PROFESSOR'S NOTES

10.1 TRANSISTOR CIRCUITS

The transistor is a component that acts as a 'transfer—resistance’, or 'trans—resistance’, and is the why of it being
named “transistor”. It isacomponent which exercises control over alow-conductance output path. In an elec-
tronic circuit, the transistor is usually placed in series with other conductive components between an upper voltage
supply rail and alower voltage supply rail, and is then used to control the flow of current through this path. Control
is exercised by athird node external to the conductance path, much like the generic form shown by figure 10.1-1(a).
This control of current flow can beinterpreted asif it were a dependent current source, defined by a bias between
two input terminals. For small increments (small-signals), the control is nearly linear, and we can interpret the
small-signal operation asif Mr. transistor were a linearly—dependent current source. Then al of the simplifications
of linear network analysis can be applied to give us a reasonable sense of how the transistor can be used to define
and drive alinear amplifier.

Figure 10.1-1(a) represents a generic transistor. This symbol is for conceptua use only, but it is a reasonable
approximation of areal transistor. Itisathree—terminal device, with two of the terminals associated with a conduc-
tance path and the third terminal associated with control. The conductance path being controlled lies between ter-
minals B and C. The bias between terminals A and B controls the output current level Ic. In general, node B is
common to both input control and to the output conductance path, as indicated.

In order that bias Viag define the current level independently of output bias Vigc, it is necessary that the transistor
be biased to operate in the ' active regime’, asindicated by figure 10.1-1(b). In the active regime the level of current
Ic isset by bias Viag and is approximately a constant for all Vigc except Visc low.

When the transistor is operated in the active mode, terminal C is a dependent node. Variations in V¢ have very
little effect on the current level, so that this node serves as arelatively 'stiff’ current source. Because of its stiffness,
node C is the favored choice as an output node.

Terminal B also can serve as output node since it is on the output path. But it is not as stiff as terminal C since
avariation in Vg will have astrong effect on Ic. Terminal A isnot used as an output terminal sinceit is not along
the output path.

Note that when the transistor is in the active regime as represented by figure 10.1-1(b), the current leve is a
constant with respect to Vigc.  Therefore the slope (= conductance) = 0, which is exactly the behavior of an ideal
current source.
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Figure 10.1-1: Transistor as a dependent current source
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For use of the transistor as a an amplifier, we have to think of it as a voltage-to—current transducer (VCT), as repre-
sented by figure 10.1-2. In this casethe VCT isarea device, and so I iswill not be linear with respect to Vag.
Output current Ic could be dependent on (Vag) 2 or it could be exponential with respect to Vag, or it could be a
Mazzola function with respect to Vag, — whatever. But for a small increment in level, we can assume that it is
approximately linear. Infact circuit simulation software assumesthat it is linear, then readjustsiit as the calculation
is updated with each iteration.

Asanideal element, the VCT is characterized by an output 'signal’ current ic that is controlled by 'signal’ voltage
vag , according to:

ic = OnVas (10.1-1)

where the transfer parameter from control voltage vag and the output signal ic current is of the form of a”transfer
conductance’, or transconductance, usually designated as g.
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Figure 10.1-2 Small-signal interpretation of transistor as a nearly—ideal, dependent current source

We also have to recognize that the transistor is not a completely ideal current source, and therefore our interpreta-
tion of the transistor asaVCT must be amended so that it also has a finite output resistance, as represented by figure
10.1-2(b). Output resistance rg is expected to be large, consistent with the ideal behavior of a current source. When
the transistor is used to amplify small signals, which is usually the case, the approximation between transistor and
VCT is excellent, since the signals may be interpreted as small increments for which the conductances gy, and go
are just the dlopes of the | vsV characteristics, as represented by figure 10.1-3.
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Figure 10.1-3 Interpretation of current—source parametersin terms of the slopes associated with the tran-
sistor current—voltage characteristics.

In terms of small signal levels, a small incremental change in output current dl¢ should take place when there is
asmall incremental (small-signal) change in the (input) control voltage dVag. In mathematics speak, thisis ex-
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pressed as
al
6'0 = aTiBévAB = gn{sVAB (10.1—2)

Thisis of exactly the same form as equation (10.1-1) as given for the VCT, provided that we make the correlation
that 6lc — ic and 0Vag  — vag. Asindicated by figure 10.1-3(b) and by equation (10.1-2) transconductance,
Om, isatransfer slope that can be picked off the transfer current—voltage characteristics of the transistor. Of course
thisis aso the derivative

_dle
gm - aVAB
and usually can be determined directly from the equation of 1(Vag). Its value depends on the bias point at which
the transistor is operated.

(10.1-3a)

And output resistance rg is defined by the small slope go:

_olc 1
gO - aVCB - rO
Its value also depends on the bias point at which the transistor is operated.

(10.1-3b)

There are awealth of semiconductor, vacuum, and electro—optical devicesin the transistor kingdom that will have
thisbehavior. But for semiconductors, there are essentially only two generic species of transistor. These are de-
vices for which:

(1) output conductance (and current) are defined by means of bias across a pn junction
(2) output conductance (and current) are defined by the effect of an E-field on a semiconductor substrate.

We call these two species:

(1) the’bipolar—junction’ transistor, (BJT)
(2) thefield—effect transistor (FET).

Although each of these types of transistor may have similar roles within a circuit, each also has characteristics that
make it particularly suited for certain tasks:

(1) The BJT is usualy considered to be the "heavy-lifter’ of the transistor kingdom, oriented toward control of
larger levels of current.

(2) The FET isusually associated with the light, fast action, particularly in the design of VLSI circuits.

But the division is not emphatic. We can use BJTsin VLSI design, and we can use FETs the size of an orange—juice
can for circuits for which high-evel current levels must be controlled.

102



10.2 BIPOLAR-JUNCTION TRANSISTORS AND SINGLE-TRANSISTOR BJT CIRCUITS

The bipolar—unction transistor (BJT) is a three-ayer semiconductor device of construction like that represented
by figure 10.2—1. In the active mode of operation one of the junctions is forward biased and the other is reverse
biased. The layer in the middle of the sandwich is very thin, typically 1-2 micronsin thickness. So the carriers
that are emitted across the forward-biased junction and into this thin layer find themselves in the immediate vicin-
ity of the strong E—field resulting from the reverse—bias of the second junction. This strong E-field snatches them
up just like the bigbad wolf did with the 3 x 101 little piggies and whisks them across the second junction. The
second junction therefore acts as a collector of nearly 100% of the carriers that are emitted across the first junction.
The efficiency of this processis adjusted to a maximum by judicious construction and doping techniques.

Figure 10.2-1: Representative cross-section of the (planar) BJT

The terminal connected to the forward—biased junction is therefore called the Emitter terminal, since carriers are
(figuratively) emitted from this node and then injected across the junction. The terminal node connected at the
other end, associated with the reverse—biased junction, is called the Collector terminal, since the carriers that are
swept across the collector junction are " collected” at this node. Usually, for transistors of planar construction as
represented by figure 10.2-1 , the emitter is the topmost layer and the collector is the layer just above the substrate.
The substrate doesn’t do anything, its just a table on which the transistor island islaid. The middle layer of the
sandwich is called the Base layer. The appropriate labelling and symbol(s) for the BJT is shown by figure 10.2—2.
The emitter—base—collector nomenclatureis also identified in terms of the layers, by figure 10.2-1.
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Figure 10.2—2: Labelling nomenclature for the BJT. Sinceit is athree-layer device, there are two pos-
sible genders for the BJT, npn, and pnp.
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As seen by figure 10.2—-2, there are two possible genders of BJT, since the semiconductor sandwich may be either
npn or pnp in form. Both forms have two junctions back—to-back. The npn form is more commonly used, but
the pnp also is appropriate, an we will treat them with equananimity. Since the pnp transistor is complementary
in form to the npn, we will often use these two genders of transistor in sequence pairsin our circuit designs, so that
the weaknesses of one will be strengthened by the other, much like what happens when the two genders of the hu-
man species decide to pair up.

