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Bipolar Amplifiers

With the physics and operation of bipolar transistors described in Chapter 4, we now deal with
amplifier circuits employing such devices. While the field of microelectronics involves much
more than amplifiers, our study of cellphones and digital cameras in Chapter 1 indicates the
extremely wide usage of amplification, motivating us to master the analysis and design of such
building blocks. This chapter proceeds as follows.

General Concepts Operating Point Analysis Amplifier Topologies
® |nput and Output Impedances ® Simple Biasing ® Common-Emitter Stage
® Biasing E> ® Emitter Degeneration E> ® Common-Base Stage
® DC and Small-Signal Analysis ® Self-Biasing ® Emtter Follower

® Biasing of PNP Devices

Building the foundation for the remainder of this book, this chapter is quite long. Most of
the concepts introduced here are invoked again in Chapter 7 (MOS amplifiers). The reader is
therefore encouraged to take frequent breaks and absorb the material in small doses.

5.1 General Considerations

Recall from Chapter 4 that a voltage-controlled current source along with a load resistor can form
an amplifier. In general, an amplifier produces an output (voltage or current) that is a magnified
version of the input (voltage or current). Since most electronic circuits both sense and produce
voltage quantities$,our discussion primarily centers around “voltage amplifiers” and the concept
of “voltage gain,"voy: /vin.-

What other aspects of an amplifier's performance are important? Three parameters that readily
come to mind are (1) power dissipation (e.g., because it determines the battery lifetime in a
cellphone or a digital camera); (2) speed (e.g., some amplifiers in a cellphone or analog-to-digital
converters in a digital camera must operate at high frequencies); (3) noise (e.g., the front-end
amplifier in a cellphone or a digital camera processes small signals and must introduce negligible
noise of its own).

LExceptions are described in Chapter 12.

175
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5.1.1 Input and Output Impedances

In addition to the above parameters, the input and output (I/O) impedances of an amplifier play
a critical role in its capability to interface with preceding and following stages. To understand
this concept, let us first determine the 1/O impedances adeal voltage amplifier. At the input,
the circuit must operate as a voltmeter, i.e., sense a voltage without disturbing (loading) the
preceding stage. The ideal input impedance is therefore infinite. At the output, the circuit must
behave as a voltage source, i.e., deliver a constant signal level to any load impedance. Thus, the
ideal output impedance is equal to zero.

In reality, the 1/0 impedances of a voltage amplifier may considerably depart from the ideal
values, requiring attention to the interface with other stages. The following example illustrates
the issue.

D ]
mmth a voltage gain of 10 senses a signal generated by a microphone and applies
the amplified output to a speaker [Fig. 5.1(a)]. Assume the microphone can be modeled with a
voltage source having a 10-mV peak-to-peak signal and a series resistancéof28®assume
the speaker can be represented by dhrésistor.
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Figure 5.1 (a) Simple audio system, (b) signal loss due to amplifier input impedance, (c) signal loss due
to amplifier output impedance.

(a) Determine the signal level sensed by the amplifier if the circuit has an input impedance of
2 k2 or 50092.

(b) Determine the signal level delivered to the speaker if the circuit has an output impedance
of 10Q or 21.

Solution
(a) Figure 5.1(b) shows the interface between the microphone and the amplifier. The voltage
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sensed by the amplifier is therefore given by

v = RmR+Rmvm. (5.1)
For R;, = 2 kQ,
v1 = 0.91v,,, (5.2)
only 9% less than the microphone signal level. On the other hand? fpr= 500 2,
v = 0.71vpy, (5.3)

i.e., nearly 3@ loss. It is therefore desirable to maximize the input impedance in this case.
(b) Drawing the interface between the amplifier and the speaker as in Fig. 5.1(c), we have

Vout = ]%Lf;gampvamp. (5.4)
For Rymp =10 Q,
Vout = 0.4404mp, (5.5)
a substantial attenuation. Fay,,, = 2 2,
Vout = 0.8Vgmp. (5.6)

Thus, the output impedance of the amplifier must be minimized.

Exercise
If the signal delivered to the speaker is equa) fv,,, find the ratio ofR,,, andRy,.

The importance of I/O impedances encourages us to carefully prescribe the method of mea-
suring them. As with the impedance of two-terminal devices such as resistors and capacitors, the
input (output) impedance is measured between the input (output) nodes of the circuit while all
independent sources in the circuit are set to ZdHoistrated in Fig. 5.2, the method involves ap-
plying a voltage source to the two nodes (also called “port”) of interest, measuring the resulting
current, and definingx /i x as the impedance. Also shown are arrows to denote “looking into”
the input or output port and the corresponding impedance.

The reader may wonder why the output port in Fig. 5.2(a) is left open whereas the input port
in Fig. 5.2(b) is shorted. Since a voltage amplifier is driven by a voltage source during normal
operation, and since all independent sources must be set to zero, the input port in Fig. 5.2(b) must
be shorted to represent a zero voltage source. That is, the procedure for calculating the output
impedance is identical to that used for obtaining the Thevenin impedance of a circuit (Chapter
1). In Fig. 5.2(a), on the other hand, the output remains open because it is not connected to any
external sources.

2Recall that a zero voltage source is replaced by a short and a zero current source by an open.
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Figure 5.2 Measurement of (a) input and (b) output impedances.

Determining the transfer of signals from one stage to the next, the 1/0 impedances are usually
regarded as small-signal quantities—with the tacit assumption that the signal levels are indeed
small. For example, the input impedance is obtained by applying a small change in the input
voltage and measuring the resulting change in the input current. The small-signal models of
semiconductor devices therefore prove crucial here.

ssuming that the transistor operates in the forward active region, determine the inputimpedance

of the circuit shown in Fig. 5.3(a).
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Figure 5.3 (a) Simple amplifier stage, (b) small-signal model.

Constructing the small-signal equivalent circuit depicted in Fig. 5.3(b), we note that the input
impedance is simply given by
Yo . (5.7)
2
Sincer, = B/gm = BVr/Ic, we conclude that a highet or lower I~ yield a higher input
impedance.

Exercise
What happens if?2 is doubled?

To simplify the notations and diagrams, we often refer to the impedance seend¢rather
than between two nodes (i.e., at a port). As illustrated in Fig. 5.4, such a convention simply
assumes that the other node is the ground, i.e., the test voltage source is applied between the
node of interest and ground.
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Figure 5.4 Concept of impedance seen at a node.

alculate the impedance seen looking into the collect@yoin Fig. 5.5(a).
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Figure 5.5 (a) Impedance seen at collector, (b) small-signal model.

Setting the input voltage to zero and using the small-signal model in Fig. 5.5(b), we note that
vr =0, gmv. = 0, and henc&R,,. = 70.

Exercise
What happens if a resistance of valig is placed in series with the base?

mﬂ e
alculate the impedance seen at the emittef ofin Fig. 5.6(a). Neglect the Early effect for

simplicity.
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Figure 5.6 (a) Impedance seen at emitter, (b) small-signal model.

Setting the input voltage to zero and replacing- with ac ground, we arrive at the small-signal
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circuit shown in Fig. 5.6(b). Interestingly, = —vx and

ImVUn + :_ﬂ = —ix. (58)
That is,
1
X Im + —
r

™

Sincer; = B/gm > 1/gm, we haveR,,: = 1/gn.

Exercise
What happens if a resistance of vallde is placed in series with the collector?

The above three examples provide three important rules that will be used throughout this
book (Fig. 5.7): Looking into the base, we segeif the emitter is (ac) grounded. Looking into
the collector, we sego if the emitter is (ac) grounded. Looking into the emitter, we g, if
the base is (ac) grounded and the Early effect is neglected. It is imperative that the reader master
these rules and be able to apply them in more complex ciréuits.

rfo
R e
I'n ac ac ac ;C 4— N

Im
Figure 5.7 Summary of impedances seen at terminals of a transistor.

5.1.2 Biasing

Recall from Chapter 4 that a bipolar transistor operates as an amplifying device if it is biased
in the active mode; that is, in the absence of signals, the environment surrounding the device
must ensure that the base-emitter and base-collector junctions are forward- and reverse-biased,
respectively. Moreover, as explained in Section 4.4, amplification properties of the transistor
such agyy.,, -, andro depend on the quiescent (bias) collector current. Thus, the surrounding
circuitry must also set (define) the device bias currents properly.

5.1.3 DC and Small-Signal Analysis

The foregoing observations lead to a procedure for the analysis of amplifiers (and many other
circuits). First, we compute the operating (quiescent) conditions (terminal voltages and currents)
of each transistor in the absence of signals. Called the “dc analysis” or “bias analysis,” this step
determines both the region of operation (active or saturation) and the small-signal parameters of

3While beyond the scope of this book, it can be shown that the impedance seen at the emitter is approximately equal
to 1/gm only if the collector is tied to a relatively low impedance.
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each device. Second, we perform “small-signal analysis,” i.e., study the response of the circuit
to small signals and compute quantities such as the voltage gain and 1/0 impedances. As an
example, Fig. 5.8 illustrates the bias and signal components of a voltage and a current.

V,
BE Bias (dc)
[\/\j Value

- >
t

Ie Bias (dc)
NS\ T Value

- >
t

Figure 5.8 Bias and signal levels for a bipolar transistor.

It is important to bear in mind that small-signal analysis deals with only (sroladlhgesn
voltages and currents in a circuit around their quiescent values. Thus, as mentioned in Section
4.4.4, allconstantsources, i.e., voltage and current sources that do not vary with time, must be
set to zero for small-signal analysis. For example, the supply voltage is constant and, while es-
tablishing proper bias points, plays no role in the response to small signals. We therefore ground
all constant voltage sourceand open all constant current sources while constructing the small-
signal equivalent circuit. From another point of view, the two steps described above follow the
superposition principle: first, we determine the effect of constant voltages and currents while sig-
nal sources are set to zero, and second, we analyze the response to signal sources while constant
sources are set to zero. Figure 5.9 summarizes these concepts.
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Figure 5.9 Steps in a general circuit analysis.

We should remark that theesignof amplifiers follows a similar procedure . First, the circuitry
around the transistor is designed to establish proper bias conditions and hence the necessary
small-signal parameters. Second, the small- signal behavior of the circuit is studied to verify the
required performance. Some iteration between the two steps may often be necessary so as to
converge toward the desired behavior.

How do we differentiate between small-signal and large-signal operations? In other words,
under what conditions can we represent the devices with their small-signal models? If the signal
perturbs the bias point of the device only negligibly, we say the circuit operates in the small-
signal regime. In Fig. 5.8, for example, the changddndue to the signal must remain small.

This criterion is justified because the amplifying properties of the transistor syghasdr,. are

4We say all constant voltage sources are replaced by an “ac ground.”
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consideredonstantn small-signal analysis even though they in fact vary as the signal perturbs
Ic. That is, alinear representation of the transistor holds only if the small-signal parameters
themselves vary negligibly. The definition of “negligibly” somewhat depends on the circuit and
the application, but as a rule of thumb, we consitEX; variation in the collector current as the
upper bound for small-signal operation.

In drawing circuit diagrams hereafter, we will employ some simplified notations and symbols.
Illustrated in Fig. 5.10 is an example where the battery serving as the supply voltage is replaced
with a horizontal bar labeleld-.> Also, the input voltage source is simplified to one node called
Vin, With the understanding that the other node is ground.

Ry
(@]
AMA
WY
+
R
(@]

Figure 5.10 Notation for supply voltage.

In this chapter, we begin with the DC analysis and design of bipolar stages, developing skills to
determine or create bias conditions. This phase of our study requires no knowledge of signals and
hence the input and output ports of the circuit. Next, we introduce various amplifier topologies
and examine their small-signal behavior.

5.2 Operating Point Analysis and Design

It is instructive to begin our treatment of operating points with an example.

student familiar with bipolar devices constructs the circuit shown in Fig. 5.11 and attempts to
amplify the signal produced by a microphoneldf = 6 x 10~'¢ A and the peak value of the
microphone signal is 20 mV, determine the peak value of the output signal.

Figure 5.11 Amplifier driven directly by a microphone.

Unfortunately, the student has forgotten to bias the transistor. (The microphone does not produce
a dc output). IV}, (= Vgg) reaches 20 mV, then

AVeE
Vr

AIC = Is exp (5.10)

5The subscriptC'C indicates supply voltage feeding the collector.
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=129 x 107'° A. (5.11)
This change in the collector current yields a change in the output voltage equal to
ReAIc =129 x 10712 V., (5.12)

The circuit generates virtually no output because the bias current (in the absence of the micro-
phone signal) is zero and so is the transconductance.

Exercise
Repeat the above example if a constant voltage of 0.65 V is placed in series with the micro-
phone.

As mentioned in Section 5.1.2, biasing seeks to fulfill two objectives: ensure operation in the
forward active region, and set the collector current to the value required in the application. Let
us return to the above example for a moment.

mm 0.6

aving realized the bias problem, the student in Example 5.5 modifies the circuit as shown in
Fig. 5.12, connecting the baseltp to allow dc biasing for the base-emitter junction. Explain
why the student needs to learn more about biasing.

Vee=25V

Rc= 1kQ
——0

Di—<4liol

out

Figure 5.12 Amplifier with base tied td/c ¢

Solution
The fundamental issue here is that the signal generated by the microptehetiedto V.
Acting as an ideal voltage sourd&;~ maintains the base voltage at@nstantalue, prohibiting
any change introduced by the microphone. Sivigg remains constant, so doEs,;, leading to
no amplification.

Another important issue relates to the valué®fg: with Vg = Voo = 2.5V, enormous
currents flow into the transistor.

Exercise
Does the circuit operate better if a resistor is placed in series with the emitfarof
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5.2.1 Simple Biasing

Now consider the topology shown in Fig. 5.13, where the base is tigdtahrough a relatively

large resistorR g, so as to forward-bias the base-emitter junction. Our objective is to determine
the terminal voltages and currents @f and obtain the conditions that ensure biasing in the
active mode. How do we analyze this circuit? One can replacevith its large-signal model

and apply KVL and KCL, but the resulting nonlinear equation(s) yield little intuition. Instead,
we recall that the base-emitter voltage in most cases falls in the range of 700 to 800 mV and can
be considered relatively constant. Since the voltage drop a&gss equal toRp g, we have

—_ Vee

AA
YYy

Rg Rc
Y
Ic

X
Ig L» Q1

Figure 5.13 Use of base resistance for base current path.

Rplp + Ve = Voo (5.13)

and hence

_ Vee — VBE

I
B Rn

(5.14)

With the base current known, we write

Io = 5M, (5.15)
Rp
note that the voltage drop acraBg is equal toR¢ I, and hence obtailic g as
Veg = Voo — Rele (5.16)
Voo =V,
= Voo — 5%30. (5.17)
B

Calculation of Vo g is necessary as it reveals whether the device operates in the active mode
or not. For example, to avoid saturation completely, we require the collector voltage to remain
above the base voltage:

BVCC — VBE

Rec > VBE. (5.18)
Rp

Vee —

The circuit parameters can therefore be chosen so as to guarantee this condition.

In summary, using the sequenkg — I — Vo g, we have computed the important terminal
currents and voltages 6f;. While not particularly interesting here, the emitter current is simply
equal tolo + Ip.

The reader may wonder about the error in the above calculations due to the assumption of a
constani/zz in the range of 700 to 800 mV. An example clarifies this issue.
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mm S
or the circuit shown in Fig. 5.14, determine the collector bias current. Asgumel00 and
Is = 10~'7 A. Verify that Q; operates in the forward active region.

Vee=25V

100kQ = 1kQ

Figure 5.14 Simple biased stage.

Sincels is relatively small, we surmise that the base-emitter voltage required to carry typical
current level is relatively large. Thus, we uBgr = 800 mV as an initial guess and write Eq.

(5.14) as
Ig = Vec —VBE (5.19)
Rp
~ 17 pA. (5.20)
It follows that
Ic = 1.7mA. (5.21)

With this result forl~, we calculate a new value fofz

I

Vep = Veln -2 (5.22)
Is

= 852mV, (5.23)

and iterate to obtain more accurate results. That is,

Ig = Voc —VBE (5.24)
Rp
=16.5 pA (5.25)
and hence
Ic = 1.65mA. (5.26)

Since the values given by (5.21) and (5.26) are quite close, we codgiderl.65 mA accurate
enough and iterate no more.
Writing (5.16), we have
VCE = VCC - RCIC (527)
=0.85V, (5.28)
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a value nearly equal top . The transistor therefore operates near the edge of active and satura-
tion modes.

Exercise
What value ofRp provides a reverse bias of 200 mV across the base-collector junction?

The biasing scheme of Fig. 5.13 merits a few remarks. First, the efféé of‘'uncertainty”
becomes more pronounced at low valueB@f: becausé’c —Vp g determines the base current.
Thus, in low-voltage design—an increasingly common paradigm in modern electronic systems—
the bias is more sensitive {6z g variations among transistors or with temperature . Second, we
recognize from Eq. (5.15) thdt heavily depends ofi, a parameter that may change consider-
ably. In the above example, if increases from 100 to 120, thép rises to 1.98 mA andlo g
falls to 0.52, driving the transistor toward heavy saturation. For these reasons, the topology of
Fig. 5.13 is rarely used in practice.

5.2.2 Resistive Divider Biasing

In order to suppress the dependencd@fupon 3, we return to the fundamental relationship
Io = Isexp(Vpr/Vr) and postulate thaf- must be set by applying a well-definég .
Figure 5.15 depicts an example, whete and R act as a voltage divider, providing a base-
emitter voltage equal to

Ry

Vx = — Voo, 5.29
O e G (5.29)
if the base current is negligible. Thus,
Ry Voo
Io =1 - = 5.30
C SeXp<R1+R2 VT>, ( )

a quantity independent @f. Nonetheless, the design must ensure that the base current remains
negligible.

- Vee
R = R¢
Y
Ic
X
1 Q1
R, = =

Figure 5.15 Use of resistive divider to definég z.

Determine the collector current ¢f; in Fig. 5.16 ifIs = 10~!7 Aand g = 100. Verify that the
base current is negligible and the transistor operates in the active mode.
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17kQ =

8kQ

Figure 5.16 Example of biased stage.

Neglecting the base current f, we have

Ry

Vx = —————V, 5.31
¥ =g e (5.31)
=800 mV. (5.32)

It follows that
IC = IS exp @ (533)

Vr
= 231 uA (5.34)
and

Ip =2.31 pA. (5.35)

Is the base current negligible? With which quantity should this value be compared? Provided by
the resistive divider/p must be negligible with respect to the current flowing throughand
R2:

Vee

)
Ip € 5. 5.36
B< 2R (5.36)

This condition indeed holds in this example becalise /(R; + R») = 100 pA ~ 431p.
We also note that

Vep = 1345V, (5.37)

and hence), operates in the active region.

Exercise
What is the maximum value @@ if (); must remain in soft saturation?

The analysis approach taken in the above example assumes a negligible base current, requiring
verification at the end. But what if the end result indicates fhats not negligible? We now
analyze the circuit without this assumption. Let us replace the voltage divider with a Thevenin
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equivalent (Fig. 5.17); noting thafr;., is equal to the open-circuit output voltageéx( when
the amplifier is disconnected):

= Vee
My ° R
R, = ¢

Figure 5.17 Use of Thevenin equivalent to calculate bias.

