ENG1004 - Electronics & Sensors
Tutorial 2 = BJT Circuits — Solutions

S. Le Goff, School of Engineering, Newcastle University

Question 1

VCC ES 10 VOItS

; Ie + Loyt

RC == BkQ

Iout

—

I, A
Im>RB = 15kQ )T
wnQ

R, =1kQ | Vo

(a) Let us write the general equations for the common-emitter circuit, using Kirchhoff
voltage law (KVL) and Ohm’s law:

(1) Using KVL, Voyr = Vee;

(2) Using KVL and Ohm’s law, Vy,, + Rg * I;y, = Vin;

(3) Using KVL and Ohm’s law, V,,,; + Rc - (1. + 1,ut) = Vee;

(4) Using Ohm’s law, V., = Ry * Iy

We thus obtain a set of four equations that are always valid, regardless the mode in which
the BJT operates. Now, we can move to the next step: consider the three possible modes

of operation and examine what happens to the general equations.

(b) First mode of operation: Cut-off mode if V,,, < Vgg o, and I, = I, = 0.
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In this mode of operation, Equation 1, V,,; = V., remains unchanged.

Equation 2, V,, + Rg - I;, = V;,, becomes V,, = V;,, because I;, = 0. This result yields

Vin < VBE,on as Vbe < VBE,on-

The inequality V;;, < Vg o, Provides us with a condition on the input voltage V;,, for the BJT

to be cut-off.

Equation 3, V,,; + Rc - (Ic + Iyyt) = Ve, leads to V,,: + Re " 1y = Ve because I, = 0.

Equation 4, V,,,; = R, - I,,:, remains unchanged.

To obtain the expression of V,,,;, we can combine Equations 3 and 4 as follows: V,,,; + R -

oyt = Ve can be written as Vi, + Re VI‘;’“ = Vcc. This leads to V,,,, (1 +%) = Vec, and
L L

RiVcc
R;+Rc

= 2.5 volts.

finally to V,,,; =

Let us now determine the expressions and values of the input and output currents for the

cut-off mode. We can see that I;,, = 0 and I,,; = V;”t = RV% = 2.5mA.
L L c

Conclusion: when V;;, < Vgg on, the BJT is cut-off and we have V,,, = ;:LZ;C = 2.5 volts. As
L C
for the currents, we can also write I;,, = 0 and I,,; = RVi; = 2.5mA.
L c

(c) Second mode of operation: Forward-active mode if V,, = Vg o, and Ve > Vip gq¢- I this

case,we have I, = B " I;p, I, > 0,and I. > 0.

In the forward-active mode, Equation 1, V,,, = V., vyields V. > Vg oo because V, >

VCE,sat .
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Equation 2, Vy, + Rp - I, = Vi, becomes Vggon + R Iiy = Vi, @S Vi = Vg opn, Which

leads to Vg on < Vin as I, > 0.

Equation 3, V,,: + Rc - .+ Ioy:) = Vee, leads to Ve + Re - (Br I + Iout) = Vee, I1.€.
Vout + Rc * Br * Iin + R¢ * lout = Ve, since I = e - Iy,

So, at this stage, we have discovered that the BJT is forward active when V;,, > Vg ,,, and

Vout > VCE,sat .

But we need to know more than that. Remember that our goal is to express V,,; as a
function of V;,, and also I,,; as a function of I;,. This can be done by further exploiting

Equations (2), (3), and (4) as follows.

Equation (3) can be written as V,u: + R¢ " lput = Vee — Re * Br * Iin. The unknowns in this
eguation are the currents I;,, and I,,, because the values of the circuit parameters V¢, R,

and B are known.

Using Equation (2), we can obtain an expression of I;,, as a function of V;,:

I — Vin_VBE,on
in — R .
B

Using Equation (4), we can obtain an expression of I,,,; as a function of V,,,;:

— Vout

I, = .
out Ry

Equation (3) finally leads to

R Vin—=V ,0n R
Vout (1 + R_i) = Vec —R¢ " Br- TBE =Vec —Br- é' (Vin - VBE,on)'

RL
R;+Rc

. . R
We finally obtain V,,,, = [VCC — Br -é- (Vin — VBE,on)]-

This shows that V,,,,; varies linearly with V;,,. The slope of this linear function is negative and

R¢ Ry

given by —fp - —

Rp RL+R¢ -
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As for the output current expression, we can write

Vout __ 1 R
Loyt = RLt = RL+Re ’ [VCC — PBr- R_gl (Vin - VBE,on)],
with, according to Equation (2), I;,, = W
B
Hence, we finally obtain I,,,; = —. [Vee — Br * R Iinl.
RL+Rc

This shows that the output current I, varies linearly with I;,,. The slope of this linear

Rc _
RL+RC-_

function is negative and given by —f - —75.

