a)

Microelectronic circuits_5e sedra/smith

@ =].6 nml

We wish to analyze the circuit of Fig. 53.35(a) to determine the voltages at all nodes and the
currents through all branches. Note that this circuit is identical to that of Fig. 5.34 except
that the voltage at the base is now +6 V. Assume that the (ransistor § is specified to be ar

+10V

4.7 k2
10— 1.6 x 4.7 = 248 (3)

Impossible. not in
active mode

6—07=4+53YV (D

+6V
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+ 10V

10 - 5.5 i

= 0.96 mA |

@ 4._1; |

(c)

FIGURE 5.35 Analysis of the citeuit for Example 5.5, Note that the cireled numbers indicate the order
of the unalysis steps.
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Solution

Assuming active-mode operation, we have

Vp=+6-Vg =6-07=53V

E =
33

1.6 mA

Ve=+10-4TxI.=10-752 = 248V

The details of the analysis performed above are illustrated in Fig. 5.35(b).
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Since the collector voltage calculated appears to be less than the base voltage by 3.52 V, it
follows that our original assumption of active-mode operation is incorrect. In fact, the transistor
has to be in the safuration mode. Assuming this to be the case, we have

Vp=+6-07 = +53V

Ip=1;-1-=1.6-096=0.64 mA
Thus the transistor is operating at a forced 3 of

B ., = Ic _ 096 _

foreed =y 0.64

Since f,,..q 15 less than the minimum specified value of f3, the transistor is indeed saturated. We
should emphasize here that in testing for saturation the minimum value of  should be used. By
the same token, if we are designing a circuit in which a transistor is to be saturated, the design
should be based on the minimum specified 5. Obviously, if a transistor with this minimum f3 is
saturated, then transistors with higher values of § will also be saturated. The details of the anal-

ysis are shown in Fig. 5.35(c), where the order of the steps used is indicated by the circled
numbers.

1.5
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We wish to analyze the circuit in Fig. 5.36(a) to determine the voltages at all nodes and the cur-
and 5.5 except that now the base voltage is zero.

+10V

Re = 4.7 kK

(a)

FIGURE 5.36 Exumple 5.6: (a) circuit; (h) analysis with the order of the analysis steps indicated by
cureled numbers,
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Solution

Since the base is at zero volts, the emitter—base junction cannot conduct and the emitter current is
zero. Also, the collector—base junction cannot conduct since the n-type collector is connected
through R to the positive power supply while the p-type base is at ground. It follows that the col-
lector current will be zero. The base current will also have to be zero, and the transistor 1s in the
cutoff mode of operation.

The emitter voltage will obviously be zero, while the collector voltage will be equal to +10 V,
since the voltage drop across R is zero. Figure 5.36(b) shows the analysis details.
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5.5 BIASING IN BJT AMPLIFIER
CIRCUITS

®The biasing problem is that of establishing a constant
dc current in the collector of the BJT. This current has to
be calculable, predictable, and insensitive to variations
In temperature and to the large variations in the value of
5 encountered among transistors of the same type.

5.5.1 Classical Discrete-Circult

Bias Arrangement

®Figure 5.44(a) shows the arrangement most commonly
used for biasing a discrete-circuit transistor amplifier if
only a single power supply is available.
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() (h)

Figure 5.43 Two obvious schemes for biasing the BJT: (a) by fixing Vgg; (b)
by fixing |g. Both result in wide variationsin | - and hence in V¢ and therefore
are considered to be “bad.” Neither scheme is recommended.
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Vee . . Ve

A — |
A R, + Rs |
R g Re R, |
’
l AN—
;e R R
R, § A~
> Ry L) R
(a) (h)

Figure 5.44 Classical biasing for BJTs using a single power supply: (a)

circuit; (b) circuit with the voltage divider supplying the base replaced with its
Thévenin equivalent.
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R,

Vep = 7%V (5.68)
BB R| +R3 ccC
R.R, _
R, = L2 (5.69)
® " R,+R,

substituting Iz = Iz/(B+1):

VBB - VBE

= (35.70;
R+ Rg/(B+1) { }

I

®To0 make IE insensitive to temperature and S
variation, we design the circuit to satisfy the
following two constraints:

Vg = Vg (5.71)
R

R,> 8 (5.72

e )
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®As a rule of thumb, one designs for

Ve about %‘r’{«{_-. Vep (or Vegp) about %lf’w. and IR ¢

ly
about ‘;‘ CcC-

® Typically one selects R, and R, such that their
current is in the range of I to 0.1lI.
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We wish to design the bias network of the amplifier in Fig. 5.44 to establish a current [z = 1 mA
using a power supply V- = +12 V. The transistor is specified to have a nominal [ value of 100.