Ry

——Vee. 5.38
G (5.38)

VThev =

Moreover,R1y., IS given by the output resistance of the networkif- is set to zero:

Rrhev = Ri||R2. (5.39)
The simplified circuit yields:
Vx = Vrhev — IBRThew (5.40)
and
I = Igexp Vheo _ViB Rrneo. (5.41)

This result along withl. = I forms the system of equations leading to the valuek-odnd

Ig. As in the previous examples, iterations prove useful here, but the exponential dependence in
Eq. (5.41) gives rise to wide fluctuations in the intermediate solutions. For this reason, we rewrite
(5.41) as

I 1
Ig= [V, —Vrln—= |- 5.42

B ( Thev Tin IS> RThev, ( )
and begin with a guess fdrgy = Vi ln(Io/Is). The iteration then follows the sequence
VBE—)IB —)Ic—)VBE—)---.

SN 59—
Calculate the collector current ¢f; in Fig. 5.18(a). Assumg = 100 and/s = 10717 A,

Constructing the equivalent circuit shown in Fig. 5.18(b), we note that

Ry

———V 5.43
R R, CC (5.43)

Vrhew =
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Vee =25V

170kQ = 5kQ

80k Q

Figure 5.18 (a) Stage with resistive divider bias, (b) stage with Thevenin equivalent for the resistive di-

vider andVg .

=800 mV (5.44)

and
Ryhey = Ry||Ro (5.45)
= 54.4kQ. (5.46)

We begin the iteration with an initial gue$gr = 750 mV (because we know that the voltage
drop acrosdirp., makesipp lessthanVyy,.,), thereby arriving at the base current:

Iy — Vrhew — VBE (5.47)
RThev
= 0.919 pA. (5.48)
Thus,Ic = 815 = 91.9 uA and

Ic
VBE = VT In — (5.49)

Is
=776 mV. (5.50)

It follows thatlp = 0.441 pA and hencd = 44.1 pA, still a large fluctuation with respect to
the first value from above. Continuing the iteration, we obigin, = 757 mV, Iy = 0.79 uA
andlo = 79.0 pA. After many iterationsVpp ~ 766 mV andl- = 63 pA.

Exercise
How much cank, be increased if); must remain in soft saturation?

While proper choice of?; and R, in the topology of Fig. 5.15 makes the bias relatively
insensitive to3, the exponential dependencelpf upon the voltage generated by the resistive
divider still leads to substantial bias variations. For examplB;ifs 1% higher than its nominal
value, so i9/x, thus multiplying the collector current lexp(0.01Vpr/Vr) ~ 1.36 (for Vg =
800 mV). In other words, d % error in one resistor value introduce8@ error in the collector
current. The circuit is therefore still of little practical value.

189
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5.2.3 Biasing with Emitter Degeneration

A biasing configuration that alleviates the problem of sensitivityg end Vg g is shown in Fig.
5.19. Here, resistaR p appears in series with the emitter, thereby lowering the sensitivity i
From an intuitive viewpoint, this occurs becaugg exhibits dinear (rather than exponential) I-
V relationship. Thus, an error iy due to inaccuracies iR, R», or Vo is partly “absorbed”
by Rg, introducing a smaller error ifvgg and hence. Called “emitter degeneration,” the

Figure 5.19 Addition of degeneration resistor to stabilize bias point.

addition of Rg in series with the emitter alters many attributes of the circuit, as described later
in this chapter.

To understand the above property, let us determine the bias currents of the transistor. Neglect-
ing the base current, we haVa = Voo R2/(R1 + R»). Also, Vp = Vx — Vi, yielding

Vp

Ip = — 5.51

=g (5.51)
1 R»>

= — [ Voo————— — V] 5.52

- ( co BE> (5.52)

if 5> 1. How can this result be made less sensitivetoor Vg variations? If the voltage drop
acrossRp, i.e., the difference betwedrt« R>/(R1 + R2) andVpg is large enough to absorb
and swamp such variations, thén and I~ remain relatively constant. An example illustrates
this point.

!#!iil:la 5.10

alculate the bias currents in the circuit of Fig. 5.20 and verify habperates in the forward
active region. Assumg = 100 andIs = 5 x 10~!7 A. How much does the collector current
change ifR; is 1% higher than its nominal value?

We neglect the base current and write

R

Vx =Voo=—"— 5.54
x =Veop—h (5.54)
=900 mV. (5.55)
Using Vg = 800 mV as an initial guess, we have
Vp=Vx —Vig (5.56)

=100mV, (5.57)
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16kQ =

9kQ

Figure 5.20 Example of biased stage.

and hence
Ig ~ Ic ~1mA. (5.58)

With this result, we must reexamine the assumptioligf = 800 mV. Since

I
Vep = Vrln -2 (5.59)
Is
=796 mV, (5.60)

we conclude that the initial guess is reasonable. Furthermore, Eq. (5.57) suggests that a 4-mV
error inVgg leads to at% error inVp and hencd g, indicating a good approximation.
Let us now determine if); operates in the active mode. The collector voltage is given by

Vy = Voo — IcRe (5.61)
=15V. (5.62)

With the base voltage at 0.9 V, the device is indeed in the active region.

Is the assumption of negligible base current valid? With~ 1 mA, Ip ~ 10 uA whereas the
current flowing throughR; and R, is equal to 10QuA. The assumption is therefore reasonable.
For greater accuracy, an iterative procedure similar to that in Example 5.9 can be followed.

If Rs is 1% higher than its nominal value, then (5.54) indicates thatises to approximately
909 mV. We may assume that the 9-mV change directly appears aggggwising the emitter
currentbyd mV /100 2 = 90 pA. From Eq. (5.56), we note that this assumption is equivalent to
consideringl’gg constant, which is reasonable because the emitter and collector currents have
changed by onl9%.

Exercise
What value ofR; places); at the edge of saturation?

The bias topology of Fig. 5.19 is used extensively in discrete circuits and occasionally in
integrated circuits. lllustrated in Fig. 5.21, two rules are typically followed:[{1}> Iy to
lower sensitivity to3, and (2)Vg g must be large enough (100 mV to several hundred millivolts)
to suppress the effect of uncertaintiedin andVgg.

191
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- Vee
R, = R. Small Enough to
Avoid Saturation
I e
1,>>1
1 B N
Ry = +

Figure 5.21 Summary of robust bias conditions.

Design Procedure It is possible to prescribe a design procedure for the bias topology of
Fig. 5.21 that serves most applications: (1) decide on a collector bias current that yields proper
small-signal parameters suchg@s andr;; (2) based on the expected variationdtf R., and

VeE, choose a value fovgg ~ IcRg, €.9., 200 mV, (3) calculat€x = Vpg + IcRp with

Vee = Vrin(Ic/Is); (4) chooseR; and R, so as to provide the necessary valud/af and
establish/; > Ig. Determined by small-signal gain requirements, the valuB©@fis bounded

by a maximum that placeg; at the edge of saturation. The following example illustrates these
concepts.

SCUIYEY 5-1] p———
Design the circuit of Fig. 5.21 so as to provide a transconductantg 82 ) for ¢),. Assume

Voo = 2.5V, B =100, andIs =5 x 10717 A, What is the maximum tolerable value Bf?

A g,, of (52 Q)~! translates to a collector current of 0.5 mA antig of 778 mV. Assuming
Rglo = 200 mV, we obtainRg = 400 Q. To establishVy = Vg + Rglc = 978 mV, we
must have

R,
——Veoc =V Rplc, 5.63
it Ry O° BE + Iiplc (5.63)

where the base current is neglected. For the base cuienat5 pA to be negligible,

Veeo
_CC s I, 5.64
it R B (5.64)

e.g., by afactor of 10. Thu®; + R, = 50 k2, which in conjunction with (5.63) yields

Ry = 30.45kQ (5.65)
Ry = 19.55 k(. (5.66)

How large canRo be? Since the collector voltage is equalifec — Ro I, we pose the
following constraint to ensure active mode operation:

Vee — Rele > Vx; (5.67)
that is,

Rolo < 1.522V. (5.68)
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Consequently,
Re < 3.044 k0. (5.69)

If R exceeds this value, the collector voltage falls below the base voltage. As mentioned in
Chapter 4, the transistor can tolerate soft saturation, i.e., up to about 400 mV of base-collector
forward bias. Thus, in low-voltage applications, we may allgw~ Vx — 400 mV and hence a
greater value foR.

Exercise
Repeat the above example if the power budget is only 1 mW and the transconduct@has of
not given.

The two rules depicted in Fig. 5.21 to lower sensitivities do impose some trade-offs. Specif-
ically, an overly conservative design faces the following issues: (1) if we Widb be much
much greater thahg, thenR; + R, and hencd?; and R, are quite small, leading to a lowput
impedancg(2) if we choose a very largég g, thenVy (= Vg + Vgg) must be high, thereby
limiting the minimum value of the collector voltage to avoid saturation. Let us return to the above
example and study these issues.

epeat Example 5.11 but assumirgs = 500 mV andl; > 100/g.

The collector current and base-emitter voltage remain unchanged. The vtye®how given
by 500 mV /0.5 mA = 1 k. Also,Vx = Vpr + Rrplc = 1.278 V and (5.63) still holds. We
rewrite (5.64) as

Veeo
— ¢ >1001g, 5.70
I B (5.70)
obtainingR; + R> = 5 k. It follows that
Ry =1.45k0 (5.71)
Ry = 3.55 k0. (5.72)

Since the base voltage has risen to 1.278 'V, the collector voltage must exceed this value to avoid
saturation, leading to

Ro < Vee —Vx (5.73)
Ic
< 1.044 kQ. (5.74)

As seen in Section 5.3.1, the reductioniip translates to a lower voltage gain. Also, the much
smaller values oR; andR; here than in Example 5.11 introduce a low input impedance, loading
the preceding stage. We compute the exact input impedance of this circuit in Section 5.3.1.
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Exercise
Repeat the above exampldifg is limited to 100 mV.

5.2.4 Self-Biased Stage

Another biasing scheme commonly used in discrete and integrated circuits is shown in Fig. 5.22.
Called “self-biased” because the base current and voltage are provided from the collector, this
stage exhibits many interesting and useful attributes.

Vee
Rc
Rp
Y
Is I'e
X Q1

Figure 5.22 Self-biased stage.

Let us begin the analysis of the circuit with the observation that the base voltage is always
lower than the collector voltagd’x = Vy — IgRp. A result of self-biasing, this important
property guarantees thél; operates in the active mode regardless of device and circuit pa-
rameters. For example, R increases indefinitelyy); remains in the active region, a critical
advantage over the circuit of Fig. 5.21.

We now determine the collector bias current by assunijneg I¢; i.e., R carries a current
equal tol ¢, thereby yielding

Vv = Voo — Rele. (5.75)
Also,
Vy = Rplp + VBE (5.76)
RpI,
= ’ZC + Vi (5.77)

Equating the right hand sides of (5.75) and (5.77) gives

Voo — Vi
Ie =" FF R’ZE. (5.78)
RC + 7

As usual, we begin with an initial guess fog z, computel, and utilizeVipg = Vr In(I¢/Is)
to improve the accuracy of our calculations.

mﬂ 3. 13 p—————————————————————————
etermine the collector current and voltage(@f in Fig. 5.22 if Rc = 1k, Rg = 10 kQ,
Voo =25V, Is =5 x 10717 A, and = 100. Repeat the calculations f@tz = 2 k().
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AssumingVer = 0.8 V, we have from (5.78):
Ic = 1.545 mA, (5.79)

and hencd’pg = VrIn(Io/Is) = 807.6 mV, concluding that the initial guess féfz z and
the value ofl~ given by it are reasonably accurate. We also note fhaks = 154.5 mV and
Vy = Rplp + Vg ~ 0.955 V.

If Re =2kQ, thenwithVgr = 0.8V, Eq. (5.78) gives

Ic =0.810 mA. (5.80)
To check the validity of the initial guess, we writg&;p = Vi ln(Io/Is) = 791 mV. Compared

with Voo — Vg in the numerator of (5.78), the 9-mV error is negligible and the valug,ah
(5.80) is acceptable. SindegIg = 81 mV, Vy ~ 0.881 V.

Exercise
What happens if the base resistance is doubled?

Equation (5.78) and the above example suggest two important guidelines for the design of the
self-biased stage: (I)cc — Vpr must be much greater than the uncertainties in the value of
ViE; (2) R must be much greater thdty /3 to lower sensitivity to3. In fact, if R > R/,
then

Io ~ Voo — VBE’ (5.81)
Rc
andVy = Voo — IcRe =~ Vgg. This result serves as a quick estimate of the transistor bias
conditions.

Design Procedure  Equation (5.78) together with the conditidlx: > Rp// provides the
basic expressions for the design of the circuit. With the required vallie khown from small-
signal considerations, we chooBe = 10Rp /3 and rewrite (5.78) as

Vee — VBE
o= —"F—— .82
&) ].].RC ’ (5 8 )

whereVpp = Vrin(Io/Is). Thatis,

_ Vec —VBE

Ro = il (5.83)
_ BRc¢

Rp = 0 (5.84)

The choice ofRp also depends on small-signal requirements and may deviate from this value,
but it must remain substantially lower tha8®R .

D —————
Design the self-biased stage of Fig. 5.22 for = 1/(13 Q) and Vo = 1.8 V. Assume

Is =5 x 107! Aandj3 = 100.
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Sinceg,, = Ic/Vr = 1/(13 ), we havelo = 2 mA, Vg = 754 mV, and

Voo —Vie

~ 475 Q. (5.86)
Also,
_ BRc¢
Rp = 10 (5.87)
= 4.75 k. (5.88)

Note thatRpIp = 95 mV, yielding a collector voltage df54 mV + 95 mV = 849 mV.

Exercise
Repeat the above design with a supply voltage of 2.5 V.

Figure 5.23 summarizes the biasing principles studied in this section.

R = R¢
Il !
= Q1
> > > +
: 1 Q1
Q1 < = A Rc
R, = - Rp

- = Always in

Sensitive Sensitive 1 Active Mode
to B to Resistor Errors =

Figure 5.23 Summary of biasing techniques.

5.2.5 Biasing of PNP Transistors

The dc bias topologies studied thus far incorporgie transistors. Circuits usingnp devices
follow the same analysis and design procedures while requiring attention to voltage and current
polarities. We illustrate these points with the aid of some examples.

!aliil:la 5.15
alculate the collector and voltage@f in the circuit of Fig. 5.24 and determine the maximum
allowable value ofR~ for operation in the active mode.

The topology is the same as that in Fig. 5.13 and we have,

IgRp + Vg = Ve (5.89)



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 197 (1)

Sec. 5.2 Operating Point Analysis and Design

Figure 5.24 Simple biasing opnpstage.

That is,

Ig = VCCR;BVEB (5.90)

and

Vee — Ves

Ic =p o

(5.92)
The circuit suffers from sensitivity t6.

If R¢ isincreasedVy rises, thus approachindy (= Voo — Veg) and bringing?; closer to
saturation. The transistor enters saturatiomat= Vy, i.e.,

IcRc maz = Voo — VeB (5.92)
and hence
RC,maz = Vee _—VEB (593)
I
Rp
= 5.94
3 (5.94)

From another perspective, sintg = IgRp andVy = IcRc, we havelgRp = Ic Rc maa
as the condition for edge of saturation, obtainig = SRc maz-

Exercise
For a givenR, what value ofRp places the device at the edge of saturation?

!ma 5.16
etermine the collector current and voltageehifin the circuit of Fig. 5.25(a).

As a general case, we assuthg is significant and construct the Thevenin equivalent of the
voltage divider as depicted in Fig. 5.25(b):

Ry
Vrhewy = =———— V¢ 5.95
Th Rt R, O (5.95)

Brhey = R1||R2 (596)

197
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(b)
Figure 5.25 (a) PNP stage with resistive divider biasing, (b) Thevenin equivalent of divideVapd

Adding the voltage drop acro$sry., andVgp to Vyp,., yields

Vrhew + IBRrhes + VEB = Vo (5.97)
that is,
Iy = Voo — Vrhew — VEB (5.98)
RThev
Ry
———Vecc — VeEB
R + R,
= 5.99
RThev ( )
It follows that
Ry
———Vec — VeB
I = pft B> (5.100)
RThev

As in Example 5.9, some iteration betweknandVz g may be necessary.

Equation (5.100) indicates that if; is significant, then the transistor bias heavily depends
on 3. On the other hand, ifg < I;, we equate the voltage drop acrd3s to Vg, thereby
obtaining the collector current:

Rs
——Vec =V, 5.101
Ry + Ry ¢ EB ( )
Ry, Veco
Ie =1 _— . 5.102
o =sow (i o) (5102

Note that this result is identical to Eq. (5.30).

Exercise
What is the maximum value d@¢ is (; must remain in soft saturation?

mm D e —————————
ssuming a negligible base current, calculate the collector current and voltage iof the
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circuit of Fig. 5.26. What is the maximum allowable value Bf for ), to operate in the
forward active region?

Figure 5.26 PNP stage with degeneration resistor.

With I'p <« I, we havel’x = Voo Ry /(Ry + R»). Adding toVy the emitter-base voltage and
the drop acros&g, we obtain

Vx + Ve + Rplp = Voo (5.103)
and hence
1 R>
Ip=— | ———Voc -V, . 5.104
. RE(R1+R2 o EB) (5.104)

Using I =~ Ig, we can compute a new value folzp and iterate if necessary. Also, with
Ip = I~ /3, we can verify the assumptidiy < .

In arriving at (5.104), we have written a KVL froffio to ground, Eq. (5.103). But a more
straightforward approach is to recognize that the voltage drop aBeassequal toVg g + g RE,
ie.,

R
Voo =—— = Vip + I5RE,

5.105
R+ R» ( )

which yields the same result as in (5.104).
The maximum allowable value @i is obtained by equating the base and collector voltages:

Ry
Voc=— =R 1 5.106
cc Rl T R2 C,ymaxlC ( )
RC max R2
~ - Voo — Vi . 5.107
Conss (T2 Voe Vi) (5107)
It follows that
Ry 1
R = RV . 5.108
C,mazx E CCR1 +R2 R2 ( )

—V
R + Ry ¢

¢ — VEB
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Exercise
Repeat the above examplefif = co.

mm 0. ] o ————————
etermine the collector current and voltageefin the self-biased circuit of Fig. 5.27.

Figure 5.27 Self-biasegnpstage.

We must write a KVL froml¢ through the emitter-base junction@f, Rg, andR to ground.
SinceB > 1 and hencd > Ip, R¢ carries a current approximately equalig, creating
Vy = Rclo. Moreover,Vx = Rglg +Vy = Rglg + Rc ¢, yielding

Voo = Vep +Vx (5.109)
=Vegp + Rplp + IcR¢ (5.110)
R
= Vep + <7B + Rc> Ic. (5.111)
Thus,
Io = M, (5.112)
s + Rc
B

a result similar to Eq. (5.78). As usual, we begin with a gues¥fgs, computel, and deter-
mine a new value foVg g, etc. Note that, since the basehigherthan the collector voltag€),
always remains in the active mode.

Exercise
How far is@; from saturation?
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5.3 Bipolar Amplifier Topologies

Following our detailed study of biasing, we can now delve into different amplifier topologies and
examine their small-signal propertiés.