We have obtained two conditions that need to be satisfied for the BJT to be forward active:
Vin > Vggon @nd Vi, > Vg sqe- The second condition is not useful as such because what

we want are conditions on the input voltage V;,, only.

RL

Since we now know that V,,; = ——
R +Rc

: [VCC — B - 2—;- (Vi — VBE,on)], we can replace the

condition V,,: > Vg sqe With another condition Vi, < Vi, ¢, Where the voltage Vi, sq¢ IS

obtained using

_ Ry R¢
VCE,sat 3R ’ [VCC - .BF ’ g ' Vin,sat - VBE,on)]-

L*+Rc

Rp

This expression leads t0 V;;, 5ot = Vpgon + Bore.
FAC

(VCC - MVc,gsat) = 1.16 volts.

Ry, ’
We are also asked to find a condition on [;, rather than V;,. To do so, we can simply
remember the expression I;,, = Yin=VBEon The condition Veeon < Vin < Vinsae 1S actually

Rp

equivalent to

VBE,on_VBE,on < Vin_VBE,on < Vin,sat_VBE,on
Rp Rp Rp '

which yields
0< Iin < Iin,sah

With Iy sqe = ﬁ- (VCC - RLR;LRCVCE,Sat) ~ 30.7 microamperes (uA).
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Conclusion: when Vgg on < Vin < Vipsar, the BJIT is forward active and we have V,,; =

Ry,
R1+Rc

-[VCC—BF-i—;-(Vm—VBE,On)]. Alternatively, if we consider currents rather than

voltages, we can write that, when 0 < [;;; < I;;, sq¢, the BJT is forward active and we have

1
Loyt = m' [Vcc —PBr-R¢* Iin]-

(d) Third mode of operation: Saturation mode if V,, = Vg o @and Ve = Vi 5q¢. In this case,

we have [;, > 0,and I, > 0.

The last possible mode of operation, the saturation mode, is the easiest to process. From
the results that have been previously obtained, it is indeed very easy to determine the
condition(s) on V;,, that need(s) to be satisfied for the BJT to be saturated.

Since the three modes of operation are mutually exclusive, the BJT must be saturated as
long as it is neither cut-off nor forward-active. We conclude that the BJT is saturated when
Vin > Vinsae OF, €quivalently, I;, > I, sa¢-

In the saturation mode, Equation 1, V,,,, = V., becomes V,y; = Vigsar 8S Ve = Vep sar-

Equation 1 alone is sufficient to provide us with the expression of the output voltage V,,,;:

Vbut:: D%Eﬁat==(12 VO“.

Equation 4, V,,; = Ry - 1,4, can then be used to express the output current as

V, VcE
pye = 22 = =% = 0.2 mA.
Ry, Ry,

Conclusion: when V;;,, > Vi, q¢, the BJIT is saturated and we have V,,; = V¢g sqr = 0.2 VOIL.

Alternatively, if we choose to think in terms of currents instead, we can write that, when

Iin > Iip sqr, the BJT is saturated and we have I,,; = @ = 0.2 mA.
L

We can now plot the two DC transfer characteristics corresponding to the previous results.
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(e) The DC voltage transfer characteristic is shown below.

Vout
A
R,V
e Potential voltage gain = slope 2%eut —
RL + RC g g - p Vm -
Ri¥ee _ 25 volts —Bp - c._ R _ ¢
RL+Rc F Ry Ry+Rc
VCE,SGI = 0.2 V0|t
V.
VCE,sat . mn
VBE on Vee = 10 volts

Vegon = 07VOIt ;116 volts

The voltage V;, s corresponds to the value of the input voltage at which the BJT leaves

the forward-active mode to enter the saturation mode.