Solution

We shall follow the rule of thumb mentioned above and allocate one-third of the supply voltage
to the voltage drop across R, and another one-third to the voltage drop across R, leaving one-third
for possible signal swing at the collector. Thus,

Vp=+4V

and R i1s determined from

1%
Ry = £ =33kQ
Iy

From the discussion above we select a voltage-divider currentof 0.1/, = 0.1 x 1 = 0.1 mA.
Neglecting the base current, we find

R,+R, = % — 120 kO
and .
R
R, + R,
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Thus Ry =40 k€2 and R, = 80 kL2,
At this point, it is desirable to find a more accurate estimate for /¢, taking into account the
nonzero base current. Using Eq. (5.70).

4-07 _
3.3(kQ) + (807 40)(kQ2)
101

0.93 mA

!E=

This is quite a bit lower than the value we are aiming for of 1 mA., It is easy to see from the above
equation that a simple way to restore [ to its nominal value would be to reduce R from 3.3 k€2
by the magnitude of the second term in the denominator (0.267 k£2), Thus a more suitable value
for Ry in this case would be Re= 3 k&2, which results in [p= 1.01 mA = | mA.

It should be noted that if we are willing to draw a higher current from the power supply and
to accept a lower input resistance for the amplifier, then we may use a voltage-divider curremt
equal, say, 10 [g (ie., 1 mA), resulting in ;= 8 k& and R, = 4 k2. We shall refer to the circuit
using these latter values as design 2, for which the actual value of I using the initial value of Ry
of 3.3 kL2 will be

4-0.7

= 2=07 _ _ 009 =1mA
E= 3340027 =

In this case, design 2, we need not change the value of Ry.
Finally. the value of R¢ can be determined from

12-V,
le
Substituting [~ = ¢l = 099 x1 = 0.99 mA = | mA results, for both designs, in

Rl::

Re= 2= = 4k
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5.5.2 A Two Power-Supply Version
of the Classical Bias Arrangement

], — Viee— Ve
£ R.+Ry/(B+1)

(5.73)

This equation is identical to Eq. (5.70) except for Vg
replacing Vgg. Thus the two con- straints of Egs. (5.71) and
(5.72) apply here as well.
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Figure5.45 Biasing the BJT using two power supplies. Resistor Ry is needed only if the
signal is to be capacitively coupled to the base. Otherwise, the base can be connected directly
to ground, or to agrounded signal source, resulting in almost total S-independence of the bias

current.
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5.5.3 Biasing Using a Collector-to-
Base Feedback Resistor

VCC — IER(j"I' IIBRB+ VBE

I
:ITER.«:‘}‘ 2 RB+VBE

P+ 1
] = Vee=Vae
E T R-+Ry/(B+1)

(5.74)



Re R

(a) ()

Figure5.46 (a) A common-emitter transistor amplifier biased by afeedback resistor R;. (b)
Analysis of thecircuit in (a).
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5.6 SMALL-SIGNAL OPERATION
AND MODELS

®\\Ve consider first the dc bias conditions by setting the
signal v, to zero. The circuit reduces to that in Fig. 5.48(b),
and we can write the following relationships for the dc cur-

rents and voltages:
Io= Ise =" (5.78)
Iy = 1./ (5.80)
Ve = Veg = Vee— 1R, (5.81)

®Obvioudy, for active-mode operation, V. should be greater
than (Vz— 0.4)
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5.6.1 The Collector Current and

the Transconductance

the total instantaneous base-emitter voltage vge becomes

Uge = Vet Upe

C gV g Vet u) Y
C — 5% - &5
(Vege/ Vi) (0,7 V7)
= !SE e
. Ller'V
Ic = I,C'f:" v ’

Now, if v, < V5, we may approximate Eq. (5.82) as

ff-—ufc(u""ﬂ]
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® This approximation, which is valid only for v, less than
approximately 10 mV, is referred to as the small-signal

approximation.

Ic

— Uy, (5.84
lir;-]r e }

';C = _!rLj‘f'

Thus the collector current is composed of the dc bias value - and a signal component i...