Since the bipolar transistor contains three terminals, we may surmise that three possibilities
exist for applying the input signal to the device, as conceptually illustrated in Figs. 5.28(a)-
(c). Similarly, the output signal can be sensed from any of the terminals (with respect to ground)
[Figs. 5.28(d)-(f)], leading to nine possible combinations of input and output networks and hence
nine amplifier topologies.

Vin

(©

¢
(:J)
Vout
You
B
(e)

()

+
Vin( )
(@)

(d)

Figure 5.28 Possible input and output connections to a bipolar transistor.

However, as seen in Chapter 4, bipolar transistors operating in the active mode respond to
base-emitter voltage variations by varying their collector current. This property rules out the input
connection shown in Fig. 5.28(c) because hHéredoes not affect the base or emitter voltages.
Also, the topology in Fig. 5.28(f) proves of no value s, is not a function of the collector
current. The number of possibilities therefore falls to four. But we note that the input and output
connections in Figs. 5.28(b) and (e) remain incompatible becdygsevould be sensed at the
inputnode (the emitter) and the circuit would provide no function.

The above observations reveal three possible amplifier topologies. We study each carefully,
seeking to compute its gain and input and output impedances. In all cases, the bipolar transistors
operate in the active mode. The reader is encouraged to review Examples (5.2)-(5.4) and the three
resulting rules illustrated in Fig. 5.7 before proceeding further.

5.3.1 Common-Emitter Topology

Our initial thoughts in Section 4.1 pointed to the circuit of Fig. 4.1(b) and hence the topology of
Fig. 4.25 as an amplifier. If the input signal is applied to the base [Fig. 5.28(a)] and the output
signal is sensed at the collector [Fig. 5.28(d)], the circuit is called a “common-emitter” (CE)
stage (Fig. 5.29). We have encountered and analyzed this circuit in different contexts without
giving it a name. The term “common-emitter” is used because the emitter terminal is grounded
and hence appeairs commorto the input and output ports. Nevertheless, we identify the stage
based on the input and output connections (to the base and from the collector, respectively) so as
to avoid confusion in more complex topologies.

SWhile beyond the scope of this book, the large-signal behavior of amplifiers also becomes important in many
applications.
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VOUI

Output Sensed
at Collector

Q1

Input Applied
to Base

Figure 5.29 Common-emitter stage.

We deal with the CE amplifier in two phases: (a) analysis of the CE core to understand its
fundamental properties, and (b) analysis of the CE stage including the bias circuitry as a more
realistic case.

Analysis of CE Core  Recall from the definition of transconductance in Section 4.4.3 that a
small increment oAV applied to the base @, in Fig. 5.29 increases the collector current by
gm AV and hence the voltage drop acrdgs by ¢,, AV R¢. In order to examine the amplifying
properties of the CE stage, we construct the small-signal equivalent of the circuit, shown in Fig.
5.30. As explained in Chapter 4, the supply voltage ndde;, acts as an ac ground because its
value remains constant with time. We neglect the Early effect for now.

o Vout

'm=Vvn IV _Vout Re

Figure 5.30 Small-signal model of CE stage.

Let us first compute the small-signal voltage gdin= v, /vi,. Beginning from the output
port and writing a KCL at the collector node, we have

Vout
— = GmUr, 5.113
R~ ImY ( )
andv, = v;,. It follows that
Av = _ngC~ (5114)

Equation (5.114) embodies two interesting and important properties of the CE stage. First, the
small-signal gain isegativebecause raising the base voltage and hence the collector current in
Fig. 5.29lowersV,,,;. Second A, is proportional tay,, (i.e., the collector bias current) and the
collector resistorR.

Interestingly, the voltage gain of the stage is limited by the supply voltage. A higher collector
bias current or a largeR~ demands a greater voltage drop acré&gs but this drop cannot
exceedVoc. In fact, denoting the dc drop acro&g; with Vze and writingg,, = I /Vr, we
express (5.114) as

IcR¢

Ayl =
4ol = 5=

(5.115)
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Vre
= —. 5.116
Vr ( )

SinceVgye < Vee,

Ve
14, < ==<. (5.117)
Vi
Furthermore, the transistor itself requires a minimum collector-emitter voltage of &pguto
remain in the active region, lowering the limit to

|4, | < Yoo —Vor, (5.118)
Vi

!;ﬁimg 5.19
esign a CE core withic = 1.8 V and a power budgerf?, of 1 mW while achieving maximum
voltage gain.

SinceP = I¢ - Voo = 1 mW, we havel = 0.556 mA. The value ofR that place%), at the
edge of saturation is given by

Vee — Rele = Ve, (5.119)
which, along withVz g =~ 800 mV, yields

Vee — VBE

R < —————= (5.120)
I
< 1.8kQ. (5.121)
The voltage gain is therefore equal to
Ay = —gmRe (5.122)
= —-38.5. (5.123)

Under this condition, an input signal drives the transistor into saturation. As illustrated in Fig.
5.31(a), a 2-rv,;, input results in a 77-M,;, output, forward-biasing the base-collector junction
for half of each cycle. Nevertheless, so longiasremains in soft saturation/ge > 400 mV),
the circuit amplifies properly.

A more aggressive design may all@\ to operate in soft saturation, e.§fgr ~ 400 mV

and hence
Re < Vec — 400 mV (5.124)
Ic
< 2.52kQ. (5.125)
In this case, the maximum voltage gain is given by
A, = —53.9. (5.126)

Of course, the circuit can now tolerate only very small voltage swings at the output. For example,
a 2-mV,,;, input signal gives rise to a 107.8%g,, output, driving(); into heavy saturation [Fig.
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Vee 7TmVy,

(b)

Figure 5.31 CE stage (a) with some signal levels, (b) in saturation.

5.31(b)]. We say the circuit suffers from a trade-off between voltage gain and voltage “head-

room.”

Exercise

Repeat the above exampldifc = 2.5 V and compare the results.

Let us now calculate the I/O impedances of the CE stage. Using the equivalent circuit depicted

in Fig. 5.32(a), we write

Rin

(5.127)

(5.128)

Thus, the input impedance is simply equal®ty,, = 8Vr /I~ and decreases as the collector

bias increases.

(b)
Figure 5.32 (a) Input and (b) output impedance calculation of CE stage.

The output impedance is obtained from Fig. 5.32(b), where the input voltage source is set to
zero (replaced with a short). Sineg = 0, the dependent current source also vanishes, leaving



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 205 (1)

Sec. 5.3 Bipolar Amplifier Topologies 205

R¢ as the only component seendy . In other words,

Ry = X (5.129)
X
= Re. (5.130)

The output impedance therefore trades with the voltage gajp.Rc.

Figure 5.33 summarizes the trade-offs in the performance of the CE topology along with the
parameters that create such trade-offs. For example, for a given value of output impétiance,
is fixed and the voltage gain can be increased by incredsintpereby lowering both the voltage
headroom and the input impedance.

Voltage

Headroom
(Swings)
Voltage

Im Gain Rc
Input Output
Impedance Impedance
B Rc

In
Figure 5.33 CE stage trade-offs.

!@E 5.20
stage must achieve an input impedanc&gf and an output impedance &f,,;. What is
the voltage gain of the circuit?

SinceR;,, = rx = /gm and R, = R, we have

Av = _ngC (5131)
Rout

= —f[B—-". 5.132

o (5.132)

Interestingly, if the 1/0 impedances are specified, then the voltage gain is automatically set. We
will develop other circuits in this book that avoid this “coupling” of design specifications.

Exercise
What happens to this result if the supply voltage is halved?

Inclusion of Early Effect Equation (5.114) suggests that the voltage gain of the CE stage
can be increased indefinitely R« — oo while g,, remains constant. Mentioned in Section
4.4.5, this trend appears validlit;¢ is also raised to ensure the transistor remains in the active
mode. From an intuitive point of view, a given change in the input voltage and hence the collector
current gives rise to an increasingly larger output swinggasncreases.
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In reality, however, the Early effect limits the voltage gain eveR#f approaches infinity.
Since achieving a high gain proves critical in circuits such as operational amplifiers, we must
reexamine the above derivations in the presence of the Early effect.

Figure 5.34 depicts the small-signal equivalent circuit of the CE stage including the transistor
output resistance. Note thap appears in parallel witlk ¢, allowing us to rewrite (5.114) as

Ay = —gm(Rellro)- (5.133)

We also recognize that the input impedance remains equal whereas the output impedance
falls to

Rout = RC||rO- (5134)

Vin *+—o Vout
+ 4
rm= vt é}gm vp 3o %Rc

A
Yy

Figure 5.34 CE stage including Early effect.

mm D o ——————
The circult of Fig. 5.29 is biased with a collector current of 1 mA dhd = 1 kQ. If 5 = 100
andV, = 10V, determine the small-signal voltage gain and the I/O impedances.

We have
Ic
m = T 5.135
g = o (5.135)
=(260)""! (5.136)
and
ro = Va (5.137)
Ic
= 10 kQ. (5.138)
Thus,
Ay = —gm(Rcl|ro) (5.139)
~ 35. (5.140)

(As a comparison, ity = oo, thenA, ~ 38.) For the I/O impedances, we write

Rin = rx (5.141)
_L (5.142)
Im

= 2.6 k) (5.143)
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and
Rout = Rc||ro (5.144)
= 0.91 k. (5.145)
Exercise

Calculate the gain ity = 5 V.

Let us determine the gain of a CE stageas — oco. Equation (5.133) gives
Av = —gmTO- (5146)

Called the “intrinsic gain” of the transistor to emphasize that no external device loads the circuit,
gmTo represents theaximunvoltage gain provided by a single transistor, playing a fundamental
role in high-gain amplifiers.

We now substitute,,, = I/Vr andro = Va/I¢ in Eq. (5.133), thereby arriving at

Va
|A,| = V' (5.147)
Interestingly, the intrinsic gain of a bipolar transistor is independent of the bias current. In modern
integrated bipolar transistor¥, falls in the vicinity of 5 V, yielding a gain of nearly 200In
this book, we assumg,,ro > 1 (and henceo > 1/g,,) for all transistors.
Another parameter of the CE stage that may prove relevant in some applications is the “current
gain,” defined as

Ap = ot (5.148)
Lin
wherei,,; denotes the current delivered to the load andhe current flowing to the input. We
rarely deal with this parameter for voltage amplifiers, but note that 3 for the stage shown
in Fig. 5.29 because the entire collector currentis deliverdéito

CE Stage With Emitter Degeneration In many applications, the CE core of Fig. 5.29 is
modified as shown in Fig. 5.35(a), where a resigtgrappears in series with the emitter. Called
“emitter degeneration,” this technique improves the “linearity” of the circuit and provides many
other interesting properties that are studied in more advanced courses.

As with the CE core, we intend to determine the voltage gain and 1/0 impedances of the
circuit, assuming); is biased properly. Before delving into a detailed analysis, it is instructive to
make some qualitative observations. Suppose the input signal raises the base vat&gg-y.
5.35(b)]. If R were zero, then the base-emitter voltage would also increagd/hyproducing
a collector current change gof, AV. But with Ry # 0, some fraction oAl appears across
Rg, thus leaving a voltage change across the BE junction tHass&than AV. Consequently,
the collector current change is also less thgam\ V. We therefore expect that the voltage gain of

7But other second-order effects limit the actual gain to about 50.
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()
Figure 5.35 (a) CE stage with degeneration, (b) effect of input voltage change.

the degenerated stagdasverthan that of the CE core with no degeneration. While undesirable,
the reduction in gain is incurred to improve other aspects of the performance.

How about the input impedance? Since the collector current change is lesg,{hdn, the
base current also changes by less tham\V//3, yielding an input impedancgreater than
B/gm = rr. Thus, emitter degenerationcreaseghe input impedance of the CE stage, a de-
sirable property. A common mistake is to conclude Rat = r. + Rg, but as explained below,
Rip, =rz+ (B+1)RE.

We now quantify the foregoing observations by analyzing the small-signal behavior of the
circuit. Depicted in Fig. 5.36 is the small-signal equivalent circuit, whgfe is replaced with
an ac ground and the Early effect is neglected. Notethatppears across. andnotfrom the
base to ground. To determimg,; /vi,, we first write a KCL at the output node,

Vout

Vout
mUr = — ; 5.149
gmv o ( )
obtaining
Vout
Vp = ————. 5.150
ngC ( )

We also recognize that two currents flow through: one originating fromr,. equal tov, /r
and another equal t@,,v,.. Thus, the voltage drop acrogs; is given by

VRE = (:—ﬂ + gmvn> REg. (5.151)

Since the voltage drop across and Ry must add up te;,,, we have
Vin = Ur + URE (5152)

= v, + (:—” + gmvn> Rg (5.153)

™
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:’Uﬂ.

1+ (ri + gm> RE} . (5.154)

Substituting for,, from (5.150) and rearranging the terms, we arrive at

Jout gm o (5.155)
Vin

_ . )
1+<r—+gm>RE

As predicted earlier, the magnitude of the voltage gain is lower ghaRo for Rg # 0. With
B> 1, we can assumg,, > 1/r, and hence

ngC

Ay = ——"F———.
v 1+ gnRE

(5.156)

Thus, the gain falls by a factor af+ g,,, Rg.
To arrive at an interesting interpretation of Eq. (5.156), we divide the numerator and denomi-
nator byg,,,

A, =T (5.157)

x + Rg

Im
It is helpful to memorize this result as “the gain of the degenerated CE stage is equal to the total
load resistance seen at the collector (to ground) dividetl/lpy, plus the total resistance placed
in series with the emitter.” (In verbal descriptions, we often ignore the negative sign in the gain,
with the understanding that it must be included.) This and similar interpretations throughout this
book greatly simplify the analysis of amplifiers—often obviating the need for drawing small-
signal circuits.

mm D
etermine the voltage gain of the stage shown in Fig. 5.37(a).

(@) (b)
Figure 5.37 (a) CE stage example, (b) simplified circuit.

We identify the circuit as a CE stage because the inputis applied to the h@sentl the output

is sensed at its collector. This transistor is degenerated by two defigesnd the base-emitter
junction of@-. The latter exhibits an impedanceigk (as illustrated in Fig. 5.7), leading to the
simplified model depicted in Fig. 5.37(b). The total resistance placed in series with the emitter is
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therefore equal t®g||r 2, yielding

A, = —IL. (5.158)

— + RE||T71'2

ml

Without the above observations, we would need to draw the small-signal model apbpatihd
(- and solve a system of several equations.

Exercise
Repeat the above example if a resistor is placed in series with the emitgr of

!ﬁiﬂ:’g 5.23
alculate the voltage gain of the circuit in Fig. 5.38(a).

Vee
Rc
I Vout Vee
Vin Q1
R =Qz
(a) (b)

Figure 5.38 (a) CE stage example, (b) simplified circuit.

The topology is a CE stage degeneratediy, but the load resistance between the collector of

@, and ac ground consists &f~ and the base-emitter junction &f,. Modeling the latter by

rr2, We reduce the circuit to that shown in Fig. 5.38(b), where the total load resistance seen at
the collector ofQ); is equal toR¢||r.=2. The voltage gain is thus given by

(5.159)

Exercise
Repeat the above example if a resistor is placed in series with the emitgr of

To compute the input impedance of the degenerated CE stage, we redraw the small-signal
model as in Fig. 5.39(a) and calculate /i x . Sincev, = rix, the current flowing througR g
is equal toix + gmrrix = (1 + B)ix, creating a voltage drop @2 g (1 + £)ix. Summingu,
andvgp and equating the result to¢, we have
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B+ Re
(b)
Figure 5.39 (@) Input impedance of degenerated CE stage, (b) equivalent circuit.
vx =Tqix + Re(1+ B)ix, (5.160)
and hence
Rin = = (5.161)
X
=7+ (B+1)RE. (5.162)

As predicted by our qualitative reasoning, emitter degeneration increases the input impedance
[Fig. 5.39(b)].

Why is R;,, not simply equal to,, + Rg? This would hold only if-, and Rr were exactly
in series, i.e., if the two carried equal currents, but in the circuit of Fig. 5.39(a), the collector
current,g,, v, also flows into nodé.

Does the facto? + 1 bear any intuitive meaning? We observe that the flow of both base
and collector currents througRg results in a large voltage drof3 + 1)ix Rg, even though
the current drawn fromax is merelyi x. In other words, the test voltage soureg,, supplies a
current of onlyix while producing a voltage drop @8 + 1)i x Rr acrosskRgp—as ifix flows
through a resistor equal {® + 1) R.

The above observation is articulated as follows: any impedance tied between the emitter and
ground is multiplied by3 + 1 when “seen from the base.” The expression “seen from the base”
means the impedance measured between the base and ground.

We also calculate the output impedance of the stage with the aid of the equivalent shown in
Fig. 5.40, where the input voltage is set to zero. Equation (5.153) applies to this circuit as well:

i

]

Figure 5.40 Output impedance of degenerated stage.

Vin =0=v; + (:—“ + gmvn> RE, (5.163)

T

yieldingv,, = 0 and hence,,v, = 0. Thus, all ofi x flows throughR«, and

Rout = U_X (5164)
tx
= Re, (5.165)
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revealing that emitter degeneration does not alter the output impedance if the Early effect is
neglected.

mﬂ D —————
stage is biased at a collector current of 1 mA. If the circuit provides a voltage gain of
20 with no emitter degeneration and 10 with degeneration, deterRineR g, and the 1/O
impedances. Assumg= 100.

For A, = 20 in the absence of degeneration, we require

gmRc =20, (5.166)
which, together withy,, = Ic./Vr = (26 Q)~!, yields

Re =520 Q. (5.167)

Since degeneration lowers the gain by a factor of two,

14 gmRe =2, (5.168)
ie.,

Rp = gi (5.169)
= 2(? Q. (5.170)

The input impedance is given by
Ripn =1+ (B+1)RE (5.171)
-2y (B+1Rg (5.172)
~ 2:; (5.173)

because > 1 andRg = 1/g,, in this example. ThusR;,, = 5200 Q. Finally,

Rout = Re (5.174)
=520 Q. (5.175)
Exercise
What bias current would result in a gain of 5 with such emitter and collector resistor val-
ues?

!ma 5.25
ompute the voltage gain and 1/0 impedances of the circuit depicted in Fig. 5.41. Assume a
very large value for’;.
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Figure 5.41 CE stage example.

If Cy isvery large, it acts as a short circuit for the signal frequencies of interest. Also, the constant
current source is replaced with an open circuit in the small-signal equivalent circuit. Thus, the
stage reduces to that in Fig. 5.35(a) and Egs. (5.157), (5.162), (5.165) apply.

Exercise
Repeat the above example if we tie another capacitor from the base to ground.

The degenerated CE stage can be analyzed from a different perspective to provide more in-
sight. Let us place the transistor and the emitter resistor in a black box having still three terminals
[Fig. 5.42(a)]. For small-signal operation, we can view the box as a new transistor (or “active”
device) and model its behavior by new values of transconductance and impedances. Denoted by
G, to avoid confusion withy,,, of @1, the equivalent transconductance is obtained from Fig.
5.42(b). Since Eq. (5.154) still holds, we have

@ (b)

Figure 5.42 (a) Degenerated bipolar transistor viewed as a black box, (b) small-signal equivalent.

Lout = ImUn (5176)

i , (5.177)
1+ (7" + gm)RE

= 9m

and hence

G = 20 (5.178)

Vin
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Im
N — 5.179
1+ gnREg ( )

For example, the voltage gain of the stage with a load resistanie & given by—G,,, Rp.