We can observe the potential of the common-emitter circuit as a linear voltage amplifier

when the BJT is forward active because, in that mode, the output voltage V,,; is a linear
. . R

function of the input voltage V;,,: Vs = RLTLR’C [ — Br - RC (Vin — Vg On)]

In the lecture notes on BJTSs, it was shown that the voltage gain A,, of the amplifier would

be the slope AV “t of the DC voltage transfer characteristic in the forward-active region, i.e.

mn

we would have

Rp,
= —ﬁF Rn = 5.
RB RL+RC

The presence of a minus sign in the voltage gain means that the variations in V,,, and V;,

are in opposite directions, which is generally not an issue in practice.

(f) Let us now plot the DC current transfer characteristic obtained for the common-emitter

circuit. The variation of I,,,; as a function of I;, is shown below.

The current [;, 5, corresponds to the value of the input current at which the BJT leaves the

forward-active mode to enter the saturation mode.
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The maximum possible value of the input current [;,, is obtained when V;, = V.. , and

. Vee=V
therefore given by I;, = w = 620 A .
B
Iout
A
Fee Potential t lope Aleut —
R +R, otential curren galn = slope
Ve _ - =—75
- =25mA Br - RL+RC
VCEsat 0 2 mA
Ry,
VCE,sat . I
R, : —> m
Iin sar ~ 30.7 pA Vee _RVBE,on — 620 pA
B

We can observe the potential of the common-emitter circuit as a current amplifier when the
BJT is forward active because, in that mode, the output current I,,; is a linear function of

. 1
the input current I;,,: I, = KR [Vee — Br * R~ Iin].

The current gain A; of this amplifier would be the slope £ of the DC current transfer

l‘n.

characteristic in the forward-active region, i.e., we can write A; = —f¢ - = —75.

RL+RC

The presence of a minus sign in the current gain expression means that the variations in

I,,: and I, are in opposite directions, which is generally not an issue in practice.
To make our circuit work as a linear amplifier in practice, we will have to make sure that the

BJT remains at all times in the forward-active mode and enters neither saturation nor cut-

off mode. This issue is going to be addressed in Question 2.
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Question 2

We can modify the circuit studied in Question 1 in order to design a linear common-emitter

amplifier that can amplify both a voltage and a current. The modified circuit is shown in the

figure below.
VCC = 10 VOltS
y let loue
R; = 3kQ
IO‘LLt
—=
14 A
lin Ry = 15kQ
-
.\ Vee
v R, = 1kQ Vout
in
Vin : ‘v,,\
+
VIN,O
GND

The input voltage V;;, is now composed of two voltage sources V;y, and v, connected in

series. Hence, we can write Vi, = Viy o + V.

The DC voltage source Vy 4 is used to bias the circuit so that the BJT operates at all times
in the forward-active mode. The quantity V;y, is referred to as bias voltage and its value

has to be chosen very carefully by the designer. Remember that a BJT has the ability to

amplify a current or voltage only when it operates in the forward-active mode.
The AC voltage source v;, generates the AC voltage to be amplified. It is perfectly

reasonable to assume that v;, is a pure AC voltage signal with zero mean and small-

amplitude symmetrical swings around zero volt.
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Throughout this question, we are going to assume that the BJT operates in the forward-
active mode. In other words, we are going to assume that the condition Vzg o, < Vi, <

Vinsqt F€Mains satisfied at all times.

(a) Since we have assumed that the BJT operates at all times in the forward-active mode,
we can write
Vin = VBE,on + Rp " Ij,

. . Vin=V 14 tvin—V %4 -V v;
which can be written as [;,, = —2—28&on = N0~ " "Fhon _ _INO0__BEon 4 —in

=1 + ijp.
Rp Rp Rp Rp IN,0 in

This expression indicates that the input current, I;,,, can be written as the sum of a DC

VINo—VBEon

current, given by I;y o =
B

, and an AC current, given by i;, = ';ﬂ. So, we have I, =
B

Iino + iin-

(b) The results obtained in Question 1 can be applied to our circuit. It was shown that, as
long as the BJT operates in the forward active mode, i.e., if Vg on < Vin < Vipsar, the output

voltage V,,,; is given by

Vour = ﬁ' [Vcc — Br ':_;' (Vin - VBE,on)],

which yields

Vout:ﬁ [ — Br - RC (VINO VBEon)] ﬁp'—'—'vin.