[

le = ]i;_'-'"lﬁy '585}
T
i ]
le = BmUbe (D.560)
where g, 1s called the transconductance,
I-
_ C QT
Em = 17 (D.8/)
T
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® The small-signal approximation implies keeping the signal
amplitude sufficiently small so that operation is restricted
to an almost-linear segment of the i-—vge exponential curve.

® The analysis above suggests that for small signals (v, <<
V;), the transistor behaves as a voltage-controlled current
source.
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Slope = g,

Ugr

Ty

Figure5.49 Linear operation of the transistor under the small-signal condition: A small signa
Ve With atriangular waveform is superimposed on the dc voltage V. It givesriseto a collector
signal current i, also of triangular waveform, superimposed on the dc current | .. Here, i, = 0, Vi,

where g, is the slope of the i —Vge curve at the bias point Q.
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5.6.2 The Base Current and the
Input Resistance at the Base

le = Iﬂ+llh (589}

(5.90)

~ &m (5.91)
= Lbf (5.92) P = B (5.93)
Ly Em

= == (5.94)
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5.6.3 The Emitter Current and the
Input Resistance at the Emitter

. _IC'_I{:' I.
ip= <= £4
X X X

ip = Ip+i, (5.95)

®|f we denote the small-signal resistance between base and
emitter, looking into the emitter,by r, it can be defined as

r, = e 597) r.=YT (598
I, IE

= — (3.99)
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®The relationship between r_ and r, can be found by
combining their respective definitions in Egs. (5.92) and

(5.97) as

Upe = plg = LT,
re = (i./ig)r,
re = (B+1)r, (5.100)
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5.6.4 Voltage Gain

A,= —< = g R, (5.103)

i
":lr?

5.6.6 The Hybrid- 7 Model

An equivalent circuit model for the BJT is shown In
Fig. 5.51(a).
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-0 )

o,

(a) (h)

Figure5.52 Two dlightly different versions of what is known asthe T model of the BJT. The
circuitin (a) is avoltage-controlled current source representation and that in (b) is a current-
controlled current source representation. These models explicitly show the emitter resistancer,
rather than the base resistance r _ featured in the hybrid-r model.
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The model obviously yields i.=g,,V,.and i, = v, /T, .

» oy
|'J-L

. o o L! be .
t, = T EmUbe = {{I +gm":r}
U |r-"IL hl.-. F..IT |
= | + ) = J
P = o[\ 1B
= /T,

g.w “hf = g.'.r."['f:.f.'s‘r,’r:|I
= {g.'r.'rf!'}fh = -'Irj"rb

®The two models of Fig. 5.51 are simplified
versions of what is known as the hybrid- 7 model.
This Is the most widely used model for the BJT.
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5.6.7 The T Model

C C

(a) (hi

Figure5.52 Two dlightly different versions of what is known as the T model of the BJT. The
circuit in (a) isavoltage-controlled current source representation and that in (b) is a current-

controlled current source representation. These models explicitly show the emitter resistancer,
rather than the base resistancer , featured in the hybrid-r model.
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5.6.8 Application of the Small-Signal
Equivalent Circuits

The process consists of the following steps:

1. Determine the dc operating point of the BJT and in
particular the dc collector current IC.

2. Calculate the values of the small-signal model
parameters:. gn=I1c/Vr.r;=B/gn r,=V/Ig=1/g,

3. Eliminate the dc sources by replacing each dc voltage
source with a short circuit and each dc current source
with an open circuit.

4. Replace the BJT with one of its small-signal equivalent
circuit models.

5. Analyze the resulting circuit to determine the required
guantities (e.g., voltage gain, input resistance). The
process will be illustrated by the following examples.
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We wish to analyze the transistor amplifier shown in Fig. 5.53(a) to determine its voltage gain.
Assume f3 = 100.

Solution

The first step in the analysis consists of determining the quiescent operating point. For this purpose
we assume that ;= (). The dc base current will be

_ 1VEB B VBE

0.023 mA

+0.7V

(a) (b)
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Microelectronic circuits_5e sedra/smith

RBB = 100 k&
B +
Fa Upe
[ . Em Ube R-C = 3 k)

(c)

R

FIGURE 5.53 Example 5.14: (a) circuit; (b) dc analysis; (¢) small-signal model.

The dc collector current will be
I = Blzg=100x0.023 = 2.3 mA
The dc voltage at the collector will be
Vc = VCC_ICRC
=+4+10-23x3=43.1V

Since Vg at +0.7 V is less than V., it follows that in the quiescent condition the transistor will be
operating in the active mode. The dc analysis is illustrated in Fig. 5.53(b).