An interesting property of the degenerated CE stage is that its voltage gain becomes relatively
independent of the transistor transconductance and hence bias cugreRgf > 1. From Eq.
(5.157), we note that, — — R/ Rg under this condition. As studied in Problem 40, this trend
in fact represents the “linearizing” effect of emitter degeneration.

As a more general case, we now consider a degenerated CE stage containing a resistance in
series with the base [Fig. 5.43(a)]. As seen beléiw, only degradeghe performance of the
circuit, but often proves inevitable. For exampleg may represent the output resistance of a
microphone connected to the input of the amplifier.

Vee
Rc

Vout

Vin Q1 Vin

B+ Re

(a) (b)

Figure 5.43 (a) CE stage with base resistance, (b) equivalent circuit.

To analyze the small-signal behavior of this stage, we can adopt one of two approaches: (a)
draw the small-signal model of the entire circuit and solve the resulting equations, or (b) recog-
nize that the signal at nodéis simply an attenuated version@f, and write

Vout — U_A . Vout (5 180)

Uin Vin VA

Here,v4 /v;,, denotes the effect of voltage division betwdep and the impedance seen at the
base 0f), andv,,: /v4 represents the voltage gain from the bas@ pfo the output, as already
obtained in Egs. (5.155) and (5.157). We leave the former approach for Problem 44 and continue
with the latter here.

Let us first compute 4 /v;,, with the aid of Eq. (5.162) and the model depicted in Fig. 5.39(b),
as illustrated in Fig. 5.43(b). The resulting voltage divider yields

2
Combining (5.155) and (5.157), we arrive at the overall gain as
Your _ _tatB+DRe  —gmBc (5.182)
Vin rx+(B+1)Rg+ Rp 1+<rl+gm> Ry
TG ReiE TG (199
_ —BRc (5.184)

re+(8+1)Rg + Rp’
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To obtain a more intuitive expression, we divide the numerator and the denominator by

-R

Ay m = ¢ . (5.185)
— +Rp +

gm T BT

Compared to (5.157), this result contains only one additional term in the denominator equal to
the base resistance divided By 1.

The above results reveal that resistances in series with the emitter and the base have similar
effects on the voltage gain, bRtz is scaled down by + 1. The significance of this observation
becomes clear later.

For the stage of Fig. 5.43(a), we can define two different input impedances, one seen at the
base of, and another at the left terminal & (Fig. 5.44). The former is equal to

Figure 5.44 Input impedances seen at different nodes.

Ripi =1+ (B+1)RE (5.186)
and the latter,
Rin» = Rp+r-+ (8 +1)RE. (5.187)

In practice,R;,,; proves more relevant and useful. We also note that the outputimpedance of the
circuit remains equal to

Rout = RC (5 188)

even withRp # 0. This is studied in Problem 45.

!aﬁim]ﬂ 5.26
microphone having an output resistance ofLdenerates a peak signal level of 2 mV. Design
a CE stage with a bias current of 1 mA that amplifies this signal to 40 mV. Assuyme 4/g.,,

andg = 100.

The following quantities are obtaine®s = 1 k2, g, = (26 Q)7 , |A,| = 20, andRg =
104 Q. From Eg. (5.185),

1 Rp
Re =|A,| | —+R 5.189
o= '(gﬁ E+ﬂ+1> (5189

~ 2.8 kQ. (5.190)
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Exercise
Repeat the above example if the microphone output resistance is doubled.

mﬂ D o ———————
etermine the voltage gain and I/O impedances of the circuit shown in Fig. 5.45(a). Assume a
very large value foC’; and neglect the Early effect.

(b)

Figure 5.45 (a) CE stage example, (b) simplified circuit.

ReplacingC; with a short circuit,/; with an open circuit, and-¢ with ac ground, we arrive
at the simplified model in Fig. 5.45(b), whef and Rc appear in parallel ané&, acts as an
emitter degeneration resistor. Equations (5.185)-(5.188) are therefore written respectively as

4, = ——BellB) (5.191)
L R,y B
Im 2 B+1
Rin =Rp+71:+ (B+1)Ry (5.192)
Rout = Rol|Ry. (5.193)
Exercise
What happens if a very large capacitor is tied from the emittép,ofo ground?
Effect of Transistor Output Resistance The analysis of the degenerated CE stage has

thus far neglected the Early effect. Somewhat beyond the scope of this book, the derivation of
the circuit properties in the presence of this effect is outlined in Problem 48 for the interested
reader. We nonetheless explore one aspect of the circuit, namely, the output resistance, as it
provides the foundation for many other topologies studied later.
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Our objective is to determine the output impedance seen looking into the collector of a degen-
erated transistor [Fig. 5.46(a)]. Recall from Fig. 5.7 tRaf; = ro if Rg = 0. AlsO, Ry = 00
if V4 = oo (why?). To include the Early effect, we draw the small-signal equivalent circuit as in
Fig. 5.46(b), grounding the input terminal. A common mistake here is to Wijie = ro + RE.
Sinceg,,, v, flows from the output node int®, resistors'o andRg are not in series. We readily
note thatRy andr, appear in parallel, and the current flowing throughl||r, is equal toi x.
Thus,

( Rout iy
Hpb—

+
VTt
I_J-
E
(@

Figure 5.46 (a) Output impedance of degenerated stage, (b) equivalent circuit.

Vin Ql r-,-[:;

=

A

AA {
YYy
~

(@]

I~
<
X

-

i x
R

9. Vrt
(b)

Ur = _iX(RE||Tﬂ), (5194)

where the negative sign arises because the positive sidg isfat ground. We also recognize
thatro carries a current ofy — g, v and hence sustains a voltage(o¢ — g., v, )ro. Adding
this voltage to that acro93g (= —v,) and equating the result i, we obtain

UVx = (ZX - gmvﬂ')rO — Ur (5195)
=[ix + gmix(Rel|lr=)]ro + ix(Rgl||rz). (5.196)
It follows that
Rout = [1 + gm(REl|rs)lro + Rellrx (5.197)
=710+ (gmro + 1)(Rel|rr). (5.198)

Recall from (5.146) that the intrinsic gain of the transisigrro > 1, and hence

Rout R To + gmTo (RE| |T7T) (5199)
~ ro[l + gm(Rel|r-)]- (5.200)

Interestingly, emitter degeneraticsisesthe output impedance from, to the above value, i.e.,
by a factor oflL + g (Rg||rx).

The reader may wonder if the increase in the output resistance is desirable or undesirable.
The “boosting” of output resistance as a result of degeneration proves extremely useful in circuit
design, conferring amplifiers with a higher gain as well as creating more ideal current sources.
These concepts are studied in Chapter 9.

It is instructive to examine (5.200) for two special cases > r, andRg < r.. For
Rg > rr, we haveRg||r, — rr and

Rouwt o1+ gmrx) (5.201)
~ fro, (5.202)
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because? > 1. Thus, the maximum resistance seen at the collector of a bipolar transistor is
equal topro—if the degeneration impedance becomes much largenthan
ForRp < r,, we haveRg||r, — Rg and

Rout ~ (1 + ngE)rO- (5203)

Thus, the output resistance is boosted by a factar-pfy,,, Rg.

In the analysis of circuits, we sometimes draw the transistor output resistance explicitly to
emphasize its significance (Fig. 5.47). This representation, of course, as@uriteslf does not
contain anotherg.

; Rout

N
=}
AA
YYy
~
(e]

Figure 5.47 Stage with explicit depiction aofp.

!#ﬁi!l:la 5.28

e wish to design a current source having a value of 1 mA and an output resistance(of 20 k
The available bipolar transistor exhibits = 100 andV, = 10 V. Determine the minimum
required value of emitter degeneration resistance.

Sincerp = Va/Ic = 10 k2, degeneration must raise the output resistance by a factor of two.
We postulate that the conditidiy < r, holds and write

1+ gmRe =2. (5.204)

That is,
Rp = gi (5.205)
= 2(? Q. (5.206)

Note that indeed, = 3/g,, > Rg.

Exercise
What is the output impedancefg is doubled?

!ma 5.29
alculate the output resistance of the circuit shown in Fig. 5.48(&) i very large.

ReplacingV, andC; with an ac ground and; with an open circuit, we arrive at the simplified
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{ Rout { Rout
=R, o
<
Vb = R -
=Rz I Cy I
= R2

(@ (b) (c)

Figure 5.48 (a) CE stage example, (b) simplified circuit, (c) resistance seen at the collector.

model in Fig. 5.48(b). Sinc&; appears in parallel with the resistance seen looking into the
collector of ), we ignoreR; for the moment, reducing the circuit to that in Fig. 5.48(c). In
analogy with Fig. 5.40, we rewrite Eq. (5.200) as

Ryt = [1 + gm(RQHTW)]TO- (5207)

Returning to Fig. 5.48(b), we have

Rowt = RoutlHRl (5208)
={[1 + gm(Rallrz)lro} || Ri. (5.209)
Exercise
What is the output resistance if a very large capacitor is tied between the emittar arid
ground?

The procedure of progressively simplifying a circuit until it resembles a known topology
proves extremely critical in our work. Called “analysis by inspection,” this method obviates the
need for complex small-signal models and lengthy calculations. The reader is encouraged to
attempt the above example using the small-signal model of the overall circuit to appreciate the
efficiency and insight provided by our intuitive approach.

!gﬁima 5.30
etermine the output resistance of the stage shown in Fig. 5.49(a).

Solution
Recall from Fig. 5.7 that the impedance seen at the collector is equalitthe base and emitter
are (ac) grounded. Thu§. can be replaced withys [Fig. 5.49(b)]. From another perspective,
()> is reduced tao» because its base-emitter voltage is fixed/®y, yielding a zerqy,,,2vxs.

Now, ro2 plays the role of emitter degeneration resistance@er In analogy with Fig.
5.40(a), we rewrite Eq. (5.200) as

Rout = [1 4 gm1(roz2]|ra1)]ro1- (5.210)
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{ Rout

Q1

(b)
Figure 5.49 (a) CE stage example, (b) simplified circuit.

Called a “cascode” circuit, this topology is studied and utilized extensively in Chapter 9.

Exercise
Repeat the above example for a “stack” of three transistors.

CE Stage with Biasing  Having learned the small-signal properties of the common-emitter
amplifier and its variants, we now study a more general case wherein the circuit contains a bias
network as well. We begin with simple biasing schemes described in Section 5.2 and progres-
sively add complexity (and more robust performance) to the circuit. Let us begin with an exam-

ple.

!a!jil:la 531

student familiar with the CE stage and basic biasing constructs the circuit shown in Fig. 5.50
to amplify the signal produced by a microphone. Unfortunatglycarries no current, failing to
amplify. Explain the cause of this problem.

Vee =25V

100kQ SRy Rc=1kQ

o [

out

F)J.:<
1} 'O
iy

Figure 5.50 Microphone amplifier.

Many microphones exhibit a small low-frequency resistance (e.g100 2). If used in this
circuit, such a microphone creates a low resistance from the ba@e tf ground, forming a
voltage divider withRp and providing a very low base voltage. For example, a microphone
resistance of 10Q yields

100 Q
- PR o 211
VX = Toomar1o0a <20V (5.211)
~2.5mV. (5.212)

Thus, the microphone low-frequency resistance disrupts the bias of the amplifier.
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Exercise
Does the circuit operate betterkfg is halved?

How should the circuit of Fig. 5.50 be fixed? Since only #ignal generated by the micro-
phone is of interest, a series capacitor can be inserted as depicted in Fig. 5.51 so as to isolate
the dc biasing of the amplifier from the microphone. That is, the bias poi@t sEmains inde-
pendent of the resistance of the microphone becaysarries no bias current. The value®@f
is chosen so that it provides a relatively low impedance (almost a short circuit) for the frequen-
cies of interest. We sa§/; is a “coupling” capacitor and the input of this stage is “ac-coupled”
or “capacitively-coupled.” Many circuits employ capacitors to isolate the bias conditions from
“undesirable” effects. More examples clarify this point later.

Vee =25V

100kQ =Ry Rc=1kQ

e—oV
X out
D_:i-—l H‘E@l

G

Figure 5.51 Capacitive coupling at the input of microphone amplifier.

The foregoing observation suggests that the methodology illustrated in Fig. 5.9 must include
an additional rule: replace all capacitors with an open circuit for dc analysis and a short circuit
for small-signal analysis.

Let us begin with the stage depicted in Fig. 5.52(a). For bias calculations, the signal source is
set to zero and’; is opened, leading to Fig. 5.52(b). From Section 5.2.1, we have

Figure 5.52 (a) Capacitive coupling at the input of a CE stage, (b) simplified stage for bias calculation,
(c) simplified stage for small-signal calculation, (d) simplified circuit for input impedance calculation, (e)
simplified circuit for output impedance calculation.

3 Vee — VBE

I~ =
c RB ’

(5.213)

221
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Vee — VBE

VW =Vee — BRe Tn

(5.214)

To avoid saturationyy > Vgg.

With the bias current known, the small-signal parameggrsr,., andro can be calculated.

We now turn our attention to small-signal analysis, considering the simplified circuit of Fig.
5.52(c). Here(’, is replaced with a short anid-¢ with ac ground, but), is maintained as a
symbol. We attempt to solve the circuit by inspection: if unsuccessful, we will resort to using a
small-signal model fo€); and writing KVLs and KCLs.

The circuit of Fig. 5.52(c) resembles the CE core illustrated in Fig. 5.29, excegt gor
Interestingly,R g has no effect on the voltage at nodleso long a%;,, remains an ideal voltage
source; i.e.px = v, regardless of the value @tz. Since the voltage gain from the base to the
collector is given by, /vx = —gmRc, we have

% = —gmRe. (5.215)
If V4 < oo, then
Vout

However, the input impedance is affected By; [Fig. 5.52(d)]. Recall from Fig. 5.7 that the
impedance seen looking into the bage,, is equal tor,; if the emitter is grounded. Her&® g
simply appears in parallel witR;,,1, yielding

Rin2 = r1||RB. (5.217)
Thus, the bias resistor lowers the input impedance. Nevertheless, as shown in Problem 51, this
effect is usually negligible.

To determine the output impedance, we set the input source to zero [Fig. 5.52(e)]. Comparing
this circuit with that in Fig. 5.32(b), we recognize tha$,; remains unchanged:

Rout = Re|ro. (5.218)
because both terminals & are shorted to ground.

In summary, the bias resistak gz, negligibly impacts the performance of the stage shown in
Fig. 5.52(a).

mm D3
aving learned about ac coupling, the student in Example 5.31 modifies the design to that shown
in Fig. 5.53 and attempts to drive a speaker. Unfortunately, the circuit still fails. Explain why.

Vee =25V

100kQ =Ry Rc=1kQ

Figure 5.53 Amplifier with direct connection of speaker.
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Typical speakers incorporate a solenoid (inductor) to actuate a membrane. The solenoid exhibits
a very low dc resistance, e.g., less thai.TThus, the speaker in Fig. 5.53 shorts the collector to
ground, driving@; into deep saturation.

Exercise
Does the circuit operate better if the speaker is tied between the output notie add

mp 5. 33—

e student applies ac coupling to the output as well [Fig. 5.54(a)] and measures the quiescent
points to ensure proper biasing. The collector bias voltage is 1.5V, indicatin@ thaggerates in

the active region. However, the student still observes no gain in the circuit@=f5 x 10~17

Vec =25V

100kQ SRy Rc=1kQ |J * +—o Vout
X — + 01 Rc%le Rsp%8§2
D_i—ll—‘—liol C, v §+ 100 k Q %RBL} il il
cl in ) - - -

(@ (b)
Figure 5.54 (a) Amplifier with capacitive coupling at the input and output, (b) simplified small-signal

model.

A andVy, = oo, compute thes of the transistor. (b) Explain why the circuit provides no gain.

(a) A collector voltage of 1.5 V translates to a voltage drop of 1 V aci®ssand hence a
collector current of 1 mA. Thus,

1

Veg = Vrln =2 (5.219)

Is
= 796 mV. (5.220)

It follows that
Ip = Veo —Vie (5.221)
Rp

= 17 jA, (5.222)

andg = I /Ip = 58.8.

(b) Speakers typically exhibit a low impedance in the audio frequency range, 8.g2r&w-
ing the ac equivalent as in Fig. 5.54(b), we note that the total resistance seen at the collector node
is equal tol kQ2||8 €2, yielding a gain of

|Av| = gm(Rc||Rs) = 0.31 (5.223)
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Exercise
Repeat the above example B¢ = 500 (2.

The design in Fig. 5.54(a) exemplifies an improper interface between an amplifier and a load:
the output impedance is so much higher than the load impedance that the connection of the load
to the amplifier drops the gain drastically.

How can we remedy the problem of loading here? Since the voltage gain is proportional
to g,,, we can biag), at a much higher current to raise the gain. This is studied in Problem
53. Alternatively, we can interpose a “buffer” stage between the CE amplifier and the speaker
(Section 5.3.3).

Let us now consider the biasing scheme shown in Fig. 5.15 and repeated in Fig. 5.55(a).
To determine the bias conditions, we set the signal source to zero and open the capacitor(s).
Equations (5.38)-(5.41) can then be used. For small-signal analysis, the simplified circuit in Fig.
5.55(b) reveals a resemblance to thatin Fig. 5.52(b), except thakh@hd R, appear in parallel
with the input. Thus, the voltage gain is still equakg,,(R¢||ro) and the input impedance is
given by

- Vee
Rl EE Rc Vout
* * R
——-o 0 Q1 c
+ Cy ) Vi, N R, =R, l\} <
Vin ) R, = - A" L
(a) (b)
Figure 5.55 (a) Biased stage with capacitive coupling, (b) simplified circuit.
Rip = rx|| R || Ra. (5.224)

The output resistance is equalRe:||ro.
We next study the more robust biasing scheme of Fig. 5.19, repeated in Fig. 5.56(a) along
with an input coupling capacitor. The bias point is determined by opefiingnd following
Egs. (5.52) and (5.53). With the collector current known, the small-signal parametgyscahn
be computed. We also construct the simplified ac circuit shown in Fig. 5.56(b), noting that the
voltage gain is not affected b§; and R, and remains equal to
A, = 1&, (5.225)
— + Rg
Im

where Early effect is neglected. On the other hand, the input impedance is lowered to:
Rin = [rr + (B + 1)RE]||R1]||R2, (5.226)
whereas the output impedance remains equéldaf V4 = co.

As explained in Section 5.2.3, the use of emitter degeneration can effectively stabilize the bias
point despite variations ifi ands. However, as evident from (5.225), degeneration also lowers
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- Vee
Rl EE Rc VOUI
. . o) R
I—‘ Q]_ + R R 1 C
+ Cl d Vin 1 2 RE -
Vin ) R2 :E RE — — —
(@) (b)

Figure 5.56 (a) Degenerated stage with capacitive coupling, (b) simplified circuit.

the gain. Is it possible to apply degeneration to biasingniotito the signal? Illustrated in Fig.
5.57 is such a topology, whetg is large enough to act as a short circuit for signal frequencies
of interest. We can therefore write

Figure 5.57 Use of capacitor to eliminate degeneration.