Note that the voltage biases and directions of current flow for the pnp transistor are opposite to those for the npn
transistor.

It is pretty obvious from the circuit symbols used in figure 10.2-2 that I = I, even though we like to assume
that they are nearly equal. If we add up the currents, and obey Kirchoff’s current law which isthe usual polite thing
to do, then

le=lc+1g (10.2-1)
But, we also assume that the transistor is a very efficient collector, so that

le = afle (10.2-2)

where ar should amost be equal to 1.0, or maybe at least to 0.998. or maybe 0.90, — whatever. Ideally, we can
assume that the Collector for an efficient transistor will collect aimost 100% of the charge—carriers emitted by the
Emitter.

However, we don’t usually use equation (10.2-2) because it makes more sense to define a’control’ equation in
which the output current I is controlled by input current Ig. No sweat, we just combine equations (10.2-1) and
(10.2-2) and get

a_i = IC + |B
for which
()
C Qg B
which we rewrite as
a
lc = 1—Fa,:|B =ﬂFIB

Since af is very nearly equal to unity, then we expect B to be reasonably large. The equation that we therefore
put to the most use is the control equation for the BJT

le = Bels (10.2-3)

wherefF isthe forward current gain. The forward current gain is also referred to as heg in some of the older books,
probably falls right after the section on achemie.

A collateral control equation that is handy is
|E = (ﬂF + 1)|B (10.2—4)

sincelg = Ic + Ig.

A typical value for forward current gain isfg = 100. If we happen to be using transistors for high—current, high—
voltage applications, the emitter—collector efficiency isreduced and Sr may only be about 25. In general, the pnp
sister transistor isalittle less efficient than the npn, and so this fact must be accommodated in circuit design where
symmetry isimportant. Otherwise we just treat them all alike. If we have no idea what the forward current gain
of atransistor might be, as is often the case since they are usually passed on to us by Mom, or Aunt Jane, or little
sister, and there are usually no performance characteristics included. Then we will assume that S = 100, as ade-
fault.
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10.3 BIASING OF SINGLE-TRANSISTOR BJT CIRCUITS.

In order for the BJT to exercise control over current, it must be emplaced in a path somewhere in between two
voltagerails and in series with other conductive components, much like the circuit shown by figure 10.3-1.

GND

() Control of current flow through path
le=lc+ 18

(b) Operating point specifications
(Is,Ic,Vce)

Figure 10.3-1: BJT placed within a conductive path

Although thisis not the only way in which we will place atransistor in acircuit, it is the most representative. As
given by figure 10.3-1(a) it controls and defines the flow of current between the upper and lower voltage rails ac-
cording to the biases that are applied and induced within the network.

The equilibrium current flow and voltages in and around the transistor are defined as its operating point, and we
specify it by the values of (Ig, Ic, and Vcg).

Now if we really attempt to solve this transistor circuit with the transistor as areal device, we would have to assume
abias across the junction and use it to find the current, then with this current, assess the junction equations to find
junction voltage. With corrected junction voltage the current level would have to be updated. Then we would have
to re—evaluate the junction voltage, — etc.

It would have to be an iterative process.

Entertaining though this process might be, the extra accuracy that we gain would be minimal. We are just as well
off if we accept alittle slop and assume that a bias across a forward-biased pn junction is areasonable value, consis-
tent with the current levels through the junction. Typical default values for aforward—biased pn junction carrying
currents at mA levelswould be:

V(emitter junction) = 0.7V default (103—1)

Asindicated by figure 10.3-2, this corresponds to

Vge = 0.7V (for npn) (10.3-2)

Keep in mind that the pnp transistor will have opposite polarity across its base—emitter junction. But not to worry,
wejust look at the direction in which current flows through the junction, and then can easily see what the appropri-
ate polarity should be.
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Figure 10.3-2 represents an example in which we look at the current flow and determine the operating point. In
this case we are looking at an npn transistor, and an applied base bias of Vg = +4.0V

+10
E Rc=5kQ

+ VC

VB =40 — BF =24

Vge=0.7

GND

Figure 10.3-2 EXAMPLE, operating—point analysis of the BJT

Now if Vg = 4.0V and Vgg = 0.7V, then
Ve =Vg — Vg =40-07 =33V

which we don't need a calculator to determine unless we just like to exercise our fingers. Naturally, if we know
the value for Ve , then we can determine the current Ig straight up, since

VE_VEE_3.3—O_1OmA

le= =& 33

Note that we may label the lower rail Veg. Although this labelling might add more flavor to the collection of formu-
las we use for show—and—tell, it mostly isjust clutter, and so most of the time we will let GND be GND.

Since we know the value of g, then we can determine the value of Ig using equation (10.2-4)

le = ﬁFli [T w0
From knowledge of Ig we can also find Ic, by:
le=1g—lg = 1.0 — 0.04 = 0.96mA
Knowledge of the value for I also enables usto find Vc, since
Ve =V, — IcR. = 10 — 5 x 0.96 = 5.2V
Thelast item that we need to identify the operating point is Vce. Since we know Ve and we know Vg, then

Vee = Ve — Ve = 52— 33 = 1.9V

Pretty simple, huh? No sweat.

Actually these are only approximate answers, since Vgg is obviously not just asimple 0.7V as we assumed. But
these calculations are "good enough”. If we want a better refinement of these values then we turn it over to SPICE
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and let Mr. SPICE iterate to his heart’s content.
Now let us make a small modification. Change the value of Rz to 2.0 kQ2 .

The value of Vg isstill 4.0—-0.7 = 3.3V, from which we can compute Ig , for which

_ Ve—=Vg 33-0_
le = Re = 20 = 1.65mA

Proceeding as we did before,

le 165

IB:ﬁF+1_24+l = 0.066mA

and then

le = lg — g = 1.65 — 0.066 = 1.584mA

Thenwe can find Vc, and Vg, as

Ve =V, — IcRc = 10 — (5 x 1.584) = 2.08V

Vee = Ve — Ve = 208 — 3.3 = — 1.22V 27211

Wait aminute! Thereis NO WAY that Ve can be at a higher voltage than V!

Well, did we make a mistake?
—Not according to our equations and our math. —Check it —

So what iswrong?

There was a little precondition that we assumed. We assumed that the transistor was operating in "the active
mode”, for which one junction is forward biased and the other junction is reverse-biased. In this case, the transistor
had both junction forward biased! So there was no way that it could bein the “active” mode.

So that means that all of our control equations are shot to hell, and therefore we cannot use either equation (10.2-3)
or (10-2-4).

But not to worry. We simply make alittle default assumption. We always assess the circuit asif it werein the active
mode. And if it isnot, then it isin a’non—active’ mode for which Vcg = low. We then assume a default value
for Vg of

Ve = 0.3V default, non—active (=saturation) mode (10.3-3)

For the BJT, the non—active mode is often called the " saturation” mode, since the current will reach alimit defined
by the resistances in the circuit rather than being defined by the transistor.

Using the Vcg(sat) default for this example, we then find that
VC = VE + VCE = 3.3 + 0.3 = 3.6V
Then we can find the current Ic by means of

lc = V*R_CVC — 10238 _ 1 2ma
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and then we can find Ig, by
lg =1lg—Ilc=165—- 128 = 0.37TmA
so that the operating point is

(I e, Vo) = (0.37, 1.28, 0.3)

Keep in mind that we always first assume that the transistor is in the active mode. |f this assumption fails, then
we assume that the transistor must be in a saturated (non—active) mode of operation.