Having determined the operating point, we may now proceed to determine the small-signal
model parameters:

r, =

Vv
r___BmV. 980
I,  (23/0.99) mA
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To carry out the small-signal analysis it is equally convenient to employ either of the two
hybrid-7 equivalent circuit models of Fig. 5.51. Using the first results in the amplifier equivalent
circuit given in Fig. 5.53(c). Note that no de quantities are included in this equivalent circuit. It is
most important to note that the de supply voltage V- has been replaced by a short circuit in the
signal equivalent circuit because the circuit terminal connected to Ve will always have a con-
stant voltage. That is, the signal voltage at this terminal will be zero. In other words, ¢ circuit
terminal connected 1o a constant de source can always be considered as a signal ground.

Analysis of the equivalent circuit in Fig. 5.53(c) proceeds as follows:

it = U r"r
= "rat Ryn . .
(3.103)
N R,
= Uijgroe ~ MM
The output voltage «, 1s given by
U = —Bnlple
=02 x0011y;%3 = -3.044,
Thus the voltage gain will be
A,= -2 = 3,04 VIV (5.106)

lfi

where the minus sign indicates a phase reversal.
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lectr

5.6.10 Augmenting the Small-
Signal Models to Accountfor the
Early Effect

®The Early effect, discussed in Section 5.2, causes
the collector current to depend not only on vgg but
also on v-z. The dependence on v can be modeled
by assigning a finite output resistance to the
controlled current-source in the hybrid- z model, as
shown in Fig. 5.58. The output resistance r, was
defined in Eqg. (5.37); its value Is given by

lo=Ma+Vee) e =1¢
the output voltage v, becomes v, = =g, tp.(Rc//7,)
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& o C B o

(@)

Figure 5.58 The hybrid-z small-signal model, in itstwo versions, with the

resistancer, included.
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5.7 SINGLE-STAGE BJT AMPLIFIERS

There are basically three configurations for implementing
single-stage BJT amplifiers: the common-emitter, the
common-base, and the common-collector configurations.

5.7.1 The Basic Structure

Figure 5.59 shows the basic circuit

5.7.2 Characterizing BJT Amplifiers

Table 5.5
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Figure5.59 Basic structure of the circuit used to realize single-stage,
discrete-circuit BJT amplifier configurations.
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5.7.3 The Common-Emitter Amplifier

®The CE configuration is the most widely used of all
BJT amplifier circuits. Figure 5.60(a) shows a CE
amplifier implemented using the circuit of Fig. 5.59.

®A large capacitor CE, usually in the 1 F or tens of
« F range, Is connected between emitter and ground.
This capacitor Is required to provide a very low
Impedance to ground.
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®In this way, the emitter signal current passes
through C¢ to ground and thus bypasses the output
resistance of the current source |

Ce Is called a bypass capacitor.

®Here we shall assume that C¢ is acting as a perfect
short circuit and thus Is establishing a zero signal

voltage at the emitter.

®Capacitor C-,, known as a coupling capacitor, is
required to act as a perfect short circuit at all signal
frequencies of interest while blocking dc.
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(h)

Figure5.60 (a) A common-emitter amplifier using the structure of Fig. 5.59. (b)
Equivaent circuit obtained by replacing the transistor with its hybrid-z model.
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®The voltage signal resulting at the collector, vc, Is
coupled to the load resistance R, via another coupling
capacitor C.,. We shall assume that C., also acts a
perfect short circuit at all signal frequencies of interest;
thus the output voltage v, = v..

®T0 determine the terminal characteristics of the CE
amplifier, that Is, Its input resistance, voltage gain, and
output resistance, we replace the BJT with its hybrid-
7 small-signal model.