R RL+Rc

The expression of V,,; means that we can express the output voltage as follows:

Vour = VOUT,O * Vout:

where
* Vouro = RL’iLRC [ — B RC (V,NO — Vgg On)] represents the DC component of V,,;;
® Vout = —Pr B, R, v;, Is an amplified replica of the input AC voltage.

Rp Rp+Rc

The output voltage V,,, is thus composed of a DC component, Vyyro, and an AC
component, v,,;. The AC component v,,; is an amplified version of the AC component v,

of the input voltage.
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(c) The voltage gain of the circuit is defined as

A = Vout
v ]
Vin

and is thus given here by

Ry,
Ay = —pio B = 5,

Rp RL+Rc

since fr = 100, Rg = 15kQ, R, = 1kQ,and R, = 3 kQ.

(d) The results obtained in Question 1 can be applied to our circuit. It was shown that, as
long as the BJT operates in the forward active mode, i.e., if 0 < I;;, < I;; sq¢, the output

current I, can be expressed as
1
Loyt = R+Rc *Vee = Br* Re * Iin),

Vee—BFrRclino — B
R;+Rc F

which yields I,,,,; = — " lin-
L Cc

The expression of 1,,; means that we can express the output current as follows:

Lout = lout,0 T+ Lout
where

Vee—BFRclIN,o

represents the DC component of I,,;;
R +Rc

® loyro =

iy = —PBr- ﬁ - i;, Is an amplified replica of the input AC current.

The output current 1,,,, is thus composed of a DC component, 1,74, and an AC component,

i,ut, the latter being an amplified version of the AC component i;, of the input current.

(e) The current gain of the common-emitter circuit is defined as

— iout
A; = ”
in

and is given here by

Ay =—Pr- = =75,

since fr = 100, R, = 1kQ, and R, = 3 k.

RL+RC
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The results obtained in (c) and (e) clearly show that our common-emitter circuit behaves
simultaneously as a voltage amplifier with a gain A, = —5 and a current amplifier with a

gain 4; = —=75.

(f) The value of the DC bias voltage V;y o must be chosen by the circuit designer so that the
BJT operates in the middle of the forward-active mode, midway between the start of the
cut-off mode and that of the saturation mode. This allows for maximum voltage and current

swings at both input and output.

Let us focus first on the voltage swing issue. The “space” in which both voltages V;,, and
V,u: can swing is that located between the start of the cut-off region and the start of the

saturation region.

For our amplifier circuit, it is easy to see that the maximum value for the maximum output

RiVcce

voltage swing, AVyytmax, IS given by AT Vcg sat = 2.3 volts. No matter how well our
L Cc
. . . RV
circuit is designed, the value of AV, max CaNNoOt exceed RLHCf — Veg st = 2.3 volts,
L Cc

In the same way, the maximum value for the maximum input voltage swing, AVi, max, IS
given by Vi, sat — Ve on = 0.46 volts. In other words, the maximum peak-to-peak amplitude

of the AC input voltage, v;,,, that guarantees no distortion in v,,; cannot exceed 0.46 volts.

BJT enters cut-off mode

Vin Vout l
1 BJT enters % — 25V $opeeeege Yeece
saturation L+Re ?
mode AVout,max

VOUT,O = 135 AV TXXY CXES EEY (ERY EES FPP FRPTY APPN

Vinsae = 116 V | |
Vino = 093V LNLX LN LN 2V
VBE,on == 07 V 02 V

BJT enters cut-off mode BJT enters saturation mode
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The optimal value of V;y, is located midway between the start of the cut-off region,

corresponding to V;;, = Vg o, and the start of the saturation region, corresponding to V;,, =

Vin,sat:

VBEont Vinsat 0.7V+ 1.16V
VIN,O = 0n2 LA — > == 093 VOItS

By choosing V;y, = 0.93 volts, the circuit designer ensures that both maximum voltage
SWINGS AV max and AVpyp may @re maximised: AVi, max = Vinsat — Vag,on = 0.46 volts and
RiVcc

AVoul:,max = m - VCE,sat = 2.3 volts.

(g) Let us now turn our attention to the current swing issue. The question that comes to
mind is the following one: does a bias voltage value V;y, = 0.93 volts also maximise, by

default, the maximum current swings Al ;mq, and Al max?