It isatwo-step process. If the transistor is biased correctly, then the second step is unnecessary.

We usually do not biastransistorsin the way indicated by figure 10.3-2, with Vg defined separately from the other
voltage biases. It isjust as good, and probably better, to make use of the voltage supply rails and let the bias Vg
be accomplished by means of a voltage-divider circuit, as shown by figure 10.3-3.

Figure 10.3-3 Four—resistor bias network with transistor in the middle of the frame.

Thetwo resistors Ry and R, form a voltage—divider which will produce bias Vg at the base of the transistor, as well
as supply base current Ig.

Keep in mind that this arrangement implies that the source Vg to the base has an equivalent resistance that must
be included in our analysis, as defined by one of our old friends, Thevenin's Theorem. The Thevenin equivalent
of the voltage divider is shown by figure 10.34.

r—————"—-—"—"-""">-—""—"""H"/"F—F—>"7"F"—"">7"F"—"—"—"~— -+ -+ =
| Vi |
\ \
\ R ReB I \
| 1{ —A—0 ' \
‘ I . Vg |
\ o JM_. Vg _+ \
‘ VB T ‘
\ < - \
| R S R |
\ o GND \
} GND }
- |

Figure10.34 Thevenin equivalent voltage source to voltage divider
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And the Thevenin equivaent values are

RBB = Rl || Rz (10.3_‘4)

The complete equivalent circuit for figure 10.3-3 is represented by figure 10.3-5, and will let us analyze this typi-
cal BJT bias circuit.

Figure 10.3-5 Thevenin equivaent to 4—resistance bias of (hpn) BJT

If welook just at the base—emitter circuit and apply Kirchoff’s voltage law, we find that
Ves — lgRes — Vee — IR = Vee = 0

Assuming that the transistor is in the active regime, then we can use equation (10.2—4) to give us a definition of
the current that will flow in the circuit. Turning the crank on the algebra, we get
la = VBB _ VBE _ VEE
® R+ (Br + DRe
Thisis arecipe formula that we might expect to recur many times. It usualy is simplified by the fact that Veg =
GND, and therefore Veg need not even be included in the formula.

We might note that if we bias a pnp transistor using the 4-resistance frame, as indicated by figure 10.3-6, then we
have practically the same result as equation (10.3-53) for the base current Ig,

(10.3-5a)

Figure 10.3-6 Thevenin equivalent representation for 4—resistance bias of (pnp) BJT
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for which the recipe form will be

| — VBB_VBE_V+
® Reg + (B + DRe

(10.3-5b)

Of course, in thisinstance, Vge =—0.7 V since the pnp biases and current flows are opposite to those for the npn
transistor. If you check all of the signs, everything works out OK. Note that in thisinstance VEg = Vs .

Let us consider an example:

EXAMPLE 10.3-1: Four—resistance bias frame:

FigureE10.3-1 Example: Analysisof a 4—resistance biasframefor the BJT

SOLUTION: The voltage—divider attached to the base consists of resistances Ry and Ry. Its Thevenin
equivalent will have electrical characteristics

R 90
Vs = RlTZRZV* = 575 X 12 =4V , Rg = R | R, = 180 90 = 60k
as reflected by equation (10.3-3).

Now, applying these numbers to the algebraic analysis that we just did, which culminated in equation
(10.3-5), we get
Ves — Vee — Vee 4 - 0.7

e = R, + (B, + DR, _ 60+ (50 + 1)5 _ 0105MA

Then we will find that

lc = Belg = 50 X .0106 = 0.523mA
From the knowledge of Ic we can determine V¢ and VE:
Ve =V, —IcR. =12 - 0523 x 10 = 6.76V
Ve = Ve + IeER: = 0+ (0.523 + .0105) x 5 = 2.67V

Then the output bias voltage VcE is:

Vee = Ve — Vg = 6.76 — 2.67 = 4.00V
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so that the operating point is

(I, 1, Vee) = (0.105, 0.523, 4.09)

In example 10.3-1, notethat Vcg = 4V or = 1/3V. . Asadesign option we should note that when Vg is
about 1/3 of the voltage difference between the upper and lower supply rails, we have an output margin that usually
givesthe output signal alarge amplitude swing with relatively little distortion. It is best to hand the proof of this
option off to SPICE.

Note that if Rc istoo large, then Vc can be driven down to a point for which we no longer can assume that the
transistor is operating in the active regime, and therefore our nice equation (10.3-5) is no longer valid.

For example, if Rc = 20 kR, then
Vo=V, —IcR: =12 - 0532 x 20 = 1.35V

Which isimpossible. Thereisno way that Vc can belessthan Ve. The transistor has been driven into saturation.

Although it is reasonably straightforward to determine the approximate operating point by use of the default for
Vce(sat) = 0.3V, weusualy don't. If the transistor provesto not be in the active mode, we punt. Then we redesign
the circuit, probably by reducing Rc.

So whenever we assess atransistor circuit, we always make a snake check to seeif it isredly in the active mode.

Theflag is the magnitude of Vcg, or better yet, the value of V¢ relative to Vg, since it isthe bias Ve that identifies
whether—or—not the BC junctionisin reverse bias, asis required for active mode operation.

It is worthwhile to recognize that S is usually sufficiently large so that we can make a reasonabl e estimate of the
current flowing through the transistor just from the biases provided by the resistances R; and Ry, and the resistance
Re. If B = large, then

VBB - VBE _ VEE

S (10.3-6)

lc = lg =

for which, this example

VBB_VBE_VEE=4—0

7 _
R 5 = 0.66ma

|C = |lg =
As compared to the answer that we obtained with fg = 50, we see that the result is not too bad. Not great, but if
we are in a hurry, want to make a quick, rough, assessment, it is probably OK. Most of the time ¢ islarger than
50, so the rough estimateis not at al unreasonable. For instance, if we let S = 200, we would get Ic = 0.62 mA
=~ 0.66 MA.

It isalso worthwhile to take alook at a sister example, one for which we bias a pnp transistor. Consider the example
represented by figure E10.3-2
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EXAMPLE 10.3-2: Four—resistance bias frame, pnp transistor.
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Figure E10.3-2 Four—resistor bias network with pnp transistor.

Note the subscripts. This nomenclature is used so that equations (10.3-5a) and (10.3-5b), are virtually
the same.
Thevenin equivalent values for the Ry, Ry string are evaluated as they are for any voltage divider:

= Ry \V/ - 120
BT R 4+R Y 180

V X 12 = 8.0V ,

Taking these values and applying them to equation (10.3-5b) we get
= Veg = Vege = Ve 8—(—0.7) — 12
®  Rg + (B + DR 40 + (100 + 1)5

The negative sign indicates that the current is flowing out of the base, just like it is supposed to do. Taking
this magnitude of Ig we get Ic and Vc and Vg, asfollows:

= — .00606MA

lc = Blg = 100 X .00606 = 0.606MA
Ve = 0.0 + IR = 0.606 X 10 = 6.06V

Ve =V, — IR = 12 — (0.606 — .0061) X 5 = 8.94V
From which we find that Vcg will be
Ve = 6.06 — 894 = — 2.88V

As expected, the polarity of this bias voltage is opposite to that for the npn transistor. The operating point
is

(I, 1e, Vee) = (0.0061, 0.606, 2.88)
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104 SMALL-SIGNAL ASSESSMENT OF THE BJT AND BIASCONSIDERATIONS

Once the transistor is biased into an active state, then it can control the output by applying wovulations to the input
voltage, and thereby end up wovulating the output current Ic. Naturally, we expect that these input modulations
are of small amplitude, so that equations (10.1-1) and (10.1-2) are appropriate, with a change in the subscript nota-
tion to reflect that we are using aBJT. Then:

ic = OnVer (10.4-1)

If we are to use the transistor as a signal amplifier we must know how it transfers signals, and therefore we must
have transconductance, gy, at our disposal. It isaderivative as indicated by equation (10.1-3), so we have need
to identify a model for current Ic vsinput bias Vge . This may be accomplished in a relatively straightforward
manner by means of a circuit model, using dependent sources, as indicated by figure 10.4-1.