Thus R, = R,and R, = R,

R,=—-=RylIR, (5.109) Ry =1y (5.110)
ti
Normally., we select Rg = r,. with the result that

R,=r, (5.111)
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Ri,

= g —— 5.112
U = Ugg Ro+ R, ( )
(Ryllry)
= ”*iS(R +r]:R- (5.113)
B x sig
which for Rg > r, becomes
Fre
U S Uyye= (5.114)

Al the output of the amplifier we have

Uy = ¥ (5.115)

Uy = —8m Ilﬂ{ru- " RC " RL}

Atl - —gm{rn " R{' " RL} {5" 16)

The open-circuit voltage gain A,, can be obtained by setting R; = == in Eq. (5.116); thus,
A!J‘ﬂ' = _gm(.rﬂ " R{') {S.IITJ
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since typically r, = R, resulting in

Auo = _ngC {5] ]8}
Rnut:RC”'ro {5]]9}
Rcut = RC {5]20}

The overall voltage gain from source to load, G,, can be obtained by multiplying (v;/ vg,)

from Eq. (5.114) by A, from Eq. (5.116)|

o - (Rgllry

= — ro IR R (5.121)
if R, < r,. we see that the expression for the overall voltage gain reduces to
G,= g, (R:NRl r,) (5.123)

which is the gain A,; in other words, when R Is small,
the overall voltage gain is almost equal to the gain of
the CE circuit proper, which is independent of 5.
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@It follows that the CE amplifier is used to realize the
bulk of the voltage gain required in a unusual amplifier
design

®we wish to evaluate its short-circuit current gain, A..
This can be easily done by referring to the amplifier
equivalent circuit in Fig. 5.60(b). When R, Is short
circuited, the current through it will be equal to —g,,,v ..,

los = —8mUn
Up = = ';PR in
s .
A.r'.'.' == = _gn;'Rin ‘:']L—J'J'

I
®In conclusion, the common-emitter configuration can

provide large voltage and current gains, but R, IS
relatively low and R, Is relatively high.
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5.7.4 The Common-Emitter Amplifier
with an Emitter Resistance

R, =Rzl R, (5.125)
T [

R, = - i, =(l—-a)i = —=

Fi EI._' b {. & IB"‘J.

. Y, . .

i, = 5.126
r.+ R, { j

Ry =(p+1)r.+R,) (5.127)

the input resistance looking into the base is (5 +1)
times the total resistance in the emitter. Multiplication

by the factor (5+1) is known as the resistance-
reflection rule.

R, (with IF;, included) _ (B+1)(r,+R,) 1R o r 5128,
R, (without R,) (B+1)r, r &

e
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®Thus the circuit designer can use the value of Re to
control the value of R;, and hence R,,.

®To determine the voltage gain A,
o, = —EF{R{" || RL} - —ﬂf'f:{,{R;_" || RL}

l-”

Substituting for ie from Eq. (5.126) gives

0, o(R-IR;)
A =2 = _ T
T, r.+ R, (5.129)
R-IIR; .
T A, = - (5.130
Since =1, . TR, . )

®The voltage gain from base to collector is equal
to the ratio of the total resistance in the collector to
the total resistance in the emitter.
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®The open-circuit voltage gain Avo can be found
by setting RL = oo in Eq. (5.129),
OR -
A, = _Fﬁﬁ'f (3.131)

® The short-circuit current gain A, can be found
from the circuit in Fig. 5.61(b) as follows:

';-::-.'.' — —ﬂ"i"{, J;|,- = '{'-'I,-,;'Rm ;"-jll;_,l. _ _[-’E‘I?jnfr.’
A = _#(Rp Il Ry) (5.134)
r.+ R,
—a(pB+1)r,+R,) _
A = et R) _ g
’ r.+R, :
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®The overall voltage gain from source to load
can be obtained by multiplying Av by ( v/, )

G = i A = an Q{RH ” R:h]

1 1

W _!’f,,t.‘.+fi'_,,, r.+ R,

Substituting for R; by RgllR,,. assuming that Rz 3 R,,. and substituting for

Ry, from Eq. (5.127) results in

G = _ [j[RC” R,f_,]
Ri+(B+1)(r.,+R,)
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® Another important consequence of including the
resistance R, In the emitter Is that it enables the
amplifier to handle larger input signals without
Incurring nonlinear distortion.

®Finally, we note that the negative feedback action
of R, gives it the name emitter degeneration
resistance.
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CD Ry

() th)

Figure5.61 (a) A common-emitter amplifier with an emitter resistance R.. (b) Equivalent
circuit obtained by replacing the transistor with its T model.
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5.7.5 The Common-Base Amplifier

®By establishing a signal ground on the base
terminal of the BJT, a circuit configuration aptly
named common-base or grounded-base amplifier
IS obtained.

R.

= (5.137)

e

thus the CB amplifier has a low input resistance.

®To determine the voltage gain,

. ) <1,
I-'I::,:—EEIE(RC || RL) j'E — —2
Ir.l'?