The short answer is “yes”. Let us prove that this is indeed the case.

The “space” in which the currents I;,, and I,,,,; are allowed to swing is that located between

the start of the cut-off region and the start of the saturation region.

. . . . . %4
The maximum value for the maximum output current swing, Alyy; max, IS given by ﬁ —
L Cc

VCE,sat — 2 3 mA
_RL . .

BJT enters cut-off mode

Iin Iout l
A Vee 4
BJT enters RL+Rc 2.5 MA

saturation

Ioyro = 1.35 mA =411t

Iin,sat~30.7 pA
Iy 0~15.35 pA [\ fo koo oo fon o).

BJT enters cut-off mode BJT enters saturation mode
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The maximum value for the maximum input current swing, Al e, IS given by
Iinsar ~ 30.7 pA. In other words, the maximum peak-to-peak amplitude of the AC input

current, i;,, that guarantees no distortion in i,,; cannot exceed 30.7 pA.

The optimal value of Iy, is located midway between the start of the cut-off region,

corresponding to I;;, = 0, and the start of the saturation region, corresponding to I;;, = I, sq¢:

0+ I; 30.7uA
Iino =~ ~ 2" = 15.35 pA.

We have computed the value that I,y , must have for optimal biasing. The question now
becomes the following one: does a DC bias voltage value V;y o = 0.93 volts lead, by default,

to IIN,O ~ 15.35 HA’?

This question can be answered by remembering that V;y , and I,y o are linked through the

expression Iy = "”"%;ﬂ Hence, with V;y o = 0.93 volts, we obtain by default I,y , =
B

0.93V-0.7V

r0 ~15.33 pA, which is exactly the optimal value for the biasing current.

We conclude that choosing the optimal value of V;y , for voltage biasing also leads to an

optimal current biasing. This is reassuring indeed.

As a conclusion, we have shown that the common-emitter circuit studied throughout this
guestion is a linear voltage amplifier with a voltage gain 4, = —5 and also a linear current

amplifier with a current gain 4; = —75.
We have also determined the value of the DC bias voltage, V;y, = 0.93 volts, that

maximises the maximum input/output voltage swing as well as the maximum input/output

current swing.
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Question 3

VCC ES 10 VOltS

R, = 1kQ

Vout

GND

(a) Let us write the general equations for this circuit, using Kirchhoff voltage law (KVL) and
Ohm’s law:

(1) Using KVL, Vee = Vee + Vour;

(2) Using KVL, Vo + Vit = Vig;

(3) Using Ohm’s law, V., = Ry * Iy

We obtain a set of three equations that are always valid, regardless the mode in which the
BJT operates. Now, we can move to the next step. Consider the three possible modes of
operation one at a time and examine what happens to the general equations.

(b) First mode of operation: Cut-off mode if V,,, < Vg on and Iy, =1, = I. = I, = I, = 0.
In this mode, Equation 3, V,,,; = R, - I,y:, leads to V,,, = 0 because I,,; = 0.

Equation 1, V¢ = V., + Vs, then becomes V.. = V., because V,,; = 0.

Equation 2, V,, + Vyyur = Vin, becomes V,, = V;,, because V,,; = 0. This result yields V;,, <

VBE,on as Vbe < VBE,on-
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The inequality V;,, < Vgg o, provides us with the condition that the input voltage V;;,, must

satisfy for the BJT to be cut-off.

Conclusion: when V;,, < Vggon, the BJT is cut-off and we have V,,, = 0 volt. As for the

currents, we can write I;, = I,,; = 0.

(c) Second mode of operation: Forward-active mode if Vy,, = Vgg o, and Voo > Vg sq¢. IN this

case,wehave l, = (fr+ 1) Iy, i.e., I,y = B+ 1) Iiy, I;; >0,and I,,; > 0.

In this mode, Equation 3, V,,; = Ry " Iy, leads to V,,,, > 0 because I,,; > 0.

Equation 1, Vee = Vee + Vours leads to Vour = Vee = Vee < Ve — VCE,sat as Vg > VCE,sat-

Equation 2, Vp, + Vo = Vip, becomes V,,; = Vi, — Vg on DECAUSE V)) = Vg 4y This result

also yields Vi, > Vg on @s Ve > 0.