Figure 10.4-1: Circuit model for (npn) BJT

With this circuit model we can then assume that Ic is controlled directly by the diode bias Vg, for which

lc = aelpe = apl €'V — 1) (10.4-2)

Note that this equation is also consistent with eguation (10.2—2), for which ar is the factor that indicates the effi-
ciency of the emitter—collector process In this case we are actually making emphasis that the emitter current is
just adiode current.

Although the model indicated by figure 10.4-1 and equation (10.4-2) is adequate, a little better model can be de-
fined that accommodates the bilateral symmetry options associated with the BJT, sinceit is a matter of choice about
which junction we forward bias and which we reverse bias. This more genera model is called the Ebers—Moall
model, and is of the form as represented by figure 10.4-2
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Figure 10.4-2: Ebers-Moall circuit model for (npn) BJT

Asindicated by figure 10.4-2 the Ebers-Moll model is one that applies the concept of figure 10.4-1 twice, once
for each polarity of operation. The parameter aR is the factor associated with the efficiency of the (reverse) emit-
ter—collector process. The reverse mode is not usually as well-formed as it is for the forward emitter—collector
process and therefore g is aso not nearly as good. Typical Sr has value 0.5.

If we use the Ebers-Moll model, then

lc = aelpe = apl (€8T — 1) — e (10.4-4)

which, since Ipc represents diode current for the junction in reverse bias, we might as well neglect it and use equa-
tion (10.4-2), which in alittle more abbreviated formis

lc = I4e%se/'r — 1) (10.4-5)

wherewe havejust let Is= aplge for convenience, since we wish to use equation (10.4-5) in alittle more mathemat-
icswerks.

Explicitly, we see that equation (10.4-5) will give us the transconductance, since

1 I
G = gu[1de"sT = 1)) = g x Ideeetr) =
o that
_le
Om = v, (10.4-6)

Take note of the fact that g, is proportional to the current I flowing through the transistor. Also, a nominal operat-
ing temperatures, Vr = thermal voltage = .025V

Equation (10.4-6) tells us that, if we can specify the current flowing through the transistor by means of another
element within the circuit that explicitly defines path current I, then we can also specify the transconductance.

Well, so what?

WEell —, if we control gy, for the transistor, we essentially control its amplification strength. Good idea.

Therefore we also may elect to bias atransistor by means of a”3-1/2" resistance frame as shown by figure 10.4-3,
for which the current through the transistor is defined by a fixed current source as shown.
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Figure 10.4-3 Three—resistor bias network for a transistor with current source used to define operating
point.

The bias frame shown by figure 10.4-3 has something extra, a bypass capacitance, C,. Mr. capacitance does not
affect the operating point at all, because for steady—state operation, it is the same as an open circuit. Transistor
circuits will always have a batch of capacitances located around the transistor and its bias frame, and they may
all beignored when evaluating the operating point.

Consider the following example:

We assume that Cg islarge, that all resistances are in kQ and that the current sourceisin mA.

+15

r 1
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I

Figure10.4-4 Example, npn transistor biased by means of a current source.

Since Ig isfixed by the current source, then the processis relatively simple. Assume that the circuit is operating
in the active mode. Then

_ e _ 025 _
IB_ﬂF+1 = To0 31 = 00247

Then, using equation (10.2-3), we get

le =B X 1y = 100 x .00247 = .247mA
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We can determine \c by

Ve =V, — IcR. = 15 - 0.247 X 10 = 12.53V
Now, in order to find Vicg, we need to find VE. But we have no ideawhat voltage will fall across the fixed current
source since ANY voltage can fall across a current source. But, not to worry. We will just find Vg, then useit to

find VE.

In order to find Vg, we need to find Vigg and Rsg. Thisis straightforward, done just like before for other examples,
and gives

_ R _ 120 _
Ves = g1 R Ve = 36 X 15 =50V .

Res = R, | R, = 120 240 = 80k
Now Vg isjust
Vg = Vgs — IgRes = 5 — 0.00247 x 80 = 4.81V
Then VE isjust one junction difference away from this value,
Ve = Vg — Vg = 481 — 0.7 = 411V
sothat Vg is
Ve = Ve — Ve = 1253 — 411 = 8.42V

The operating point isthen

(I, 1, Vee) = (0.0025, 0.248, 8.42)

For all our work represented for the process of finding the operating point for different options of bias configura-
tions, we are often just as satisfied to accept an approximate operating point and let SPICE work out the refine-
ments. In thisrespect, for the previous example, we might just as well assume that

|CzIE=I

as specified by the current source.
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10.5 SMALL-SIGNAL EQUIVALENT MODEL OF THE BJT

If we use equation (10.4-6) as a guide, then the transistor can be conceptually replaced by alinear dependent cur-
rent source like that indicated by figure 10.5-1

I

OmVBE

Figure 10.5-1. "ldea” small-signal equivalent model for the BJT

But don’t get excited. This model is alittle too ideal and therefore is insufficient for a reasonable assessment of
circuit performance. We know good and well that the output terminal at C must have an output resistance, since
current has to increase a tad with increase of Vce and we know that there has to be afinite input resistance since
there is a conductance path that draws current |g.

Figure 10.5-2. Redlistic small-signal equivalent model for the BJT (hybrid—pi model).

Thefiniteinput resistanceis a natural consequence of the junction since

IC 1 V,
lg = 2= = > x IdevseVT — 1

=5 "B M )
and therefore the input slopeis

s _ g, == 1dc O
dVBE " Mo /3 F dVBE /3 F

for which we can always use

_ Onm
0 = 5 (10.5-1)

for which ry = /gy .

The output conductance gy is a consequence of the natural increase of Ic with respect to Vcg, as represented by
figure 10.5-3. The output conductance shows up as the finite slope of Ic with respect to V.
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Figure 10.5-3 Output conductance and the Early effect.

This same phenomena was identified in section 10.1. This output slope for the BJT is of the form

gO - dVCE

consistent with equation (10.1-3). By analyzing the operation of the emitter—collector processes and the junction
depletion regions, the slope can aso be shown to be proportional to the current Ic. This analysiswas done so in
some of the initial studies of the properties of the BJT by James Early [ ] and he showed that,

_le
0o = A (10.5-2)

whereVj is now called the Early voltage. The value of Vj is dependent upon transistor layer thicknesses and doping
profiles. Typicaly it is about 100V.

The phenomenais called the Early effect. James Early died in 1988 and so maybe it should be now be called the
late Early effect.

Whenever we assess the small-signals under control of the BJT we use the small-signal model indicated by figure
10.5-2, which is aso called the hybrid—pi model of the BJT.

If the pnp transistor is analyzed it has exactly the same model, and same directions of small-signal current as the

npn transistor. Thisisto be expected since, for the pnp transistor, I¢ is negative, but so is Vg, so that dic/dVgg
is the same, same polarity, same direction (from C to B) as for the npn transistor

\ \
| |
\ \
| |
\ B — I\ Iz ro \
‘ lC OmVBE ‘
| \
| |
\ |
Figure 10.54. The small-signal model is the same for the pnp transistor as for the npn transistor

Note that, for figure 10.5-4, we show the pnp transistor in an orientation that is usually not used, since we like for
the operating current to flow (down) from the upper rail to the lower rail. Therefore the small-signal model of
the transistor circuit will have to reflect this orientation, with appropriate connections of the terminals to input and
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output loads. We will show a few examples as we march through the severa configurations that are useful for
the BJT asasingle-transistor amplifier cell.