Av = _ngC (5227)

and
R, = rx||Ry||R2 (5.228)
Rout = RC- (5229)

!gﬁima 5.34

esign the stage of Fig. 5.57 to satisfy the following conditiolas:= 1 mA, voltage drop
acrossRp = 400 mV, voltagegain = 20 in the audio frequency range (20 Hz to 20 kHz), input
impedance > 2 kQ. Assume3 = 100, Is = 5 x 10716, andVoc = 2.5 V.

With I = 1 mA = Ig, the value ofRg is equal to 40Q2. For the voltage gain to remain
unaffected by degeneration, the maximum impedancé ohust be much smaller thay g,,, =
26 Q2.8 Occurring at 20 Hz, the maximum impedance must remain below ro@ghk/(1/g,,) =
2.6 Q:

1 1
G <10 o for w = 27 x 20 Hz. (5.230)

8 A common mistake here is to make the impedanc€'pofmuch less thamk z; .
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Thus,
Csy > 6120 uF. (5.231)
(This value is unrealistically large, requiring modification of the design.) We also have
|Ay| = gm Rc = 20, (5.232)
obtaining
Re = 512Q. (5.233)
Since the voltage acrod®y is equal to 400 mV and’sr = Vr In(I¢/Is) = 736 mV, we have

Vx = 1.14 V. Also, with a base current of 10A, the current flowing througl®; and R, must
exceed 10Q.A to lower sensitivity tog:

Veeo
—— > 101 5.234
R + R» B ( )
and hence
Ry + Ry < 25 k0. (5.235)
Under this condition,
Ve m =12yl =114V (5.236)
X ~ Rl +R2 cc — 1. ) .
yielding
Ry =114k (5.237)
Ry = 13.6 k. (5.238)
We must now check to verify that this choice Bf and R, satisfies the conditio®;,, > 2 k).
That s,
Ry = rx||Ry||R2 (5.239)
= 1.85 k0. (5.240)

Unfortunately,R; and R, lower the input impedance excessively. To remedy the problem, we
can allow a smaller current throudghl andR, than10/g, at the cost of creating more sensitivity

to 8. For example, if this current is set5dp = 50 pA and we still neglecf i in the calculation

of Vx,

Veeo
——— > 51 5.241
it R B ( )

and

Ry + Ry < 50kQ. (5.242)
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Consequently,
Ry = 22.4kQ (5.243)
Ry = 27.2k9, (5.244)
giving
R = 2.14 k0. (5.245)
Exercise

Redesign the above stage for a gain of 10 and compare the results.

We conclude our study of the CE stage with a brief look at the more general case depicted in
Fig. 5.58(a), where the input signal source exhibits a finite resistance and the output is tied to a
load Ry,. The biasing remains identical to that of Fig. 5.56(a), Bytand R, lower the voltage
gainwv,.:/vi,. The simplified ac circuit of Fig. 5.58(b) revedls, is attenuated by the voltage

division betweemRs and the impedance seen at nodeR, || R:||[r~ + (8 + 1)REg], i.e.,

Vee
R = =R G
Rs C1 — Vout
— Q1 RL
+ -
V|r| Rz :E RE -
@
Rs

(b)

Figure 5.58 (a) General CE stage, (b) simplified circuit, (c) Thevenin model of input network.

vx _ _ Ri||Ro|lfrx + (B + 1)Rg]
vin  Ri||Ra||[rx + (8 +1)Rp] + Rs’

The voltage gain from;,, to the output is given by

Vout _ UX Uout
Vin Vin Ux

Ry || Ry|[rx + (B + 1) Ri]

Rc||RL

" Ri||Re||[rx + (B+ 1)Rp] + Rs 1 t Rp

m

(5.246)

(5.247)

(5.248)

227
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As expected, lower values @f; andR, reduce the gain.

The above computation views the input network as a voltage divider. Alternatively, we can uti-
lize a Thevenin equivalent to include the effectityf, R, andR» on the voltage gain. lllustrated
in Fig. 5.58(c), the idea is to replacg,, Rs andR; || Re With vppe, @aNdRypey:

Ri||R
= —————Vin 5.249
Ri||Rs + Rs (5:249)

Ryhey = Rs||R1||Rs. (5.250)

UThev

The resulting circuit resembles that in Fig. 5.43(a) and follows Eq. (5.185):

Rc||Rr _ Ri|[R>

1 RTheU R1||R2 + RS7
— 4 Rp + e
gm0 B+

A, =—

(5.251)

where the second fraction on the right accounts for the voltage attenuation given by Eq. (5.249).
The reader is encouraged to prove that (5.248) and (5.251) are identical.

The two approaches described above exemplify analysis techniques used to solve circuits
and gain insight. Neither requires drawing the small-signal model of the transistor because the
reduced circuits can be “mapped” into known topologies.

Figure 5.59 summarizes the concepts studied in this section.

Headroom

; \/\/\ Giin E> r
VR N T TR T

out

Figure 5.59 Summary of concepts studied thus far.

5.3.2 Common-Base Topology

Following our extensive study of the CE stage, we now turn our attention to the “common-base
(CB) topology. Nearly all of the concepts described for the CE configuration apply here as well.
We therefore follow the same train of thought, but at a slightly faster pace.

Given the amplification capabilities of the CE stage, the reader may wonder why we study
other amplifier topologies. As we will see, other configurations provide different circuit proper-
ties that are preferable to those of the CE stage in some applications. The reader is encouraged to
review Examples 5.2-5.4, their resulting rules illustrated in Fig. 5.7, and the possible topologies
in Fig. 5.28 before proceeding further.
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Figure 5.60 shows the CB stage. The input is applied to the emitter and the output is sensed

at the collector. Biased at a proper voltage, the base acts as ac ground and hence as a node

“common” to the input and output ports. As with the CE stage, we first study the core and
subsequently add the biasing elements.

Vee

Output Sensed
4 at Collector

out

g

— Input Applied
to Emitter

Figure 5.60 Common-base stage.

Analysis of CB Core  How does the CB stage of Fig. 5.61(a) respond to an input siynal?
If Vi, goes up by a small amourkV, the base-emitter voltage 6f; decreasedy the same
amount because the base voltage is fixed. Consequently, the collector current fg)lAby,
allowing V,,; torise by g¢,, AV Rc. We therefore surmise that the small-signal voltage gain is
equal to

(b)

Figure 5.61 (a) Response of CB stage to small input change, (b) small-signal model.

A, = gmRec. (5.252)

Interestingly, this expression is identical to the gain of the CE topology. Unlike the CE stage,
however, this circuit exhibits positivegain because an increaselip, leads to an increase in
Vout-

Let us confirm the above results with the aid of the small-signal equivalent depicted in Fig.
5.61(b), where the Early effect is neglected. Beginning with the output node, we equate the
current flowing througti to g, v

vou
- Rot = ImUr, (5253)

9Note that the topologies of Figs. 5.60-5.61(a) are identical even th@ughk drawn differently.

229
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obtainingu, = —v,ut/(9mRc). Considering the input node next, we recognize that —v;,,.
It follows that

Vout

= gmRc. (5.254)

Vin

As with the CE stage, the CB topology suffers from trade-offs between the gain, the voltage
headroom, and the 1/O impedances. We first examine the circuit's headroom limitations. How
should the base voltag®j, in Fig. 5.61(a) be chosen? Recall that the operation in the active
region require¥’gg > 0 andVgc < 0 (for npn devices). Thusl, must remairhigherthan the
input by about 800 mV, and the output must remain higher than or eqigl teor example, if
the dc level of the input is zero (Fig. 5.62), then the output must not fall below approximately
800 mV, i.e., the voltage drop acrofs: cannot exceeldlcc — Vpg. Similar to the CE stage
limitation, this condition translates to

A, = Ie -Re (5.255)
Vr
Vee — VBE
= -c¢¢_ 'BF 5.256
i ( )

mﬂ 0.3 ————————————

e voltage produced by an electronic thermometer is equal to 600 mV at room temperature.
Design a CB stage to sense the thermometer voltage and amplify the change with maximum
gain. Assumé/cc = 1.8V, Ic = 0.2mA, Is = 5 x 10717 A, and = 100.

Illustrated in Fig. 5.63(a), the circuit must operate properly with an input level of 600 mV. Thus,
Vo = Ve + 600 mV = VrIn(Io/Is) + 600 mV = 1.354 V. To avoid saturation, the collector
voltage must not fall below the base voltage, thereby allowing a maximum voltage drop across
R¢ equaltol.8 V — 1.354 V = 0.446 V. We can then write

A, = gmRe (5.257)
IcRe

— 5.258

= (5.258)

17.2. (5.259)
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Ry
O
A
YW
A
W
R
=

Thermometer

@ (b)

Figure 5.63 (a) CB stage sensing an input, (b) bias network for base.

The reader is encouraged to repeat the problem fvith= 0.4 mA to verify that the maximum
gain remains relatively independent of the bias curtént.

We must now generafig,. A simple approach is to employ a resistive divider as depicted in
Fig. 5.63(b). To lower sensitivity t@, we choosel; ~ 10Iz ~ 20 pA ~ Voc/(Ry + R,).
Thus,R; + Rs = 90 k. Also,

R,

Vi —————V, 5.260
R TR (5.260)
and hence
Ry = 67.7kQ (5.261)
Ry = 22.3kQ. (5.262)
Exercise

Repeat the above example if the thermometer voltage is 300 mV.

Let us now compute the I/O impedances of the CB topology so as to understand its capabil-
ities in interfacing with preceding and following stages. The rules illustrated in Fig. 5.7 prove
extremely useful here, obviating the need for small-signal equivalent circuits. Shown in Fig.
5.64(a), the simplified ac circuit reveals thay, is simply the impedance seen looking into the
emitter with the base at ac ground. From the rules in Fig. 5.7, we have

Rin = — (5.263)

if V4 = oo. The input impedance of the CB stage is therefore relatilely e.g., 2692 for
I = 1 mA (in sharp contrast to the corresponding value for a CE s{agg,).

10This example serves only as an illustration of the CB stage. A CE stage may prove more suited to sensing a
thermometer voltage.
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Vee
Rc
Q1
- ac

(@) (b)

Figure 5.64 (a) Input impedance of CB stage, (b) response to a small change in input.

The input impedance of the CB stage can also be determined intuitively [Fig. 5.64(b)]. Sup-
pose a voltage sourdéy tied to the emitter of); changes by a small amountl. The base-
emitter voltage therefore changes by the same amount, leading to a change in the collector current
equal tog,, AV. Since the collector current flows through the input source, the current supplied
by Vx also changes by,,AV. ConsequentlyR;,, = AVx /Alx = 1/g.,.

Does an amplifier with a low input impedance find any practical use? Yes, indeed. For exam-
ple, many stand-alone high-frequency amplifiers are designed with an input resistanée tof 50
provide “impedance matching” between modules in a cascade and the transmission lines (traces
on a printed-circuit board) connecting the modules (Fig. 565).

50-Q 50-Q
Transmission Transmission
E Line E Line E
50Q 50Q

Figure 5.65 System using transmission lines.

The output impedance of the CB stage is computed with the aid of Fig. 5.66, where the input
voltage source is set to zero. We note that,; = R,u:1||Rc, whereR,,:; is the impedance
seen at the collector with the emitter grounded. From the rules of Fig. 5.7, wetiame= ro
and hence

Figure 5.66 Output impedance of CB stage.

Rout = rol|Rc (5.264)

LLIf the input impedance of each stage is not matched to the characteristic impedance of the preceding transmission
line, then “reflections” occur, corrupting the signal or at least creating dependence on the length of the lines.
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or

Rout = Re if Vi = . (5.265)

!mq 5.36
common-base amplifier is designed for an input impedande;gfand an output impedance
of R,.:- Neglecting the Early effect, determine the voltage gain of the circuit.

SinceR;,, = 1/gm andR,.,: = R, we have

A, = . (5.266)

Exercise
Compare this value with that obtained for the CE stage.

From Egs. (5.256) and (5.266), we conclude that the CB stage exhibits a set of trade-offs
similar to those depicted in Fig. 5.33 for the CE amplifier.

It is instructive to study the behavior of the CB topology in the presence of a finite source
resistance. Shown in Fig. 5.67, such a circuit suffers from signal attenuation from the input to
nodeX, thereby providing a smaller voltage gain. More specifically, since the impedance seen
looking into the emitter of); (with the base grounded) is equallitfy,, (for V4 = oo), we have

R
S X
+
Vin ) ﬁ
1
vx = —Im o, (5.267)
X — 1 vzn .
Rs + —
Im
1
- i 5.268
1+ gmPRs (5.268)

We also recall from Eq. (5.254) that the gain from the emitter to the output is given by

Vout

= gmPRc. (5.269)
vx
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It follows that

Vout gmBc
—_—= 5.270
— + Rs

aresult identical to that of the CE stage (except for a negative sidty) i§ viewed as an emitter
degeneration resistor.

5.37
mase stage is designed to amplify an RF signal received byQaabenna. De-
termine the required bias current if the input impedance of the amplifier must “match” the
impedance of the antenna. What is the voltage gain if the CB stageldalssa 5042 load?
Assumely = oc.

Figure 5.68 depicts the amplifi€rand the equivalent circuit with the antenna modeled by a
Vee
Rc

Vout

Antenna o} Vg =

Figure 5.68 (a) CB stage sensing a signal received by an antenna, (b) equivalent circuit.

voltage sourcey;,,, and a resistancéls = 50 Q. For impedance matching, it is necessary that
the input impedance of the CB cofi,g,,,, be equal taRs, and hence
Ic = gmVr (5.272)
=0.52mA. (5.273)

If Ro itself is replaced by a 50+ load, then Eq. (5.271) reveals that

A, = IL (5.274)
— + Rs
gm

(5.275)

N | =

The circuit is therefore not suited to driving a S0load directly.

12The dots denote the need for biasing circuitry, as described later in this section.
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Exercise
What is the voltage gain if a 5Q-resistor is also tied from the emitter @f; to ground?

Another interesting point of contrast between the CE and CB stages relates to their cur-
rent gains. The CB stage displays a current gairumity because the current flowing into
the emitter simply emerges from the collector (if the base current is neglected). On the other
hand, as mentioned in Section 5.34Y, = g for the CE stage. In fact, in the above example,
iin = Vin/(Rs + 1/gm), which upon flowing througliR¢, yieldsve,: = Rovin/(Rs +1/gm)-
It is thus not surprising that the voltage gain does not exceed &b iK Rg.

As with the CE stage, we may desire to analyze the CB topology in the general case: with
emitter degeneratioi4 < oo, and a resistance in series with the base [Fig. 5.69(a)]. Outlined
in Problem 64, this analysis is somewhat beyond the scope of this book. Nevertheless, it is in-

Vee

AA

(@ (b)

Figure 5.69 (a) General CB stage, (b) output impedance seen at different nodes.

structive to consider a special case wh&g = 0 but V4 < oo, and we wish to compute
the output impedance. As illustrated in Fig. 5.69(B),.: is equal toR in parallel with the
impedance seen looking into the collectBy,,;;. But R, is identical to the output resistance
of an emitter-degeneratedmmon emittestage, i.e., Fig. 5.46, and hence given by Eq. (5.197):

Routn = [1+ gm(RE||rx)]ro + (Re||rx)- (5.276)
It follows that
Rout = Re|[{[1 + gm(RE||rx)]lro + (REe||rx)} - (5.277)

The reader may have recognized that the output impedance of the CB stage is equal to that of
the CE stage. Is this true in general? Recall that the output impedance is determined by setting
the input source to zero. In other words, when calculaig;, we have no knowledge of the

input terminal of the circuit, as illustrated in Fig. 5.70 for CE and CB stages. It is therefore no
coincidence that the output impedances are idenfithe same assumptions are made for both
circuits (e.g., identical values &f4 and emitter degeneration).

3.38 m—————
%says “the output impedance of the CB stage is substantially higher than that of the
CE stage.” This claim is justified by the tests illustrated in Fig. 5.71. If a constant current is
injected into the base while the collector voltage is varigdexhibits a slope equal bq;l [Fig.
5.71(a)]. On the other hand, if a constant current is drawn from the eniittatisplays much
less dependence on the collector voltage. Explain why these tests do not represent practical
situations.
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Vee Vee Vee
Rc Rc Rc
Vout Vout
Q1 ':> Q1 <—I Yo Q1
N H
Vin Re R Roy
T T = + Re
Vin
@) ) (b)

Figure 5.70 (a) CE stage and (b) CB stage simplified for output impedance calculation.

Vee Ie Ic

@

Open . o
rn% Vo (i) 9.V EEfo<—|
—— R

(©

Hk—e

(b)

" o
+ bR

rm= v 9., vVn <:ro<—|
_I | R

Open

(d)

Figure 5.71 (a) Resistance seens at collector with emitter grounded, (b) resistance seen at collector with
an ideal current source in emitter, (c) small-signal model of (a), (d) small-signal model of (b).

The principal issue in these tests relates to the useméntsources to drive each stage. From a
small-signal point of view, the two circuits reduce to those depicted in Figs. 5.71(c) and (d), with
current source$g andlg replaced with open circuits because they are constant. In Fig. 5.71(c),
the current through; is zero, yieldingy,,v, = 0 and hence?,,; = ro. On the other hand, Fig.
5.71(d) resembles an emitter-degenerated stage (Fig. 5.46) with an infinite emitter resistance,
exhibiting an output resistance of

Rout = [1 + gm(RE||rx)ro + (Re||rx) (5.278)
= (L+ gmrz)ro + 7z (5.279)
~ fBro + =, (5.280)

which is, of course, much greater thag. In practice, however, each stage may be driven by a
voltagesource having a finite impedance, making the above comparison irrelevant.

Exercise
Repeat the above example if a resistor of vaijds inserted in series with the emitter.
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Another special case of the topology shown in Fig. 5.69(a) occurg i= oo but Rg > 0.
Since this case does not reduce to any of the configurations studied earlier, we employ the small-
signal model shown in Fig. 5.72 to study its behavior. As usual, we wjite. = —v,.:/Rc
and hencer, = —v,ut/(9mRc). The current flowing through, (and Rg) is then equal to
U [Tn = —Vout/(gmT=Rc) = —vout/(BRc). Multiplying this current byRp + r,, we obtain
the voltage at nod®:

—Vout
= _ R . 5.281
vp 3R (RB +7x) ( )
Vout
= R ) 5.282
ﬂRc( B +7Tr) ( )
We also write a KCL af:
U 4 gy = 22 Vin, (5.283)
s RE
that is,
Vout
(RB + 1“77) — VUin
1 —Vout ﬂRC
— 4+ 9m = . 5.284
<T7r g > gm o Rg ( )
It follows that
Pout _ ialiey (5.285)

Vin (ﬂ + ]-)RE + RB + Tr ’
Dividing the numerator and denominator By+ 1, we have

Vout ~ RC
Vin - Lip -
Rp + +—
K B+1 Im
As expected, the gain is positive. Furthermore, this expression is identical to that in (5.185) for
the CE stage. Figure 5.73 illustrates the results, revealing that, except for a negative sign, the
two stages exhibit equal gains. Note tlig¢ degrades the gain and is not added to the circuit
deliberately. As explained later in this sectidty may arise from the biasing network.
Let us now determine the input impedance of the CB stage in the presence of a resistance in
series with the base, still assumilig = oo. From the small-signal equivalent circuit shown in

(5.286)
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Figure 5.73 Comparison of CE and CB stages with base resistance.

Fig. 5.74, we recognize that andRp form a voltage divider, thereby producittg

Rp

i IO

= i

Vout

-
>
=

Figure 5.74 Input impedance of CB stage with base resistance.