We have obtained two conditions that need to be satisfied for the BJT to be forward active:
Vin > Vggon @nd Vi, < Voo — Vegsae- The second condition is not useful as such because

what we need are conditions on the input voltage V;, only.

Since we now know that V,,; = Vi, — Vg on, We can replace the condition Vo, < Ve —
Vcg sqr With another condition Vi, — Vg on < Ve — Vegsae, Which is equivalent to

Vin <Vee + Vegon — Vegsat-

Remarkably, this last condition is, by default, always satisfied because the input voltage V;,
cannot exceed V.. (as the supply voltage is always the highest voltage in the circuit). We
indeed know that V¢ + Vg on — Vegsat > Vee- SO, since Vi, < Ve, this directly implies that

we always have Vi, < Vee + Vag on — Veesae-

Consequently, we are left with the following condition that must be satisfied for the BJT to

be forward active: Vgg on < Vi < Vee.
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To be able to plot the DC current transfer characteristic later on, we need to replace this

condition on the input voltage V;,, with a condition on the input current I;,,.

To do so, we have to express I;,, as a function of V;,,. This can be done as follows: the
expression Vo, = Vi — Vg on is €quivalentto Vi, = Ve + Vg on = Ry Iour + Vgon = Ry
(Br + 1) - I;, + Vg on, Which yields

.. = Yin"VBEon
mn RL(Bp+1)

The condition Vgg o, < Vi, < V¢ thus becomes

VBE,on—VBE,on Vin_VBE,on VCC_VBE,on
RL(Br+1) R (Br+1) R (Br+1) ’

< VCC_VBE,on.
R (Br+1)

which is equivalent to 0 < [;;,

Conclusion: when Vg o, < Vi, < Ve, the BJT is forward active and we have V,,, = Vi, —

VCC_VBE,on

VsE on- Alternatively, we can write that, when 0 < [;,, <
, RL(Br+1)

, the BJT is forward active

and we have I,,; = (B + 1) * [;5,.

(d) Third mode of operation: Saturation mode if V,, = Vgg o,, @and V. = Vg sq¢. In this case,

we have I, > 0, and I,,; > 0.

In this mode, Equation 3, V,,,; = R, - Iy, leads to V,,, > 0 because I,,; > 0.

Equation 1, Voo = Ve + Ve, becomes Vi = Ve — Vg sqe because V,, = Vg ¢

Equation 2, Vy, + Vyyr = Vip, becomes V,, = Vi — Vg on beCause Vy,, = Vg 4. This result

also yields Vi, > Vg on @s Ve > 0.

Here, there is clearly an issue because we obtain two different expressions for the output

V0|tage: Vout = Vee — VCE,sat and Vout = Vin — VBE,on-
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We thus reach a contradiction unless we have Vi, = V¢c + Vggon — Vegsae- The latter
equality can, in fact, never be realised because we remember that the maximum value of
Vin In the circuit is the supply voltage V¢ and, as it turns out, the term Ve + Vpg on — Veg sar

is greater than V.

We conclude that the BJT can never be saturated simply because this would lead to

incompatible results. This does simplify our analysis tremendously.

(e) Let us now plot the DC transfer characteristics of the common-collector circuit by using

the results that we have just obtained.
The DC voltage transfer characteristic is shown below.

Vout
| Potential voltage gain =

AV,
slope —2£ =1
AVin

,Vout = Vin - VBE,on

Vin

VBE,OT[ = 07 VOIt VCC =10 VO|tS

Itis observed that the common-collector circuit does NOT have the potential to be a voltage

amplifier because the slope % of the DC voltage transfer characteristic in the forward-

active region is only equal to the unit.
(f) Let us now plot the DC current transfer characteristic of our common-collector amplifier.

The variation of 1,,; as a function of I;,, is shown below.
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ut . .
4 Potential current gain =
AIout

slope Alip =Frt1 . Loyt = (BF +1)- lin
Br+1=101 \ :

> Iin

VCC - VBE,on
R,(Br+ 1)

We observe the potential of the common-collector circuit as a current amplifier because, in

the forward-active region, the output current I,,; is a linear function of the input current I;,:
Loyt = (ﬁF +1)- lin.

The current gain A; of this amplifier would be the slope % of the DC current transfer
mn

characteristic in the forward-active region, i.e., we would have 4; = fr + 1 = 101.