We might also note, that although it is politically correct to use a voltage—controlled current source in defining the
transfer characteristics of the transistor, it isalso practical to use a current—controlled current source since

ic = OnVee = (Br9x)Vee = Br(U-Vee) = Bris

Then the transfer element is a current—controlled transducer (CCT) instead of a voltage—controlled transducer, as
indicated by figure 10.5-5.

Figure 10.5-5. "ldea” small-signal equivalent model for the BJT

For the current—controlled transducer, the following small-signal equations are applicable and appropriate.
ic = Beis ie = (B + Dig

Note, again, the use of lower—case symbols for current, to indicate small-signal levels.
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10.6 SINGLE TRANSISTOR BJT AMPLIFIERS: THE COMMON-EMITTER CONFIGURATION

Having made some identification of operating points and small-signal transistor models, let us examine an exam-
ple working circuit using the BJT, the common—emitter (CE) configuration. The generic CE configuration is
shown by figure 10.5-1

Figure10.6-1 Common—emitter topology using an npn transistor. As notation, the small-signal input
and output voltage levels are indicated as lower—case symbols.

The common—emitter topology is one for which the input signal is fed to the base through input capacitance C;
and output signal taken off the collector node and applied to load R_ through capacitance C3. The capacitances
will only pass time-varying signals, but otherwise are an open circuit to steady—state, operating point levels. As
anomenclature, the small-signal rms amplitude isindicated by alower case letter. The output signal Vo may also
be written as\, sinceit isthe (small-signal) rms amplitude across load R_.

We might note that the bypass capacitance C, is used to bypass a part of the resistance in the emitter leg. Therefore
the resistance Res is shunted, and only the resistance Rg; is visible to the time—varying signal. But as far asthe
analysis of the operating point is concerned,

Re = R, + Rs for DC (operating point) analysis

We have a circuit with small-signal amplitude vi injected at the input and observed at the output vp, and we have
asmall-signal transistor model. Therefore we may redraw figure 10.5-1 as a small-signal equivalent circuit for
purpose of analysis of the signal amplification properties of the CE configuration.

Before we do so, recognize that the upper and lower rails, and the ground, (if separated), are voltage supply rails.
Asideal voltage sources they have zero resistance between them. As far as atime-varying signal is concerned,
no signal will fall across this zero resistance and so the voltage rails all have zero signal difference between them.
Therefore we may, for small-signal purposes, assume that they are all an equivalent common point, which we will
euphemistically call "AC ground”. This concept will make our circuit considerably simpler, but will wrench the
topology into adifferent form than that represented by figure 10.5-1. The small-signal topology for this configura-
tion (CE) isindicated by figure 10.5-2.
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Figure 10.6-2 Two—port small-signal equivalent circuit to figure 10.6-1

We might take note that the small—signal equivalent circuit indicates the effect of the capacitances as el ements that
allow the free passage of al small-signals without regard to any attenuation effects. For example, the resistance
Re2 does not show in figure 10.6-2 because it is completely shunted by capacitance C,.

Naturally, this use of the capacitancesis an approximation. In amore exacting analysis, we should assess the com-
plex impedances of the circuit. But frequency—domain analysis is an indulgence at this point, and we will gain
more insight by first analyzing the circuit as if the amplifier network were a plain linear network with resistances
and dependent sources only.  We will assume that the frequencies of the signals are sufficiently large and that the
values of the capacitances are of sufficient size so that the capacitative impedances are small-to—negligible.

We also will find it convenient to always draw the small-signal circuit as a two—port network. This prerogative
makes emphatic that the ’amplifier’ nature of atransistor—driver circuit is of the form where there is an input port
and an output port. In that respect we must not only find a transfer function with transfer gain, but also find an
input impedance R, and an output impedance Ry for the circuit. The transfer function that we usually determine
isthe voltage 'gain’ or voltage transfer circuit.

Therecipeisasfollows:

_ _ ) Find the small-signal parameters: Find the two—port characteristics:

Find operating point: R R A

(Ig lc: Vee) For the BJT they are: ( n °”"VI)
by equilibrium (DC) analysis. (Om Tz To)

) Wemay find it easier to
If the circuit is not in the active mode COOSt;]UCt small-si gn:ll find some other transfer
—punt equivalent circuit, analyze . :

(and redesign, if you are the designer.) linear network function besides vi/vi

In most cases we will not need to perform the second part of step 2, since many of the single-transistor configura-
tions are already worked over by generations of EE students.

For the CE topology, we can best assess the circuit by making a minor approximation. We know that the resistance
ro islarge and therefore will make only a negligible contribution to currents in the emitter and the collector. There-
fore, neglecting this small current, we can assess the signal voltage at node B (figure 10.6-2) by

Vg = igfl, + igRy = igr, + B + DigR,

Therefore the input resistance to the base of the BJT transistor, which we will call Rg, is

Re = ‘I’—: =1, + (B + DR, (10.6-1)
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and the input resistance is the entire set of resistances seen by the input current flowing into the input node, which
will not only see R; and Ry, but also Rg. The input resistance R, will then be

V
Rin = I_.I = Rg | R || R (10.6-2)

We might note that the resistance Rg isthe resistance 'looking into’ the base, and that it 'sees’ the resistance con-
nected to the emitter multiplied by the factor (8 + 1). This effect will always occur, since the emitter current,
and thereby the equivalent effect, will be afactor (B + 1) larger. For whatever network of resistances are connected
to the emitter node, this’emitter multiplication’ will take place.

When we analyze acircuit, we may find it convenient to analyze it from the point of view of an electron, cruising
along one of its conductive thoroughfares within the network. In this case, the electrons see that there is a multi-
plied resistance effect as it takes the route into the base of the BJT. The same multiplication effect is true, whether
for npn or pnp transistors, since the same current multiplication takes place.

Now, at the collector of the transistor, there isaresistance, roy, 'looking into’ into the collector, of magnitude

r, + + DR
lout = ro( r(ﬂ-'iz- R4 ) 4) (106—3)

This result can be obtained by nodal analysis at the collector, as represented by figure 10.6-3. In order to assess
this output resistance we have to assume that the input signal isinactive, so that v = 0. Then the small-signal circuit
will have R; and R, shunted, and will look like that of figure 10.6-3.

r————"—"" "> "">""FFF"—"—"—"—"—"""" —
\ ic \
\ i \
I
| o fout |
\ . o \
| 7 OnVBE |
\ F“ \
\ E \
} VI = 041 Ra }
\ AC" GND \
\ \
- 4

Figure 10.6-2 Small-signal equivalent circuit to figure 10.6-1
Then

ic = OmVee + VeGo = Vedo = On(— Ve) + VcGo — VeGo = Vo — Ve(Om + Qo)
and at node E
0 = Ve(0x + 9o + Gu) = GoVe — OmVee = Ve(9r + Om + Ga + Go) — GoVe
The two equations can be simplified by neglecting gy when it is an additive term with g, and g, for which:
0 = Ve((Br + g + Gy) — Vo
ic = = VeQm + Vclo

If VE is eliminated between these two equations then

E:l (ﬂF+1)gn+G4
ic % g, + G,
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which is the same as eguation (10.6-3), if we multiply numerator ands denominator by r, R4 .