I'r

= —————Vx. 5.287
v r- + Rp vx ( )
Moreover, KCL at the input node gives
(o .
— 4 gy = —ix. (5.288)
Thus,
L T oy = —i (5.289)
o Im r+ Rp Ux = —ix .
and
Ux r-+ Rp
L el 5.290
ix ﬂ +1 ( )
1 Rp
— . 5.291
Im B+1 ( )

Note thatR;, = 1/gn if Rg = 0, an expected result from the rules illustrated in Fig. 5.7.
Interestingly, the base resistance is divideddy 1 when “seen” from the emitter. This is in
contrast to the case of emitter degeneration, where the emitter resistangkidied by 5 + 1

13 Alternatively, the current through, + R is equal tovx /(r= + Rp), yielding a voltage of-r,vx /(r= + RB)
acrossr.
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when seen from the base. Figure 5.75 summarizes the two cases. Interestingly, these results
remain independent d?¢ if V4 = co.

RB VA: oo VA: [0 @]
Q1 - Q1
1, Re r+ B+ Re FRe
I9m B+l —

Figure 5.75 Impedance seen at the emitter or base of a transistor.

mm 5.3
etermine the impedance seen at the emitte@ efin Fig. 5.76(a) if the two transistors are
identical and’4 = co.

- Vee
Rp =Rc
" Q1 ——o Vout
<_| Q2
R eq L RX
(a)

Figure 5.76 (a) Example of CB stage, (b) simplified circuit.

The circuit employ<)-> as a common-base device, but with its base tied to a finite series resis-
tance equal to that seen at the emitte€ef Thus, we must first obtain the equivalent resistance
R.,, which from Eq. (5.291) is simply equal to

1 Rp
R, = — . 5.292
! Im1 i ﬂ +1 ( )
Reducing the circuit to that shown in Fig. 5.76(b), we have
1 R

Ry = — - 5.293
Y g B ( )

1 1 1 Rp )
_ + — 4 ) 5.294
gm2 ﬂ +1 (gml ﬂ +1 ( )

Exercise
What happens if a resistor of valig is placed in series with the collector f; ?

CB Stage with Biasing  Having learned the small-signal properties of the CB core, we now
extend our analysis to the circuit including biasing. An example proves instructive at this point.



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 240 (1)

240

Chap. 5 Bipolar Amplifiers

'ma 5.40

e student in Example 5.31 decides to incorporate ac coupling at the input of a CB stage to
ensure the bias is not affected by the signal source, drawing the design as shown in Fig. 5.77.
Explain why this circuit does not work.

Vee
Rc
VOUt
Q1
+ Vb
v + C - =

Figure 5.77 CB stage lacking bias current.

Unfortunately, the design provides no dc path for the emitter curre@t pforcing a zero bias
current and hence a zero transconductance. The situation is similar to the CE counterpart in
Example 5.5, where no base current can be supported.

Exercise
In what region doe§); operate ifl}, = Vo ?

mp DA ———————
omewhat embarrassed, the student quickly connects the emitter to ground 8gghat V,

and a reasonable collector current can be established (Fig. 5.78). Explain why “haste makes
waste.”

Figure 5.78 CB stage with emitter shorted to ground.

As with Example 5.6, the student has shorteddigealto ac ground. That is, the emitter voltage
is equal to zero regardless of the valuevgf, yieldingv,,; = 0.
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Exercise
Does the circuit operate betterlif is raised?

The above examples imply that the emitter can remain neither open nor shorted to ground,
thereby requiring some bias element. Shown in Fig. 5.79(a) is an example, When@vides a
path for the bias current at the cost of lowering the inputimpedance. We recogni#g thaiw
consists of twgarallel components: (1) /g, seen looking “up” into the emitter (with the base
at ac ground) and (2¥g, seen looking “down.” Thus,

(b)

Figure 5.79 (a) CB stage with biasing, (b) inclusion of source resistance.

1
Fin = || Rp. (5.295)

As with the input biasing network in the CE stage (Fig. 5.58), the reductiét),jrmanifests
itself if the source voltage exhibits a finite output resistance. Depicted in Fig. 5.79(b), such a
circuit attenuates the signal, lowering the overall voltage gain. Following the analysis illustrated
in Fig. 5.67, we can write

vx R

e L 5.296
Vin Rzn + RS ( )
1
—||RE
— lgmi (5.297)
—||RE + Rs
Im
_ 1 (5.298)
1+ (1+9gmRe)Rs '
Sincev,ut /vx = gmRers
Vout _ 1 - gmBo. (5.299)

vin 1+ (14 gmRe)Rs

As usual, we have preferred solution by inspection over drawing the small-signal equivalent.
The reader may see a contradiction in our thoughts: on the one hand, we view the low input
impedance of the CB stageusefulproperty; on the other hand, we consider the reduction of
the input impedance due 8 undesirable To resolve this apparent contradiction, we must
distinguish between the two componeifg,, and Rg, noting that the latter shunts the input
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Figure 5.80 Small-signal input current components in a CB stage.

source current to ground, thus “wasting” the signal. As shown in Fig. 5;88plits two ways,
with only i, reachingR- and contributing to the output signal. Ry decreases whilé/g,,
remains constant, theia also falls'* Thus, reduction ofR;,, due to Ry is undesirable. By
contrast, ifl / g,,, decreases whil& ; remains constant, then rises. ForR g to affect the input
impedance negligibly, we must have

1
Rg > — (5.300)
and hence
IcRg > Vr. (5.301)

That is, the dc voltage drop acroBg muts be much greater thasr.
How is the base voltagé;,, generated? We can employ a resistive divider similar to that

used in the CE stage. Shown in Fig. 5.81(a), such a topology must ehsgrd g to minimize
sensitivity tog, yielding

— Vee — Vee
=Vh E=
" 1

A
Yy

(b)

Figure 5.81 (a) CB stage with base bias network, (b) use of Thevenin equivalent, (c) effect of bypass
capacitor.

Rs
Voo —————Veo. 5.302
"R R R, O ( )

However, recall from Eq. (5.286) that a resistance in series with therbdiseeghe voltage gain
of the CB stage. Substituting a Thevenin equivalentRgrand R, as depicted in Fig. 5.81(b),

14|n the extreme cas®z = 0 (Example 5.41) and, = 0.
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we recognize that a resistancel®f., = R:||R2 now appears in series with the base. For this
reason, a “bypass capacitor” is often tied from the base to ground, acting as a short circuit at
frequencies of interest [Fig. 5.81(c)].

m% D ————————
esign a stage (Fig. 5.82) for a voltage gain of 10 and an input impedanceb&&Bume
Is =5 x 10-16 A, V4 = oo, ﬂ =100, andVCC =25V

YYy

Vout °—1¢

Figure 5.82 Example of CB stage with biasing.

We begin by selectin®®g > 1/g.,, €.9.,Rg = 500 2, to minimize the undesirable effect of

Rpg. Thus,
Rip = gi =500Q (5.303)
and hence
I = 0.52 mA. (5.304)
If the base is bypassed to ground
Ay = gmEc, (5.305)
yielding
Re =500 Q. (5.306)

We now determine the base bias resistors. Since the voltage drop &gréasequal to500 2 x
0.52mA =260 mV andVpg = Vrln(Ic/Is) = 899 mV, we have

Vo = IgREg + VBE (5.307)
— 116 V. (5.308)

Selecting the current through, andR, to bel0lp = 52 uA, we write

R

~ —— V. 5.309
g Voo (5.309)

Vi
Veeo

—YC  — 52 4A. 5.310
Rt iy p ( )
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It follows that

Ri = 258k (5.311)
R» = 22.3 k0. (5.312)

The last step in the design is to compute the required valués ahdC'p according to the
signal frequency. For example, if the amplifier is used at the receiver front end of a 900-MHz
cellphone, the impedances©f andCz must be sufficiently small at this frequency. Appearing
in series with the emitter of);, C; plays a role similar taR?s in Fig. 5.67 and Eq. (5.271).
Thus, its impedance¢; w|~!, must remain much less tharg,, = 50 Q. In high-performance
applications such as cellphones, we may cho6se| ! = (1/g.,)/20to ensure negligible gain
degradation. Consequently, for= 27 x (900 MHz):

209
o, = 2%9m (5.313)
w
— 71 pF. (5.314)

Since the impedance @fg appears in series with the base and plays a role similar to the term
Rp/(6+ 1) in Eq. (5.286), we require that

1

1 11
B+1|Cpw

= —— 5.315
20 gm ( )

and hence
Cp = 0.7 pF. (5.316)

(A common mistake is to make the impedancelf negligible with respect t&, || R, rather
than with respect td/g,,.)

Exercise
Design the above circuit for an input impedance of 200

5.3.3 Emitter Follower

Another important circuit topology is the emitter follower (also called the “common-collector”
stage). The reader is encouraged to review Examples 5.2 - 5.3, rules illustrated in Fig. 5.7, and
the possible topologies in Fig. 5.28 before proceeding further. For the sake of brevity, we may
also use the term “follower” to refer to emitter followers in this chapter.

Shown in Fig. 5.83, the emitter follower senses the input at the base of the transistor and
produces the output at the emitter. The collector is tielitg and hence ac ground. We first
study the core and subsequently add the biasing elements.

Emitter Follower Core  How does the follower in Fig. 5.84(a) respond to a changé,if? If

Vin rises by a small amoumtV;,,, the base-emitter voltage ¢f;, tends to increase, raising the
collector and emitter currents. The higher emitter current translates to a greater dropiaeross
and hence aigherV,,;. From another perspective, if we assume, for exaniplg, is constant,
thenVpp must rise and so mustz, requiring that/,,,; go up. Sincé/,,; changes in the same
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Vee
Output Sensed

Vin Q1 / at Emitter
Input Applied / V,

out
to Base RE

Figure 5.83 Emitter follower.

direction asl;,,, we expect the voltage gain to be positive. Note g} is always lower than
Vin by an amount equal t&g g, and the circuit is said to provide “level shift.”

VCC Vinl + AVin
Vin Ql V. — I
inl A VBE2
Vout
Re " Vee1 Vou * AVout
— Voutt _" I

@ (b)

Figure 5.84 (a) Emitter follower sensing an input change, (b) response of the circuit.

Another interesting and important observation here is that the chan@g:inannot be larger
than the change ii;,,. Supposé/;,, increases fron¥;,,; to V1 + AV;, andV,,; fromV,,;; to
Vout1 + AV, [Fig. 5.84(b)]. If the output changes bygeeateramount than the inpuf\V,,,,; >
AV;,, thenVi s must bdessthanVi ;. But this means the emitter current also decreases and
so doeslpRg = V,y, contradicting the assumption thég,; has increased. ThuaV,,; <
AV;,, implying that the follower exhibits a voltage gain less than uhity.

The reader may wonder if an amplifier with a subunity gain has any practical value. As ex-
plained later, the input and output impedances of the emitter follower make it a particularly useful
circuit for some applications.

Let us now derive the small-signal properties of the follower, first assuiming co. Shown
in Fig. 5.85, the equivalent circuit yields

Figure 5.85 Small-signal model of emitter follower.
o + gmUx = Cout (5.317)
s RE
and hence
Tr Vout
Uy = . . 5.318
B8+1 Rg ( )

15|n an extreme case described in Example 5.43, the gain becomes equal to unity.
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We also have
Vin = Ur + Uout- (5.319)

Substituting for,, from (5.318), we obtain

1
Yout _ (5.320)
UVin Tr 1
1+ —
B8+1 Rg
~ ﬂl. (5.321)
Rp + —
m

The voltage gain is therefore positive and less than unity.

mq e
n integrated circuits, the follower is typically realized as shown in Fig. 5.86. Determine the
voltage gain if the current source is ideal dnig = co.

VC C

Vin Q1

Figure 5.86 Follower with current source.

Since the emitter resistor is replaced with an ideal current source, the vaiygiofEq. (5.321)
must tend to infinity, yielding

A, = 1. (5.322)
This result can also be derived intuitively. A constant current source flowing thi@Qugequires

thatVeg = VrIn(Io/Is) remain constant. Writingy,,... = Vi, — Vg, we recognize that,,:
exactlyfollowsV;,, if Vgg is constant.

Exercise
Repeat the above example if a resistor of valjas placed in series with the collector.

Equation (5.321) suggests that the emitter follower acts as a voltage divider, a perspective
that can be reinforced by an alternative analysis. Suppose, as shown in Fig. 5.87(a), we wish to
modelv;,, and@; by a Thevenin equivalent. The Thevenin voltage is given by the open-circuit
output voltage produced by, [Fig. 5.87(b)], as ifQ; operates witlRg = oo (Example 5.43).
Thus,vrres = vin. The Thevenin resistance is obtained by setting the input to zero [Fig. 5.87(c)]
and is equal td /g,,. The circuit of Fig. 5.87(a) therefore reduces to that shown in Fig. 5.87(d),
confirming operation as a voltage divider.
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Vee
Q1
+
Vin ) Vout = Vin
(b)

V 1
cc Rro = £
Thev gm

Q1
= <_| VThev = Vin
RThev

© (d)

Figure 5.87 (a) Emitter follower stage, (b) Thevenin voltage , (c) Thevenin resistance, (d) simplified

circuit.
m D
etermine the voltage gain of a follower driven by a finite source impedange {ffig. 5.88(a)]
if VA = 0oQ.
Vee
Q1
RThev

(©

Figure 5.88 (a) Follower with source impedance, (b) Thevenin resistance seen at emitter, (c) simplified
circuit.

We model;,, Rs, and@); by a Thevenin equivalent. The reader can show that the open-circuit
voltage is equal t@;,,. Furthermore, the Thevenin resistance [Fig. 5.88(b)] is given by (5.291)
asRs/(B+ 1) + 1/gm. Figure 5.88(c) depicts the equivalent circuit, revealing that

Yout _ gi — (5.323)
Vin
Rp + +—
L B+1 Im

This result can also be obtained by solving the small-signal equivalent circuit of the follower.
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Exercise
What happens iRg = 00?

In order to appreciate the usefulness of emitter followers, let us compute their input and output
impedances. In the equivalent circuit of Fig. 5.89(a), we hauve. = v,.. Also, the current x
and g, v, flow throughRg, producing a voltage drop equal tox + ¢,,v-)Re. Adding the
voltages across, andRg and equating the result ig¢, we have

. Vee Vee
X
" RC — 0
+

+ §
Vx m=Vvn I Vm 0 0

- - |—> 1 |:> |—> 1

Re Rin Re Rin Re

(a) (b)

Figure 5.89 (a) Input impedance of emitter follower, (b) equivalence of CE and follower stages.

vx = Vr + (ix + gmvx)RE (5.324)
= iXTn + (ZX + gmiXTﬂ)REa (5325)
and hence
?—X =rs + (1+B)Rp. (5.326)
X

This expression is identical to that in Eq. (5.162) derived for a degenerated CE stage. This is,
of course, no coincidence. Since the input impedance of the CE topology is independent of the
collector resistor (foly = o0), its value remains unchangedR{- = 0, which is the case for
an emitter follower [Fig. 5.89(b)].

The key observation here is that the follower “transforms” the load resiBiorto a much
larger value, thereby serving as an efficient “buffer.” This concept can be illustrated by an exam-

ple.

D D
mxhibim a voltage gain of 20 and an output resistance(of Ddtermine the voltage
gain of the CE amplifier if
(a) The stage drives an@-speaker directly.
(b) An emitter follower biased at a current of 5 mA is interposed between the CE stage and the
speaker. Assume = 100, V4 = oo, and the follower is biased with an ideal current source.

(a) As depicted in Fig. 5.90(a), the equivalent resistance seen at the collector is now given by
the parallel combination af?¢ and the speaker impedande,,, reducing the gain from 20 to
20 x (Rc||8 2)/Rc = 0.159. The voltage gain therefore degrades drastically.
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(@) (b)
Figure 5.90 (a) CE stage and (b) two-stage circuit driving a speaker.
(b) From the arrangement in Fig. 5.90(b), we note that

Rini =72+ (B+1)R,, (5.327)
— 1058 Q0. (5.328)

Thus, the voltage gain of the CE stage drops from 2Q0to< (R¢||Rin1)/Rc = 10.28, a
substantial improvement over case (a).

Exercise
Repeat the above example if the emitter follower is biased at a current of 10 mA.

We now calculate the output impedance of the follower, assuming the circuit is driven by a
source impedanc®gs [Fig. 5.91(a)]. Interestingly, we need not resort to a small-signal model
here asR,,: can be obtained by inspection. As illustrated in Fig. 5.91(b), the output resistance
can be viewed as the parallel combination of two components: one seen looking “up” into the
emitter and another looking “down” intB . From Fig. 5.88, the former is equal o5 /(8 +
1) + 1/gm, and hence

1
|—>
|~
+
&

(@) (b)
Figure 5.91 (a) Output impedance of a follower, (b) components of output resistance.

Rs 1
Rowt = | m——=+ — | ||RE. 5.329
= (5 + ) IR (5.329)

This result can also be derived from the Thevenin equivalent shown in Fig. 5.88(c) by sgfting
to zero.
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Equation (5.329) reveals another important attribute of the follower: the circuit transforms the
source impedancés, to a much lower value, thereby providing higher “driving” capability. We
say the follower operates as a good “voltage buffer” because it displays a high input impedance
(like a voltmeter) and a low output impedance (like a voltage source).

Effect of Transistor Output Resistance Our analysis of the follower has thus far ne-
glected the Early effect. Fortunately, the results obtained above can be readily modified to reflect
this nonideality. Figure 5.92 illustrates a key point that facilitates the analysis: in small-signal
operationyo appears in parallel witliR . We can therefore rewrite Egs. (5.323), (5.326) and
(5.329) as

A, = Rsllro (5.330)
Rpllro + 25 4+ L
pire B+1 9m
Rin = rx + (8 + 1)(Rg||ro) (5.331)
Rs 1
Rout = — ) IRz ]Iro. 5.332
o= (527 + o) IReliro (5.3%2)

!mq 5.46
etermine the small-signal properties of an emitter follower using an ideal current source (as in
Example 5.43) but with a finite source impedatite

SinceRp = oo, we have

_ o
A, = — R T (5.333)
@ B+1 9m
Rip =7+ (8 +1)ro) (5.334)
Rs 1
Rou = — . 5.335
o= (527 + o) o (5.335)
Also, g,ro > 1, and hence
Ay Tios (5.336)
ro + 11

Rin ~ (B+ Dro. (5.337)
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We note thatd,, approaches unity iRs < (3 + 1)ro, a condition typically valid.

Exercise
How are the results modified R < 00?

The buffering capability of followers is sometimes attributed to their “current gain.” Since
a base currents results in an emitter current ¢fs + 1)ig, we can say that for a curreff
delivered to the load, the follower draws only/(5 + 1) from the source voltage (Fig. 5.93).
Thus,vx sees the load impedance multiplied (#/+ 1).

Figure 5.93 Current amplification in a follower.

Emitter Follower with Biasing The biasing of emitter followers entails defining both the
base voltage and the collector (emitter) current. Figure 5.94(a) depicts an example similar to the
scheme illustrated in Fig. 5.19 for the CE stage. As usual, the current flowing thfdughd

R, is chosen to be much greater than the base current.