A, = 2o = ?(REIIHL} = g, (R:IIRy) (5.138)

(i
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® The open-circuit voltage gain A, can be found from
Eq. (5.138) by setting R, = oo

‘4:'.:1 = ngL' 15-1-1‘-”
Raut = RG

® The short-circuit current gain A Is given by

-, -0, -
Ay=—t = e o (5.140)
l; —I,
1/ IK: r -
— = " = < (5.141)
.‘.'Ih.-'lg Rﬂig T+ RI; Rhig T F,
r. -
G, = ——g,(RcllRy) = XRIRY) (5.142)
R.-;jg Fe Rﬁ-ig +r, '
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®In summary, the CB amplifier exhibits a very low
Input resistance (r,) a short-circuit current gain that Is
nearly unity («a ), an open-circuit voltage gain that is
positive and equal in magnitude to that of the CE
amplifier (g,,Rc), and like the CE amplifier, a relatively
high output resistance (R.).

®Finally, a very significant application of the CB circuit
IS as a unity-gain current amplifier or current buffer: It
accepts an input signal current at a low input resistance
and delivers a nearly equal current at very high output
resistance at the collector
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5.7.6 The Common-Collector (CC)
Amplifier or Emitter Follower

Ry = (B+Dr.+(r,IR)] (5.143)

R, = Ry | R
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Figure 5.63 (a) An emitter-follower circuit based on the structure of Fig. 5.59. (b) Small-signal equivalent circuit of the
emitter follower with the transistor replaced by its T model augmented with r
that r,isin paralel with R, . This simplifies the analysis considerably

(c) Thecircuit in (b) redrawn to emphasize
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11
e T = AM—
g:ﬁ + . %lﬁ A
Tl (D RE-‘; : ’ o ¥ . ='\I_: . C) T . .
| (B + b, ' & ) l(g + i, .
§ (B + iR, f (B + IR,

|
i}
|

la) (b)

Figure5.64 (a) An equivalent circuit of the emitter follower obtained from the circuit in Fig.
5.63(c) by reflecting all resistances in the emitter to the base side. (b) The circuit in (a) after
application of Thévenin theorem to the input circuit composed of vy, Ry, and Rg.
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TABLE 5.6 Characteristics of Single-Stage Discrete BJT Amplifiers

Common Emitter

Rm=RB”P‘E=RB“[ﬁ+l}r€

A, = —g (r,IR-IIR,)
Row = 14 I R¢
fRB”P‘rJI
G,=——81"x)__, . IR.IR,)
{RB ” rn} +Rsiggm. o [ L)
Usig ’__,Bf_i"o ” RC”RL]
- Fr+ Rgg

Ay =—8mRin E_ﬁ
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Common Emitter with Emitter Resistance

VCC

Neglecting r,:
:C;.
RlanB” fﬁ"‘ 1){T€+R€J
R, sz_ﬂ'[RC”RL],:__gm{RC”RL]
r.+ R, 1+g,K,
Usig — Ru:nut = R(‘
G- BRIRY)
r— o Rsig"'[ﬁ"'”[re'i'ReJ

N N
v;  1+guR,
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Common Base

!

_""‘:l“

Re
CCE
o
AAA—C ,
——— Il "‘ri‘-ll,ll
+
¢ )T
vslg 1)
_ Y
.
— hin "EE

Neglecting r,:

Rm=}",

£

A, = gn(R¢ | K;)

Ro = Re
) o(R- R;)
v Rslg+ r,
A,z o
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Common Collector or Emitter Follower

Ro=Rgll(B+1)[r,+(r,IIR.)]

— [ra”RL]
(r,| R+ r,

©

R..IR
=ral|[r€+—3—zjlﬂ
Ry (ro I Ry)
Y Ry+R, R,IR
fi sig Ttsip B+F'f+{}"ﬂ||RL]

p+1

ot

Uslg

p+1

]
i
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5.10 THE BASIC BJT DIGITAL
LOGIC INVERTER

®If the input voltage v, is “high,” at a value close to
the power-supply voltage V., representing a logic
1 In a positive-logic system, the transistor will be
conducting and, with appropriate choice of values
for Rz and R, saturated.

®Thus the output voltage will be Vg = 0.2 V,
representing a “low” or logic 0. Conversely, if the
iInput voltage is “low,” at a value close to ground
(e.9., Veeeat )» then the transistor will be cut off, IC
will be zero, and v, = V¢, Which is “high” or logic 1.
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