The output resistance is then the set of resistances that are seen by the output current, which includes both R and
lout, 8 follows;

Rus = 12 = Ry | T (10.6-4)

Collector resistance rqy; also can be identified as the resistance which we will see’looking into’ the collector. We
might note that roy is multiplied by an emitter multiplication factor also. Asit turns out, the emitter resistance
Re1 provides afeedback effect that causes multiplication effects at the other two terminals of the BJT.

The voltage transfer function, or voltage gain, can be obtained by noting that

Vo(= V) = —icRs | R
Butsince ic = Bdg ,andsinceig = vg/Rp then
. V,
vi = — (B + DigR; || R=—(B+ 1)(R—Z)R3 || R,

And since g = Vi, then, using equation (10.6-1) we see that

A =ﬁ= _ﬂFRC”RL
VOV T+ (B + DR,

(10.6-5)

WEell, | suppose that we could now sit back, with equations (10.6-1) thru (10.6-5) and say that we now have al
that we need to determine the two—port characteristics necessary to define the BJT common—emitter configuration.
Asacalculation recipe, that istrue. But we can save ourselves alot of timeif we take the liberty of making a few
more approximations.

For example, we can assume that for most cases, rqy: IS humongous relative to Rz, typically on the order of MQ,
where R; istypically on the order of k<, therefore it is not a bad approximation to just identify Ryt as

Rox =~ R (10.6-6)

and spare ourselves the calculation effort. Let SPICE compute the 'refined’ value, plus any other details that we
want.

We also can approximate equation (10.6-5) by dividing numerator and denominator by (8 + 1), for which
v — Be/Be + DR || R

vy /B + 1) + R,

If we assume that g islarge so that Se/(Br+1) = 1 and that
M M

1
Be+1 fr Om

Then

_ R|R
1/gm + R,

=

<<

(10.6-7)

If we have areadlly strong transistor, for which gy, = large, then the voltage transfer gain A, isjust aratio of resis-
tancesin the load over the resistance in the emitter leg. Simple.

Equations (10.6-6) and (10.6—7) are usually accurate to within about 1-2%. That's good enough. Let the refine-
ments be handled by SPICE.
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EXAMPLE 10.6-1 Common—emitter amplifier configuration: Analyze the following circuit to determine the
amplifier two—port transfer characteristics, Rn, Rout, Vo/M -

GND

r— """ """ """"—"—— (— — — — |
\ +16 \
| ————— |
\ \
\ 12 \
| 360 Co W |
| ) |
o J / |
\ 5 \| Be = 100 24 \
| /] Va = 100 |
@ — |
} 120 Ce }
| 5.1 T |
\ L \
\ \

Figure E10.6-1 Common—emitter configuration exercise. Capacitances C;, Cp, C3 are all assumed to
belarge

We have a 4—resistance bias network with the emitter resistance split into R4 and Rs. Then the resistance in the
emitter legis

Re = R,+ R; = 05+ 5.1 = 5.6kQ
We have avoltage—divider supplying the base with bias equivalent values of

_ 120

—m)(lS:‘l-OV ’

VBB

Rgs = 120 | 360 = 90k

The base current Ig isthen

Ve ~Ve __ 4-07 _
lg = Rgs + (ﬂF + ]_)RE T 00 + (100 ¥ 1)5.6 = .00503mA

and then
lc = 100 x .00503 = 0.503mA

As acheck, we should find Vi, VE and Ve just to make sure that the BJT is operating in the active regime.
Ve = 16 — 0.503 X 12 = 9.93V Vg = 0+ (0.503 + .005) x 5.6 = 2.85V

for whichVcg =9.93-285=7.08V .
We might take note, that since V¢ > Vg, then the BC junction is reverse-biased for sure, which confirms that the
BJT isindeed in the active regime. Therefore determination of Vg as a snake check is somewhat redundant.

This operating point gives us the necessary bias information to determine the transistor parameters gy, r, and rg.,
from which we can then determine the two—port characteristics. Since Ic =0.5 mA, then, from equations (10.4-6),
(10.5-1) and (10.5-2) we get

20

_le_ 05 _ _9n_ 20 _
On =\ = o5 = 20MA/V % = 3% = 700 = 0.2 mA/V
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and,
g = & =95 _ qo5mayy

°~ Vv, 100
From these values of conductance we get resistance values
-1 _1_ ~1__1 _
=g, = oo~ K2 fo =19, = o5 — 200K?

Thisinformation is enough to let us evaluate the input and output characteristics of the example CE configuration.
We can start by determining R, using equation (10.6-1):

Rg=r,+ (B + DR, = 5 + (100 + 1)0.5 = 55.5kQ
from which (equation (10.6-2)),
R, = R | R.||Rs = 360|120 55.5 = 34.3k

We also can find rqyt, using equation (10.6-3), for which

e+ B+ DR\ 5+ 101 x 0.5\ _
Nt = ro(w = 100k X (W) = 1009MQ

which is pretty darn large. The output resistance is then
Rout = R row = 12 1009 = 11.86kR

Good grief! Ryt is close enough to Rz so that we might just as well assume Ryt = 12 kQ and forget about the
extralabor of determining royt.

And in that respect, let us compare the results of equations (10.6-5) and (10.6—7). If we use equation (10-6-5)
to find Ay, then

_Vi_  —BR|R_  100x12]24
AV - V| - r” + (ﬂF + 1)R4 - 555 = 144V/V
Note that we used the fact that the denominator isthe same as Rg. If we use equation (10.6-7) to find A, we get
R; | R 12| 24
Ay = 1L 124 _ _ 8 _ _ sy

~ 1/gn+R,  1/20+05 055
Theresult is darn near the same. Might as well use the smpler equation.

Our two—port amplifier characteristics for this example are then

(R RowA)) = (343,12, — 14.5)

Many of these calculations are simple enough to do by inspection. And we will do so. Let the finer details be taken
care of by SPICE.

A modification of the CE topology that we often elect is one in which the resistance Re is replaced by a current
source, asindicated by figure 10.5-2. The advantage of this topology is that the operating current passing through
the transistor isindependent of the signal transistor, and therefore the circuit will be alittle moreideal inits perfor-
mance.
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Figure 10.6-2 Common—emitter topology using a current—source bias to define the transconductance
Om and other transistor parameters.

Of course all of the action of the capacitancesis the same as for figure 10.6—1, and therefore this circuit has exactly
the same small—signal equivalent circuit, and the same durn equations. No change, no sweat. Just like before,
except that the transistor parameters gm, I, fo are easier to obtain since they depend on knowledge of the current
Ic flowing through the transistor.

10.7 SINGLE TRANSISTOR BJT AMPLIFIERS. THE COMMON-COLLECTOR (VOLTAGE-FOL-
LOWER) CONFIGURATION

There are other options besides the CE topology that are advantageous as signal amplifiers. We can, for instance,
take the output off the Emitter instead of the collector node. Thistopology isindicated by figure 10.7-1

r———————————— — — — = — — — — — — |
| v. |
| Y |
| |
| R, |
I < I
I Vs M I
| Rsre c |
| ! 2 % O |
| R, C |
| ' Re |
| ?'EE |
| B
- - |

Figure 10.7-1 Common—collector topology using a current—source bias. This topology is also called
an Emitter—follower, or more correctly, avoltage—follower circuit.

In this case we have elected to use a current—source bias. We could also have placed a resistance R= where the
fixed current source is located.

We might take note of the fact that resistance Rs has been removed. We don't really need it unless we take a signal
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off of the collector node. And with R3 = 0 we are assured that the collector—base junction is alwaysin reverse-bias
since V¢ is at the highest available bias level. Therefore thistopology will always be in the active mode regime.