= VCC = VCC
R1 5: Rg EE g
— Q1 — Q1
X X
+ C; Jd + C
Vin ) R, = Vout Vin ) Y Vout
= = Re = Re
(a) (b)

Figure 5.94 Biasing a follower by means of (a) resistive divider, (b) single base resistor.

It is interesting to note that, unlike the CE topology, the emitter follower can operate with a
base voltage nedi¢. This is because the collector is tiedifo, allowing the same voltage for
the base without driving); into saturation. For this reason, followers are often biased as shown
in Fig. 5.94(b), wherd? g I g is chosen much less than the voltage drop ackyssthus lowering
the sensitivity to3. The following example illustrates this point.

mm DA ————
e follower of Fig. 5.94(b) employBg = 10 kQ andRg = 1 k2. Calculate the bias current
and voltages ifs = 5 x 10719 A, 8 = 100, andVe¢ = 2.5 V. What happens iff drops to 50?

To determine the bias current, we follow the iterative procedure described in Section 5.2.3. Writ-
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ing a KVL throughR g, the base-emitter junction, artl; gives

Rplc
B

which, withVgg ~ 800 mV, leads to

+Vee + Relc = Veo, (5.338)

Ic = 1.545 mA. (5.339)
It follows thatVg g = Vi ln(Ie/Is) = 748 mV. Using this value in Eq. (5.338), we have
Ic = 1.593 mA, (5.340)

a value close to that in (5.339) and hence relatively accurate. Under this confiti®g, = 159
mV whereasRpIc = 1.593 V.
SincelgRp < Rglc, we expect that variation of and hencd g Rg negligibly affects
the voltage drop acros8r and hence the emitter and collector currents. As a rough estimate,
for 8 = 50, IgRp is doubled & 318 mV), reducing the drop acrogsg by 159 mV. That is,
Ip = (1.593V —0.159 V) /1 k2 = 1.434 mA, implying that a twofold change ifi leads to a
10% change in the collector current. The reader is encouraged to repeat the above iterations with
3 = 50 and determine the exact current.

Exercise
If Rp is doubled, is the circuit more or less sensitive to the variatigifin

As manifested by Eq. (5.338), the topologies of Fig. 5.94 suffer from supply-dependent bias-
ing. In integrated circuits, this issue is resolved by replacing the emitter resistor with a constant
current source (Fig. 5.95). Now, sindgg is constant, so ar€gg and Rglg. Thus, if Voo
rises, so dd’x andVy, but the bias current remains constant.

- Vee
Rg=
— Q1
+ Cq

Figure 5.95 Capacitive coupling at input and output of a follower.

5.4 Summary and Additional Examples

This chapter has created a foundation for amplifier design, emphasizing that a proper bias point
must be established to define the small-signal properties of each circuit. Depicted in Fig. 5.96, the
three amplifier topologies studied here exhibit different gains and I/O impedances, each serving
a specific application. CE and CB stages can provide a voltage gain greater than unity and their
input and output impedances are independent of the load and source impedances, respectively (if
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CE Stage CB Stage Follower

Vee Vee Vee
R R
c c Vin Q1
Vout Vout
ou ou Vout
Vin Q1 Q1 + Re

H Vin _I H

Figure 5.96 Summary of bipolar amplifier topologies.

Va4 = 00). On the other hand, followers display a voltage gain of at most unity but their terminal
impedances depend on the load and source impedances.

In this section, we consider a number of challenging examples, seeking to improve our circuit
analysis techniques. As usual, our emphasis is on solution by inspection and hence intuitive
understanding of the circuits. We assume various capacitors used in each circuit have a negligible
impedance at the signal frequencies of interest.

!ma 5.48
ssumingl4 = oo, determine the voltage gain of the circuit shown in Fig. 5.97(a).

(b) (©
Figure 5.97 (a) Example of CE stage, (b) equivalent circuit with shorted, (c) simplified circuit .

The simplified ac model is depicted in Fig. 5.97(b), revealing tRatappears between base
and ground, an®, between collector and ground. Replacing, Rs, andR; with a Thevenin
equivalent [Fig. 5.97(c)], we have

Ry

UThey = mvm (5.341)
Rypey = Ri||Rs. (5.342)
The resulting circuit resembles that in Fig. 5.43(a) and satisfies Eq. (5.185):
ot R2”}i0 . (5.343)
UThev Thev 4+ — +RE

B+1  gm
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Substituting forr,.,, and Rrpe, gives

Vout R2||Rc R,
- _ . . 5.344
Vin R1||RS+L+R Ry + Rs ( )
B+1 Im &

Exercise
What happens if a very large capacitor is added from the emitt@s b ground?

!ma 5.49
ssumingl’4 = oo, compute the voltage gain of the circuit shown in Fig. 5.98(a).

Figure 5.98 (a) Example of CE stage, (b) simplified circuit.

As shown in the simplified diagram of Fig. 5.98(l&):; appears as an emitter degeneration resis-
tor. As in the above example, we replagg, Rs, andR; with a Thevenin equivalent and utilize

Eq. (5.185):
Yout _ = RCI (5.345)
Vin Thev
—— 4+ —+R
B+1  gm 2
and hence
Vout Rc Ry
Zout _ _ . ) 5.346
Vin Rs|| R n 1 + R Ri + Rs ( )
B+1 9m
Exercise

What happens if’; is tied from the emitter of); to ground?
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!aﬁima 5.50
ssumingl’4 = oo, compute the voltage gain and input impedance of the circuit shown in Fig.

5.99(a).

(a) (b)

Figure 5.99 (a) Example of CE stage, (b) simplified circuit.

The circuit resembles a CE stage (why?) degenerated by the impedance seen at the emitter of

@2, Re,. Recall from Fig. 5.75 that

R, 1

_ﬁ+1 gm2.

The simplified model in Fig. 5.99(b) thus yields

Re,

_RC
1
—— + R
9m1

A, =

—Re
1 Ry 1

Imi B+1 gm?2

The input impedance is also obtained from Fig. 5.75:

Rin =11+ (B+1)Rey
=7rr + R+ reo.

_||.

(5.347)

(5.348)

(5.349)

(5.350)
(5.351)

Exercise

Repeat the above examplefif is placed in series with the emitter Qf.

mq DD
alculate the voltage gain of the circuit in Fig. 5.100(d)if = oco.

255
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Vout

Rcll R,

(b)

@
Figure 5.100 (a) Example of CB stage, (b) simplified circuit.

Since the base is at ac grouril, appears in parallel witliR~ and R, is shorted to ground on
both ends [Fig. 5.100(b)]. The voltage gain is given by (5.271), but Rithreplaced byR || R; :

A, = follBy (5.352)
1
Rs + —

Exercise
What happens iR« is replaced by an ideal currents source?

!3ﬁima 5.52
etermine the input impedance of the circuit shown in Fig. 5.101(&) i oc.

Vee

<

\AS

(b)

Figure 5.101 (a) Example of CB stage, (b) simplified circuit.

In this circuit,@; operates as a common-base device (why?) but with a resisiapde series
with its base [Fig. 5.101(b)]. To obtaif.,, we recognize thap, resembles an emitter follower,
e.g., the topology in Fig. 5.91(a), concluding tifat, can be viewed as the output resistance of
such a stage, as given by Eq. (5.329):

Rp 1
Roy=|——-+ — REg. 5.353
q ([,H gm)nE (5.353)
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Now, from Fig. 5.101(b), we observe th&t,, contains two components: one equal to the resis-
tance in series with the bask,,, divided by + 1, and another equal t/ g,,,1:

Reyy 1

R;, = — 5.354
1 Rp 1 > ] 1

= —-— +— | ||Re| + —. 5.355

ﬂ+1 |:<ﬂ+1 gm?2 || & gm1 ( )

The reader is encouraged to obtdiy, through a complete small-signal analysis and compare
the required “manual labor” to the above algebra.

Exercise
What happens if the current gain @ goes to infinity?

m@ 3
ompute the voltage gain and the output impedance of the circuit depicted in Fig. 5.102(a) with
Vi < 0. VCC

YYy

(@ (b)

Vout

Rell Ryllrg

©

Figure 5.102 (a) Example of emitter follower, (b) circuit witd; shorted, (c) simplified circuit.

Noting thatX is at ac ground, we construct the simplified circuit shown in Fig. 5.102(b), where
the output resistance @}, is explicitly drawn. Replacing;,,, Rs, andR; with their Thevenin
equivalent and recognizing th&g, R,, andro appear in parallel [Fig. 5.102(c)], we employ
Eqg. (5.330) and write

Rs||R
ot 2l 2|1|"O e (5.356)
" RpllBsflro + -+ S
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and hence
Vout Rg | |R2 | |To Ry
— = - . 5.357
1 R5| |R1 Ri + Rgs ( )

Uin
Re||Rallro + — +
El|Rz||ro PR

For the output resistance, we refer to Eq. (5.332):

RThev 1
Rowt = + — Rg||R 5.358
¢ <ﬂ+1 gm>ll( Bl R:|ro) ( )
Rs|| Ry 1 >
=———+ — | ||Re||R . 5.359
(% + ) iRsliRaivo (5.359)

Exercise
What happensifs = 0?

mm D
etermine the voltage gain and I/0 impedances of the topology shown in Fig. 5.103(a). Assume
V4 = oo and equaB’s for npn andpnp transistors.

Figure 5.103 (a) Example of CE stage, (b) simplified circuit.

We identify the stage as a CE amplifier with emitter degeneration and a composite collector
load. As the first step, we represent the rol&€)efand@s by the impedances that they create at
their emitter. SinceR,,; denotes the impedance seen looking into the emittéj-ofvith a base
resistance of?z1, we have from Fig. 5.75

fim | 1 (5.360)

Regi = ——— .
cat ﬁ"_]- gm2
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ilarly,

i N (5.361)

Re = 5 1 ’
q2 ﬂ + 1 Im1

leading to the simplified circuit shown in Fig. 5.103(b). It follows that

4, = fc +1Re"2 (5.362)
Reyi + — + RE
m3
R 1
Bet gt om
=— gmi (5.363)
RBI L + L + R
B+1  Gm2  Gms e
Also,
Rin =773+ (84 1)(Rg + Req1) (5.364)
Rp; 1 )
=rms+(B+1)(Rg+ +—), 5.365
s+ 4y (Res 124 L (5.365)
and
R,ut = Ro + Req2 (5366)
Rpo 1
=Rc + + . 5.367
“ ﬁ + ]- Im1 ( )
Exercise

What happens ikRgy — c0?

5.5

Chapter Summary

In addition to gain, the input and output impedances of amplifiers determine the ease with
which various stages can be cascaded.

\Voltage amplifiers must ideally provide a high input impedance (so that they can sense a
voltage without disturbing the node) and a low output impedance (so that they can drive a
load without reduction in gain).

The impedances seen looking into the base, collector, and emitter of a bipolar transistor
are equal to,; (with emitter grounded);o (with emitter grounded), antl/g,,, (with base
grounded), respectively.

In order to obtain the required small-signal bipolar device parameters sugh, as, and

ro, the transistor must be “biased,” i.e., carry a certain collector current and operate in the
active region. Signals simply perturb these conditions.

Biasing techniques establish the required base-emitter and base-collector voltages while pro-
viding the base current.

259
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¢ With a single bipolar transistor, only three amplifier topologies are possible: common-emitter
and common-base stages and emitter followers.

e The CE stage provides a moderate voltage gain, a moderate inputimpedance, and a moderate
output impedance.

e Emitter degeneration improves the linearity but lowers the voltage gain.
¢ Emitter degeneration raises the output impedance of CE stages considerably.

e The CB stage provides a moderate voltage gain, a low input impedance, and a moderate
output impedance.

e The voltage gain expressions for CE and CB stages are similar but for a sign.

e The emitter follower provides a voltage gain less than unity, a high input impedance, and a
low output impedance, serving as a good voltage buffer.

Problems

1. An antenna can be modeled as a Thevenin equivalent having a sinusoidal voltage source
Vb coswt and an output resistande, ;. Determine the average power delivered to a load
resistancd?;, and plot the result as a function &1, .

2. Determine the small-signal input resistance of the circuits shown in Fig. 5.104. Assume
all diodes are forward-biased. (Recall from Chapter 3 that each diode behaves as a linear
D,

Dy
o——4
~ ~ ]
Rin Rl Rin L Rl L b2 Rin b2

A

YW
R

=

@ (b) (©)
Figure 5.104

resistance if the voltage and current changes are small.)
3. Compute the input resistance of the circuits depicted in Fig. 5.105. AsBymeco.

Vee Vee Vee Vee
" 0
|_> 0, Q1 |_> Q1 |_>
R; R; Q>
R. R in in
in = R|_m> I 1 QZ
()

@ (b)

(d)
Figure 5.105

4. Compute the output resistance of the circuits depicted in Fig. 5.106.

5. Determine the input impedance of the circuits depicted in Fig. 5.107. Assume co.

6. Compute the output impedance of the circuits shown in Fig. 5.108.

7. Compute the bias point of the circuits depicted in Fig. 5.109. Assdme 100, Is =
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R
R { out
{ Rout { out Vee

Rp " Q1 "
Q Rl <—| Ql Ql
! - Rout iy Q
2

+
BT = T T : 0
(a) (b) () (d)
Figure 5.106

Vee
|_> Q1
R
Rin !
(@)
Vee Vee
Q2 |_> Q2
R
|_> Q1 n Q1
Rin ) )
(d) (e)
Figure 5.107
Vee
" Q1
Rc <—|
- Rout
(a)
Figure 5.108

6 x 10710 A andV, = oo.
8. Construct the small-signal equivalent of each of the circuits in Problem 7.

9. Calculate the bias point of the circuits shown in Fig. 5.110. Assmel00, Is = 5x 1016
A, andV, = co.

10. Construct the small-signal equivalent of each of the circuits in Problem 9.
11. Consider the circuit shown in Fig. 5.111, whete= 100, Is = 6 x 107!¢ A, andV = cc.
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- Vee=25V - Vee=25V - Vee=25V
100k Q = 500 Q 100kQ = 1kQ 100kQ = 1kQ
Q1 Q1 Q1
= 0.5V =
Q2 - I-
() (b) (c)
Figure 5.109
- Vee=25V - Vee=25V - Vee=25V
¥kQ=E 3kQ 9kQ = 500 Q 12kQ = 1kQ
1 Q1 ) Q1 ) Q1
16kQ= & 16kQ = 1BkQ = .
o - o 4 05V
H S Q> H I_
@ (b) (©)
Figure 5.110
- Vee=25V
Rg= 2kQ
) Q1
3kQ= L
Figure 5.111

(a) What is the minimum value d? g that guarantees operation in the active mode?
(b) With the value found irkR 5, how much base-collector forward bias is sustaingtrites
to 2007

12. In the circuit of Fig. 5.1123 = 100 andV4 = oc.

- Vee=25V
50kQ = 3kQ

1 Q1
30kQ = L

Figure 5.112

(a) If the collector current of); is equal to 0.5 mA, calculate the value if.
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(b) If @, is biased at the edge of saturation, calculate the valde.of
13. The circuit of Fig. 5.113 must be designed for an input impedance of greater thdhdrok

- Vee=25V

5kQ

By]
=

A
VWY

Q1

By
N
Mo
YW

Figure 5.113

agm, of at least1 /(260 Q). If 3 = 100, Is = 2 x 107'7 A, andV4 = oo, determine the
minimum allowable values a®; andR».

14. Repeat Problem 13 forg,, of at leastl /(26 2). Explain why no solution exists.
15. We wish to design the CE stage depicted in Fig. 5.114 for a gaig,(R-) of Ay with an

Vee
R= R¢
1 Q1
R,= =

Figure 5.114

output impedance aR,. What is the maximum achievable input impedance here? Assume

Vi = o0.
16. The circuit of Fig. 5.115 is designed for a collector current of 0.25 mA. Assiisne-
- V=25V
Ri= R:E3kQ
1 Q1
10kQ =R,
+ Rg=200Q
Figure 5.115

6 x 10716 A, 3 =100, andV,4 = co.
(a) Determine the required value Bf .
(b) What is the error id¢ if Rp deviates from its nominal value B%?

17. In the circuit of Fig. 5.116, determine the maximum valugi®fthat guarantees operation
of Q) in the active mode. Assumig= 100, Is = 10717 A, and V4 = oo.

18. Consider the circuit shown in Fig. 5.117, whékg = 2Is> = 5x 1076 A, 8, = 35, = 100,
andVy = co.
(a) Determine the collector currents@f and@-.
(b) Construct the small-signal equivalent circuit.
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30kQ

Figure 5.116
Ve =25V
13kQ =R, Rc=1kQ
Q1 Q2
12kQ =R,
L Rg = 400 Q
Figure 5.117

19. In the circuit depicted in Fig. 5.118s; = Iss = 4 x 10716 A, 3, = B, = 100, and

Vi = o0.
- Vee=25V
9kQ = 100 Q
1 Q1
16kQ=
= Q>
Figure 5.118

(a) Determine the operating point of the transistor.
(b) Draw the small-signal equivalent circuit.

20. The circuit of Fig. 5.119 must be biased with a collector current of 1 mA. Compute the

Vee=25V
1kQ
Rp
Rp 100 Q
Q1

Figure 5.119
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required value oRRp if Is = 3 x 1071 A, 8 = 100, andV = cc.
21. In the circuit of Fig. 5.120Vx = 1.1 V. If 8 = 100 andV4 = oo, what is the value ofs?
Vee=25V

10kQ 300Q
X

Q1

Figure 5.120
22. Consider the circuit shown in Fig. 5.121, whdge= 6 x 10716 A, 3 = 100, andV4 = oo.

Calculate the operating point ¢f; .
Vee=25V

20kQ 500 Q

Q1
400 Q

Figure 5.121

23. Due to a manufacturing error, a parasitic resisiop, has appeared in series with the col-
lector of @, in Fig. 5.122. What is the minimum allowable valueRf if the base-collector

Vee=25V

1kQ
Re
Rp 500 Q
Q1
Figure 5.122

forward bias must not exceed 200 mV? Assufge= 3 x 10716 A, 3 = 100, andV4 = oo.

24. In the circuit of Fig. 5.123]s = 8 x 107'6 A, 8 = 100, andV, = cc.
Vee= 2.5V

10kQ 1kQ

Q1

40k Q=

Yy

Figure 5.123

(a) Determine the operating point €f; .
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(b) Draw the small-signal equivalent circuit.

25. In the circuit of Fig. 5.124]s; = Is» =3 x 1071 A, 3 = 100, andV,4 = cc.
Vee=2.5V

Figure 5.124

(a) Calculatéd’g such thaty; carries a collector current of 1 mA.
(b) Construct the small-signal equivalent circuit.

26. Determine the bias point of each circuit shown in Fig. 5.125. Assipe = 25,,, = 100,

Vee=25V Vee=2.5V
Q1 Q1
60k Q 2000 o,
; 300 Q 80kQ
@) =(|0) )

Figure 5.125

Is =9 x 10710 A andV, = .
27. Construct the small-signal model of the circuits in Problem 26.
28. Calculate the bias point of the circuits shown in Fig. 5.126. Asstmg = 26,n, = 100,

Vee=25V Vee=25V
2kQ »
Q1 32kQ
Q2
18kQ 100 O
T T 1kQ 18kQ
Figure 5.126 @ (b)

Is =9 x 1016 A, andV, = oo.
29. Draw the small-signal model of the circuits in Problem 28.