Asin the case of the CE configuration we can construct a small-signal model of this topology by use of the small—
signal model of the transistor and the identification that the voltage rails are both linked by their absence of internal
resistance and therefore absence of any signal difference between them. This small-signal equivalent of figure
10.7-1 is shown by figure 10.7-2.

r-—r--——— - """ —
\ iB \
B E
} O — = O— o }
+ ‘ +

R |
| g o R
\ 0 \
\ A/ 'R v |
OnVBE +NE

| Vs _ Rz ' _ ‘
| B I I cl L _

\ AC” GND \
| \
- 4

Figure 10.7-2 Two—port small-signal equivalent circuit to figure 10.7-1. If we happen to replace the
current source with aresistance Rg, then it would appear as shown in dashed lines.

Note that there is nothing sacred about the orientation nor the rigidity of the small-signal transistor model of figure
(10.5-4). We know that the signal is input to the base (B) at the input. We know that it is taken off the emitter
(E) at the output. And we know that the collector (C) is connected directly to AC GND. That isthe way that figure
10.7-2 is constructed. Then we bend the transistor small-signal model to fit this topology.

If we pretend that we are an electron and look into the base, we will see aresistance just like we saw "looking into”
the base of the CE configuration. In this case, al that we see connected to the emitter isthe load R, therefore,

Rg = Ve _ r. + (B + DR, (10.7-1a)

is

After dl, the relationship between ig and ig is still afactor of (B +1). And resistancer,, isin series with the emitter—
multiplied term, just like for the CE configuration.

If we happen to have the Rz included in the emitter leg, then topologically it falsin parallel with R_, so that

V
Re = 12 = ra + (B + DRe | R) (10.7-1b)

and the input resistance is then

Rin = Rg| R [| R (10.7-2)

Now, if welook at the output node, which in this case is node E, and do anodal analysis, then
Vi(@o + 9z + Gi) — Vedr — GaVee = 0

SinceVge = Vg — Vg, and since g = Vi and vig = Vi, then
Vi(@o + Gz + G) = Vifz — On(Vi = Vo) = 0

Solving interms of v and i, we see that the voltage transfer gainiis.

Vi_ Om + O,
Vi Om+ 0.+ 0+ G,

(10.7-3)
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And, if we are alittle more cavalier about accuracy, and recognize that gy << gy and even g, << gm, then

Vo —_ Om
iaeacy (10.7-4)

If we do include aresistance Re in the emitter leg, then the load on the emitter signal isRe||R. = R’. Then we
can make a slight modification:

Vo . Om o
ey (10.7-5)

Since gm, isusually areasonably large conductance and since theratio is of positive sign, thenvp/v < 1, for which
we can say that the output follows theinput. So the circuit of figure 10.7-1 is therefore often called an emitter—fol-
lower, or more correctly, avoltage follower topology.

The output resistance can be obtained by assessing the current at the output node of the transistor when there is
zero applied signal, vs = 0, to the input node. When this s the case, the small-signal circuit can be thought of
as being of the form as shown by figure 10.7-3

r-—-—————— - " """ -\ """ 00— ______I
I iB iE I
I B(_\—— Iz E - |
I R ! I
| Rsre < oo |
r
: R, OmVBE ! Re :
T Y N IR -2 G |
| AC’ GND |
I I
- -

Figure 10.7-3 Assessment of output resistance. When we evaluate the output resistance at the output
terminal it is necessary to have input signa = 0.

We can ssmplify the circuit of figure 10.7-3 considerably by condensing the resistance at the base to be of the form,

Res = R | Ru || Re (10.7-6)

for which, we would have asimpler circuit of the form as represented by figure 10.7—4

r—————" """ """ """""\""— =
I IB IE I
B
I A o——o0 :
| B |
I n I
| ' Re I
I Res SmVBE : I
R -3 S U S
| AC” GND |
I I
- 4

Figure 10.74 Assessment of output resistance, simplified.
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If we make anodal analysis at E, then
ie = Ve(Qo + 9x) — VeUr — OmVee
But Vee = Vg — Ve , sothat
ie = Ve(Go + Gr + Om) — Va(0x + On) = Veel(Br + 1)9,

neglecting the current small contribution gy. We can determine vgg from figure 10.7—4 by means of the voltage
divider of r,; and Rgs, for which
Vee = — v
so that
ic=v (ﬂF + l)rngn
E B r,+ Rgs

which gives aresistance "looking into” the emitter = Rig , of

_ Ve _TatRe _
Re = ° 1 (10.7-7a)
Thisresult can also be expressed as
g RBS 1 RBS
Re = + ~ g+ 2 10.7-7b
" Be+1l e+l 9 Be ( )

Since the resistance network connected to the base is reduced by afactor of (8 + 1), we often call thisresult, "in-
verse emitter multiplication”. Naturally, this means that the resistance 'looking into’ the emitter is small.

The output resistance is approximately the same as that given by equation (10.7—7) unless we happen to have an
emitter resistance Rz in the bias leg of the circuit. Then

Rot = Re | Re (10.7-8)

We might look at the three characteristic equations (10.7-2), (10.7-4) and (10.7-8). Asindicated by these equa-
tions, the input resistance should be moderate-to-high, the output resistance should be low, and the voltage transfer
gain should be nearly equal to unity, and of the same phase as the input signal. Therefore this circuit is often used
asa’buffer’ stage. In thisrespect the high output resistance of atransducer can be matched to the relatively high
input resistance of the emitter (voltage) follower. The voltage follower then can transfer the signal, almost one—to—
one to alow—resistance output drive, for which it can easily drive a next stage, maybe one of the form of the CE
configuration, which will more voltage signal gain, if that is desired.

10.8 SINGLE TRANSISTOR BJT AMPLIFIERS: THE COMMON-BASE (CURRENT-FOLLOWER)
CONFIGURATION

Asindicated by the small-signal model of the BJT signal current is controlled by the signal biasvgg. We can there-
fore apply an input signal either to the base (B) or the emitter (E) to control the BJT. Another option is therefore
one like that shown by figure 10.8-1, in which the input signal is applied to the emitter and the output is taken off
the collector. The base may be shunted to AC ground by means of a capacitance, as shown. This configuration
is called the common—base configuration, or the current—follower configuration.
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Figure 10.8-1 Common-base topology using a current—source bias.

We also could use aresistance Re in place of the current source Igg.  Taking the same approach as done before,
in which we construct a small-signal equivalent circuit for figure 10.8-1, we get the circuit of figure 10.8-2.

r—-- """ >=- ¥ >->$ >"-""""——"—""—— A
| fo |
| |
| E c “t

| © Nz |
: Y OmVBE :
| n<s R |
| Rs |
Y S S B
: B AC” GND :
- J

Figure 10.8-2 Small-signal equivalent model of the common—base configuration. Note that the bias
resistances R, and R, are shunted by capacitance Cg and so do not appear in the small-signal circuit.

Theinput resistanceis just the resistance that we would see "looking into” the emitter., just like that given by equa-
tion (10.7-7), except that Rgs = 0, since all of the resistances at the base node are shunted to AC ground by the
capacitance Cg. Therefore the input resistanceis

Mz
Rin - ﬂF + 1
If we take anodal analysis at node C, then we will get the equation

~ g_lm (10.8-1)

V(G + Gs+ go) — Vedo + OnVee = O
And sincevgg = V8 —VE = — Vi, Since g isat signal GND, then

VI(GL+G3+9g) —Ve(@o+9m) =0
for which we get the voltage transfer gain

Ve Vi Om + 9o

VE V| GL + G3 + go
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Or, neglecting the small conductance gy, the voltage transfer gain is

Vi Om
=~ 5 (10.8-2)

Now, the output resistance, for vi = 0, will be just the resistances rg and Rz in parallel, since, withvi = vie = 0, the
current source isturned off. Then

ROUt = ro || R3 = R3 (10.8—3)

Now, suppose that we elect to determine the current transfer ratio i /iy . Using the chain rule, we get

oo v v _Om )1
LTV XY XS GLX(GL+G3)X9m

which gives:

i G,

Hey! —Thisisjust an equation for a current divider at the output!

What this result tells us is that this circuit topology is of the form of a current follower. The input current signal
is transmitted to the output as a an approximately unity transfer ratio, then divided by the current divider at the
output.
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PROFESSOR' SNOTES

10.9 SINGLE TRANSISTOR BJT AMPLIFIERS: OVERVIEW AND APPROXIMATIONS

The three topologies that were analyzed in the three previous sections are the only three realistic circuit options.
We may choose to make some variation in the bias networks or add feedback resistances, but as far as amplifier
building blocks are concerned, these threeis all thar is.

Naturally we can analyze them using the two—port fomulae, as listed by table 10.9-1. These formulae will provide
all of the two—port characteristics necessary. But they are not highly accurate, and should not be treated asiif they
are. Theonly way that we can acquire an accurate analysis of performance characteristicsisto put them through
acircuit simulation. Even then, with normal variation in component parameters, we should not expect results any

more accurate that to three significant figures.

Given the simplicity of the approximations included in table 10.9-1, and the fact that accuracy is not to be ex-

Table 10.9-1 Formulas that describe the two—port characteristics for the three topologies

CE config:
R;, = Rpg ” Rig Rour = R; ” Tout
YL -BiGg _ —Rs Ry

vy Gouw + Gy R, +1/gn

Emitter follower (Voltage follower)

R, = Rgp ”RiB Rout = Rig l R,
YL = 8e ~ 8m
Vi g+ G, + Gy gm + G4+ G

Common base (Current follower)

Gin = G4 +gm +gﬂ Rout = rout ” R3
Vo 8otgm i G
VI T g, + G, + G, ii =G, +G,

where: Ry =r, + (Bp + DR,
Iz + (Bp + 1)R4
Tout = To W
Rpg = R{ | R,
where: Ry = rx + Rpp || Ryre

Br+1
Rig=rz+ (Bp + DR, RL)

gE=%E=gm+gn

pected, many of these topologies can be analyzed by inspection. Consider the following example.
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EXAMPLE 10.9-1 CE Amplifier topology

Defaults: Capacitances large
Resistancesin kQ2
Currentsin mA

Assuming default S = 100, the transistor parameters are,
On = 0.25 X 40 = 10 mA/V r, = 100/g, = 10kQ

Note that we assume that I is approximately the same as the current specified by the current source. The minor
difference between Ig and Ic represents a fringe correction, which we might as well ignore.

Also note: We very often do not know the value of B, and so we assume S = 100, unless we know otherwise.

Then input resistance Rg to the base of the BJT is
Rg = r, + 100 x 0.4 = 50k

Then the input resistance is (approximately)
Ri, = 100 100 || 50 = | 25kQ
the output resistance Rout is (approximately)

Ru =Ry = | 20kQ
and the voltage transfer gain is (approximately)
v __Oj2o _ [
ViT  1/10 + 04 20V/V

Note that we did not have to even make a sideways glance at our calculatorsto do this exercise.

Even if the numbers are alittle less convenient, the imprecise nature of the results accommodates an educated esti-
mate. For example, consider the following example

EXAMPLE 10.9-2 CE Amplifier topology

The transistor parameters are
On == 4mA/V r. = 100/gn = 25kQ
The input resistanceis
R, =~ 160 95| 60 =~ 150 100 60 ~| 30k
The output resistanceis

Row =| 38kQ
and the voltage transfer gain is
vo —38l65 o4 _
Vi 1/4+025 05 4BV/V
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Aslong as we are willing to recognize that there is no need for us to make a high accuracy calculation, then the
quick, rough approximations made in example 10.9-2 are adequate. Usually estimates within 10% are sufficient.
More precise assessments can be readily obtained from a simulation analysis using SPICE.

This estimate process can a so be applied to the other topologies. Consider the following example:

EXAMPLE 10.9-3 Voltage—follower topology

r————-"—" """ ""7""—F"FVF— "7V 7/ —/ /7 —/— -

\ +15 \

\ T T \

\ \

\ 480 < \

\ Vi \

Defaults: Capacitances large \ \
Resistancesin kQ \ ’_ ) v \
Currentsin mA } ‘ L }
\ \

\ \

\ \

\ \

__________________ 4
Assuming default B = 100, the transistor parameters are, -
On = 0.125 X 40 = 5mA/V r, = 100/g, = 20kQ
Then input resistance Rg to the base of the BJT is
Rg = r, + 100 X 1.0 = 120k
Then the input resistance is (approximately)
R, = 480 160|| 120 = 120 120 =| 60k
the output resistance Rout is (approximately)
r,+ 60| 480|160 20 + 60| 120
out ﬁF -~ 100 = OGkQ
and the voltage transfer gain is (approximately)
Voo S5 _5_
Vi E+1-6 0.83V/V
Note that this transfer gain is always less than unity. The source-to-oad transfer gain can also be determined,
Voo _ Ra Vu_ 60 5
Vs T Rec + Ry < Vs~ 60 + 60 X 6 L OBV

No sweat.

More refined analysis of the two—port transfer characteristics for this topology, or for any other, is atask for SPICE.

As afina example, consider the current—follower topology. In this case we will choose to use a bipolar power
supply, so that base bias by means of the R1, R2 voltage divider is unnecessary.
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EXAMPLE 10.94 Current—follower topology

Assuming B = 100, (default) the transistor parameters are,

On =~ 0.1 X 40 = 4mMA/V

Then input resistance is the resistance Re ‘looking into’ the emitter, and is

The output resistance is approximately

and the current transfer ratio, for the current divider shown, is approximately

If we want to find the voltage transfer ratio, then

v i
Vi v T,

So, aswe see, analysis of this circuit is aso very simple, provided we accept alittle lop in the execution.

__________________ .
I
+12 I
e I
I
60 |
| oo
o | x 17 |
L 20 |
0.1 mA = |
S - I
-12 |
I
__________________ _
r., = 100/g,, = 205kQ
_ 1 1
Rin - gm + gn -~ gm = O.25k.Q
ROUt = R3 = GOkQ
i 1/20
i, 1/20 + 1/60 08A/A
XU guX xR =4x08x 20~ + 64V/V
|

I

As asummary, we accept the following table of topol ogy—oriented approximations

Table 10.9-2 Approximations for the three topologies

Ry, = R,||R,||Rg

where: Rp =~ ry + BER,

|
|
|
: YL —Ry|R,
| Rou = Ry Y = g+ R, Common base (Current follower)
m 4
: G[n = GE + 8m Raut =~ R3
| Emitter follower (Voltage follower) 2 ~ G,
| ip G3+Gp
: Ry, = Ry | R, | Rg Rip =17 + B(Rg || RL)
rz + R
| Rout = Rig | Rg where: Ry = ﬂﬁ—FBs
: Voo 8m
| Vi gm + G + G,
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CHAPTER SUMMARY:

For the class of transistors that we define as being of type BJT (bipolar junction transistor),

Om = VL =~ 40l at normal room temperatures (10.1-2)
N

where | isthe operating point current flowing through the transistor. The transistor is assumed to be in the active
regime for equation (10.1-2) to be valid.

For the class of transistors that we define as being of type FET (field—effect transistor),

Om = 2/KI (10.1-3)

where | isthe operating point current flowing through the FET. The FET must be be in the active regime for equa-
tion (10.1-3) to be valid.
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