30. We have choseRp in Fig. 5.127 to plac€); at the edge of saturation. But the actual value
of this resistor can vary by-5%. Determine the forward- or reverse-bias across the base-
collector junction at these two extremes. Assutne 50, Is = 8 x 1071 A, andV = oo.

31. Calculate the value of?p in Fig. 5.128 such thaf); sustains a reverse bias of 300 mV
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Voe=25V
5kQ
Q1
Rs 1kQ
Figure 5.127
Vee=25V
10kQ Re
Q1
10k Q 5k0
Figure 5.128

across its base-collector junction. Assufhe- 50, Is = 8 x 1071% A, andV,4 = co. What
happens if the value dk g is halved?

32. If =80 andV, = oo, what value off s yields a collector current of 1 mA in Fig. 5.129?

Vee=25V

Q1
20kQ = 16kQ

33. The topology depicted in Fig. 5.130(a) is calledi&'r multiplier.”(Thenpn counterpart has
a similar topology.) Constructing the circuit shown in Fig. 5.130(b), determine the collector-

Figure 5.129

Vee
R, = R, =
1 Q1 1 Q1
R3

@) (b)
Figure 5.130
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emitter voltage of); if the base current is negligible. (Theon. counterpart can also be
used.)

34. We wish to design the CE stage of Fig. 5.131 for a voltage gain of 20. What is the minimum
c=25V

VC
50k Q
Vout
Vin Q1

allowable supply voltage if); must remain in the active mode? Assuii¢ = oo and
Vg =08 V.

35. The circuit of Fig. 5.132 must be designed for maximum voltage gain while maintajhing

Vee
Rc= 1kQ
VOUt
Vin Q1

in the active mode. I¥4 = 10 VandVgg = 0.8 V, calculate the required bias current.
36. The CE stage of Fig. 5.133 employs an ideal current source as the load. If the voltage gain

Vee
Ideal
Vout
Vin Q1

is equal to 50 and the output impedance equal to 20determine the bias current of the
transistor.

37. Suppose the bipolar transistor in Fig. 5.134 exhibits the following hypothetical characteris-

VCC
Vout
Vin Q1

v,
Io = Igexp % (5.368)

Figure 5.131

Figure 5.132

Figure 5.133

Figure 5.134

tic:

and no Early effect. Compute the voltage gain for a bias current of 1 mA.
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38. Determine the voltage gain and I/0 impedances of the circuits shown in Fig. 5.135. Assume
V4 = oco. Transistor)), in Figs. 5.135(d) and (e) operates in soft saturation.

Vee Vee
Vee
Q2 I_Lg-Qz
Q> 1

R =Rc
Vout Vout +— Vout
Vin Q1 Vin Q1 Vin O_La-ol
(a) (b) (c)
Vee Vee
Q> Q2
T Vout
R¢ =Rc
Vout

(d)
Figure 5.135

39. Repeat Problem 38 withy < co.

40. Consider Eg. (5.157) for the gain of a degenerated CE stage. Wiiting= I/Vy, we
note thatg,, and hence the voltage gain varyIif changes with the signal level. For the
following two cases, determine the relative change in the gaify ifaries by 10%: (a)
gm RE is nominally equal to 3; (by,, Rg is nominally equal to 7. The more constant gain
in the second case translates to greater circuit linearity.

41. Express the voltage gain of the stage depicted in Fig. 5.136 in terms of the collector bias

Figure 5.136

current,l¢, andVr. If V4 = oo, what is the gain if the dc voltage drops acrégs andRg
are equal t@0Vy and5Vr, respectively?

42. We wish to design the degenerated stage of Fig. 5.137 for a voltage gain of 1Qwith
operating at the edge of saturation. Calculate the bias current and the v&lgéfg? = 100,
Is =5x10718A, andV = oo. Calculate the input impedance of the circuit.

43. Repeat Problem 42 for a voltage gain of 100. Explain why no solution exists. What is the
maximum gain that can be achieved in this stage?
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Vee=25V
Rc
Vout
Vin Q1
200 Q
Figure 5.137
44, Construct the small-signal model of the CE stage shown in Fig. 5.43(a) and calculate the

45,

voltage gain. ASSumg, = co.

Construct the small-signal model of the CE stage shown in Fig. 5.43(a) and prove that the
output impedance is equal & if the Early effect is neglected.

46. Determine the voltage gain and 1/0 impedances of the circuits shown in Fig. 5.138. Assume

Vi = o0.

Vee Vee Vee
Q2 Re Re
R VOLII VOUI
1 Vin Ql Vin Ql
VOUI
Vi
" Q1 Q2 Q2
Re = I
R b c
@ (b) (c)
Vee
Rc
Rg Vout
Vin Q1
Q2
(d)

Figure 5.138
47. Compute the voltage gain the 1/0 impedances of the circuits depicted in Fig. 5.139. Assume

Vi = 0.
48. Using a small-signal equivalent circuit, compute the output impedance of a degenerated CE

stage withl’4 < co. Assumes > 1.
49. Calculate the output impedance of the circuits shown in Fig. 5.140. AsSumd.
50. Compare the output impedances of the circuits illustrated in Fig. 5.141. AsSume.
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Vee
V,
cc
R Vee Q3 Vee
E Re Re
vV
" Q1 Vin Q1 Vin Q1 Vin Q1

> Vout
J ——o V, Vv,
= Re i out Vee out

.Q Vout g Q2 =
2 Q> l__lé-Qz

@ (b) (© (d)
Figure 5.139

CY (b) (c)

Figure 5.140
Vee Vee
Q1 Q1 "
Q2 I Q2 "
ROU[ j ROUt j
(@ (b)
Figure 5.141

51. Writing v, = 8Vr/I¢, expand Eq. (5.217) and prove that the result remains closg to
if IgRp > Vr (which is valid becaus&-¢c and Vg typically differ by about 0.5 V or
higher.)

52. Calculatev,,; /v;, for each of the circuits depicted in Fig. 5.142. Assufge= 8 x 10716
A, 8 =100, andV, = oo. Also, assume the capacitors are very large.

53. Repeat Example 5.33 witi g = 25k2 and R = 250 2. Is the gain greater than unity?

54. The common-base stage of Fig. 5.143 is biased with a collector current of 2 mA. Assume
Vi = 0.
(a) Calculate the voltage gain and I/O impedances of the circuit.
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100k Q =

Yvy
A
Al
Ay
=~
Q

Vino—

@
Figure 5.142

Figure 5.143

(b) How shouldVp and R~ be chosen to maximize the voltage gain with a bias current of 2

mA?

June 30, 2007 at 13:42 272 (1)
Chap. 5 Bipolar Amplifiers
Vee=25V Vee=25V
50kQ= =1kQ 14kQ = R 10kQ
+— Vout C, +— Vout
Vino—W—— Q1 Vin w i Q1
1kQ ¢ lelle<i
C, T 2kQ i 500 Q
0 C, I 2kQ
(b) (c)
Vee
Rc=500Q
Vout
Q1 Vb
Vin

55. Determine the voltage gain of the circuits shown in Fig. 5.144. Assdme oco.

Vee
Q2
Rc
VOUt
Q1 Vo

@)
Figure 5.144

Vee Vee
Q3 Q3
R.= Rc=
Vin ¢ ¢
——oV,, e— oV
Vb Ql out
¢e—oV
Ve out
Q>
()
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56. Compute the input impedance of the stages depicted in Fig. 5.145. Addumex.

‘ Vee Vee
Ry Ry
Q1 Q

1

— Vee Vee

By]
N

A
VWY

=
Rin Rin B ) Rin
(a) (b) (© (d)
Figure 5.145

57. Calculate the voltage gain and I/O impedances of the CB stage shown in Fig. 5.146. Assume
Va < 0.

Figure 5.146

58. Consider the CB stage depicted in Fig. 5.147, whitre 100, Is = 8 x 10716 A, V4 = oo,
andCp is very large.

Voe=25V
= 1kQ = 13kQ
V >
out 9 CB
(o2} —
Y = 12kQ
n

400Q ~

Figure 5.147

(a) Determine the operating point §f; .
(b) Calculate the voltage gain and I/O impedances of the circuit.

59. Repeat Problem 58 farg = 0.

60. Compute the voltage gain and I/0O impedances of the stage shown in Fig. 51148&ifco
andCp is very large.

61. Calculate the voltage gain and the I/O impedances of the stage depicted in Fig. 5.149 if
Va4 = co andCp is very large.

62. Calculate the voltage gain of the circuit shown in Fig. 5.1504f< oo.

63. The circuit of Fig. 5.151 provides two outputs.llf; = 27g-, determine the relationship
betweernv,yt1 /vin aNdvyyea /Vin. ASSUMEV, = 0.
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Vee
Q2
Ry
Vout CB
Q1 I
=R
Vin 2
Figure 5.148
Vee
ideal
R
VOUt CB
Q1 —
Vin TR
Figure 5.149
Vee
ideal
Vout
Q1 Yo
Vin
Rs
Figure 5.150
Vee
Vourr ©—4 +— Vour

Sy
Vino

64. Using a small-signal model, determine the voltage gain of a CB stage with emitter degener-
ation, a base resistance, aig < oo. Assumes3 > 1.

65. For R = 100 Q2 in Fig. 5.152, determine the bias current@f such that the gain is equal
to 0.8. Assumé’4 = oo.

66. The circuit of Fig. 5.152 must provide an input impedance of greater tham1@ith a
minimum gain of 0.9. Calculate the required bias current Bad Assumes = 100 and
Vi = oo.

67. A microphone having an output impedarge = 200 Q2 drives an emitter follower as shown

Figure 5.151
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Voe=25V
Vin Q1
Vout
Re
Figure 5.152

in Fig. 5.153. Determine the bias current such that the output impedance does not exceed 5
Vee=25V

in Q1

Figure 5.153

Q. Assumes3 = 100 andV4 = co.
68. Compute the voltage gain and 1/0 impedances of the circuits shown in Fig. 5.154. Assume

Vi = o0.
Vee Vee Vee
V.
Vin Q1 Vin Q1 " Q1
V,
Vout Vout R out
s
Yo Q2 Q> Q2
(@ () ©
Vee Vee
Vin Q1 Vin Q1
VOUt
Rg Re
Vout
Q> Q2
(d) (e)
Figure 5.154

69. Figure 5.155 depicts a “Darlington pair,” whe¢g plays a role somewhat similar to an
emitter follower driving@-. AssumeV, = oo and the collectors of); and()- are tied to
Vee. Note thatlgy (& L) = Igo = Lo/ S.

(a) If the emitter of)» is grounded, determine the impedance seen at the bdgge of
(b) If the base of); is grounded, calculate the impedance seen at the emitégs.of
(c) Compute the current gain of the pair, defined&s + Ic2)/IB:.
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Figure 5.155

70. In the emitter follower shown in Fig. 5.156), serves as a current source for the input device

Vee
Vin Q1
; Recs
Y
Q2
Re

Figure 5.156

Q1.

(a) Calculate the output impedance of the current soutee,

(b) Replacel), and Ry with the impedance obtained in (a) and compute the voltage gain
and I/O impedances of the circuit.

71. Determine the voltage gain of the follower depicted in Fig. 5.157. Asslyme 7 x 1016

- Voe=25V
10kQ =
C
! F——Vout
1kQ % 100Q

Figure 5.157

A, 8 = 100, andV,4 = 5 V. (But for bias calculations, assunig = c0.) Also, assume the
capacitors are very large.

72. Figure 5.158 illustrates a cascade of an emitter follower and a common-emitter stage. As-

Figure 5.158

sumely < oo.
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(a) Calculate the input and output impedances of the circuit.
(b) Determine the voltage gain,,: /vin, = (vx /Vin)(Vout /Vx)-
73. Figure 5.159 shows a cascade of an emitter follower and a common-base stage. Assume

- Ve
=Rc

Figure 5.159

Vi = o0.
(a) Calculate the 1/0 impedances of the circuit.
(b) Calculate the voltage gaityy: /vin = (vx /Vin) (Vout /UX).

Design Problems
In the following problems, unless otherwise stated, assdme 100, Is = 6 x 10716 A,
andV4 = co.

74. Design the CE stage shown in Fig. 5.160 for a voltage gain of 10, and input impedance of

Vee=25V
= Rc

AA

g
Rg=

+—oV

out
vmo—uaﬂol
CB —

Figure 5.160

greater than 5®, and an outputimpedance of QkIf the lowest signal frequency of interest
is 200 Hz, estimate the minimum allowable valuebf.

75. We wish to design the CE stage of Fig. 5.161 for maximum voltage gain but with an output

Vee=25V
= Re

AA

g
Rg=

+—oV

out
\/ino_“_EQl

Figure 5.161

impedance no greater than 5Q0Allowing the transistor to experience at most 400 mV of
base-collector forward bias, design the stage.

76. The stage depicted in Fig. 5.161 must achieve maximum input impedance but with a voltage
gain of at least 20 and an output impedance of)1 Resign the stage.

77. The CE stage of Fig. 5.161 must be designed for minimum supply voltage but with a voltage
gain of 15 and an output impedance of Q.Kf the transistor is allowed to sustain a base-
collector forward bias of 400 mV, design the stage and calculate the required supply voltage.

277
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78. We wish to design the CE stage of Fig. 5.161 for minimum power dissipation. If the voltage

79.
80.

gain must be equal ta,, determine the trade-off between the power dissipation and the
output impedance of the circuit.

Design the CE stage of Fig. 5.161 for a power budget of 1 mW and a voltage gain of 20.
Design the degenerated CE stage of Fig. 5.162 for a voltage gain of 5 and an output

Vee=25V

Ry
e
A
YW
A

<: RC

+— Vout

V. o— 0,

R
N
A
W

Re

Figure 5.162

81.

82.

83.

impedance of 50Q.. AssumeR g sustains a voltage drop of 300 mV and the current flowing
throughR; is approximately 10 times the base current.

The stage of Fig. 5.162 must be designed for maximum voltage gain but an outputimpedance
of no greater than 1(k. Design the circuit, assuming th&g sustains 200 mV, and the
current flowing througtR, is approximately 10 times the base current, ghdexperiences

a maximum base-collector forward bias of 400 mV.

Design the stage of Fig. 5.162 for a power budget of 5 mW, a voltage gain of 5, and a voltage
drop of 200 mV acros$tg. Assume the current flowing througR, is approximately 10

times the base current.

Design the common-base stage shown in Fig. 5.163 for a voltage gain of 20 and an input

Vee=25V

Ry
e

A
YW

A

:Rc

CB ) Vout

"H Q1

Figure 5.163

84.

85.

86.

impedance of 502. Assume a voltage drop d0Vy = 260 mV acrossRg so that this
resistor does not affect the input impedance significantly. Also, assume the current flowing
throughR; is approximately 10 times the base current, and the lowest frequency of interest
is 200 Hz.

The CB amplifier of Fig. 5.163 must achieve a voltage gain of 8 with an output impedance
of 50012. Design the circuit with the same assumptions as those in Problem 83.

We wish to design the CB stage of Fig. 5.163 for an output impedance of2280d a
voltage gain of 20. What is the minimum required power dissipation? Make the the same
assumptions as those in Problem 83.

Design the CB amplifier of Fig. 5.163 for a power budget of 5 mW and a voltage gain of 10.
Make the same assumptions as those in Problem 83.
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87. Design the CB stage of Fig. 5.163 for the minimum supply voltage if an input impedance of
50 and a voltage gain of 20 are required. Make the same assumptions as those in Problem
83.

88. Design the emitter follower shown in Fig. 5.164 for a voltage gain of 0.85 and an input

- Vee=25V
Ri1=
Vip o—4 Q1
VOUt
RL

Figure 5.164

impedance of greater than 1QkAssumeR = 200 2.

89. The follower of Fig. 5.164 must consume 5 mW of power while achieving a voltage gain of
0.9. What is the minimum load resistanég;,, that it can drive?

90. The follower shown in Fig. 5.165 must drive a load resistaite,= 50 2, with a voltage

- Vee=25V
R=
Vino— Q1 c

Figure 5.165

gain of 0.8. Design the circuit assuming that the lowest frequency of interest is 100 MHz.
(Hint: select the voltage drop acroBg to be much greater thdry so that this resistor does

not affect the voltage gain significantly.)

SPICE Problems

In the following problems, assum& ,,,, = 5 x 10716 A, 8,,, = 100, V4 pnpn = 5V,
Ispnp =8 x 10716 A, B,np = 50, VA pnp = 3.5 V.

91. The common-emitter shown in Fig. 5.166 must amplify signals in the range of 1 MHz to 100

MHz.
Vee=25V
100kQ = = 1kQ
P —o° Vout
Vipo— | Q1
Cl
C, T 500Q

Figure 5.166
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(a) Using the .op command, determine the bias conditiorig,cdind verify that it operates
in the active region.

(b) Running an ac analysis, choose the valu€'psuch thaiVp/V;,| ~ 0.99 at 1 MHz.
This ensures that, acts as a short circuit at all frequencies of interest.

(c) Plot|V,.+/Vin| @s a function of frequency for several value€®f e.g., 1uF, 1 nF, and 1
pF. Determine the value @, such that the gain of the circuit at 10 MHz is or% below

its maximum (i.e., folCy = 1 uF).

(d) With the proper value of’; found in (c), determine the input impedance of the circuit
at 10 MHz. (One approach is to insert a resistor in series Withand adjust its value until
Ve [Vin Or Voui / Vi, drops by a factor of two.)

92. Predicting an output impedance of about(l for the stage shown in Fig. 5.166, a student
constructs the circuit depicted in Fig. 5.167, wh&kerepresents an ac source with zero dc
value. Unfortunately}/y /Vx is far from 0.5. Explain why.

Vee=25V
100kQ = = 1kQ
I'x
N ¢
-L_"_. 01 1kQ + v,
=C1 =
C, 500Q H

ik

Figure 5.167

93. Consider the self biased stage shown in Fig. 5.168.

Vec=25V
10kQ 1kQ
VOUI
Vipo— |— Q1
c, P

Figure 5.168

(a) Determine the bias conditions @f, .

(b) Select the value of’; such that it operates as nearly a short circuit (€1gz/V;y,| ~
0.99) at 10 MHz.

(c) Compute the voltage gain of the circuit at 10 MHz.

(d) Determine the input impedance of the circuit at 10 MHz.

(e) Suppose the supply voltage is provided by an aging battery. How muchigarall
while the gain of the circuit degrades by oril}?

94. Repeat Problem 93 for the stage illustrated in Fig. 5.169. Which one of the two circuits is
less sensitive to supply variations?
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Vee=25V

10kQ %1 kQ
AVAVAV VOUl
1kQ
Vlno_"_"Ml_‘ Q]_
Cy

Figure 5.169

95. The amplifier shown in Fig. 5.170 employs an emitter follower to drive £296ad at a

frequency of 100 MHz.
Vee=25V
2kQ =600Q
AVAVAV QZ
2kQ X C3
Vino— —W—— Q1 } Vout
Cq 200Q % 500
Res T C = =
Figure 5.170

(a) Determine the value @, such that), carries a bias current of 2 mA.

(b) Determine the minimum acceptable valu€if C-, andCj if each one is to degrade the
gain by less thain%.

(c) What is the signal attenuation of the emitter follower? Does the overall gain increase if
R¢o is reduced to 10Q? Why?

281
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