Not only this corresponds to a very high current gain, but this gain has the advantage of
being independent from the load resistance R;, unlike what we observed with the common-
emitter circuit studied in Questions 1 and 2.

To make our circuit work as a linear amplifier in practice, we will have to make sure that the
BJT remains at all times in the forward-active mode and enters neither saturation nor cut-
off mode. This issue is going to be addressed in Question 4.

Question 4

We can modify the circuit studied in Question 3 in order to design a linear common-collector

amplifier that can amplify a current. The modified circuit is shown in the figure below.
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Vee = 10 volts

R, =1kQ | Vou

GND

The input voltage V;;, is now composed of two voltage sources V;y, and v, connected in

series. Hence, we can write V;;, = Vjy o + Vin.

The DC voltage source V,y 4 is used to bias the circuit so that the BJT operates at all times
in the forward-active mode. The quantity V;y, is referred to as bias voltage and its value
has to be chosen very carefully by the designer. Remember that a BJT has the ability to

amplify a current or voltage only when it operates in the forward-active mode.

The AC voltage source v;, generates the AC voltage. It is perfectly reasonable to assume
that v;,, is a pure AC voltage signal with zero mean and small-amplitude symmetrical swings

around zero volt.

Throughout this question, we are going to assume that the BJT operates in the forward-
active mode. In other words, we are going to assume that the condition Vg o, < Vi < Vi

remains satisfied at all times.

(a) Since we have assumed that the BJT operates at all times in the forward-active mode,
we can write

Vin = Vgon + Vour = Vegon + RL* lout = Vegon + R (Br + 1) * I,
which can be written as

1- — Vin—VBE,on — VIN‘()+Uin_VBE'0n — VIN,O_VBE,OTL Vin _ I + i
m RL(BFr+1) Ri(Br+1) RL(Br+1) RL(Bp+1) IN,0 in
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This expression indicates that the input current, I;,,, can be written as the sum of a DC

Vin

VIN,0—VBEon
Ry-(Bp+1)

RL(Br+1) So, we have

current, given by Iy o = , and an AC current, given by i;,, =

lin = Iing + Uin.

(b) The results obtained in Question 3 can be applied to our circuit. In Question 3, we
showed that, as long as the BJT operates in the forward active mode, i.e., if Vgg on < Vi <

Vcc, the output voltage V. is given by V,,e = Vi — Vggon-

So, we can write Vo, = Vino + Vin — Vegon-

The expression of V,,; means that we can express the output voltage as follows:
Vour = Vour,0 + Vour,

where

* Vouro = Vino — Vaeon represents the DC component of V,,;;

* v, = Vin IS areplica of the input AC voltage.

This result shows that the output voltage V,,,, is composed of a DC component, Vyyr o, and
an AC component, v,,;. The AC component v,,; is identical to the AC component v;,, of

the input voltage.

(c) The voltage gain of the circuit is defined as

A = Vout
v ]
Vin

and is thus given by 4, = 1.
This unit gain indicates that a common-collector amplifier does not amplify a voltage. In

fact, it leaves the AC input voltage unchanged. This is a well-known feature of common-

collector amplifiers.
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(d) The results obtained in Question 3 can be applied to our circuit. In Question 3, we

showed that, as long as the BJT operates in the forward active mode, i.e., if 0 <[, <

Vec—VBEon

R B tD) the output current I,,,; can be expressed as

loye = (.BF +1)- lin.
So, we can write I, = (B +1) " Iiyo + (Br + 1) - ijp.

The expression of 1,,; means that we can express the output current as follows:
Loute = Iout,0 t+ lout

where

e louro = (Br + 1) - I;yo represents the DC component of I,,;

¢ i, = (Br + 1) - i;, is an amplified replica of the input AC current.

This result shows that the output current I,,,,. is composed of a DC component, Ipyr o, and
an AC component, i,,;. The AC component i,,; is an amplified version of the AC

component i;, of the input current.

(e) The current gain of the circuit is defined as

iout
A=
in

and is given by
A; = Br+1 =101,
since Br = 100.

The results obtained in (c) and (e) show that our common-collector amplifier does not
perform voltage amplification, but does achieve a large current gain A; = 101 that has the

advantage of being independent from the load resistance.

(f) The value of the DC bias voltage V;y o, should be chosen by the circuit designer so that
the BJT operates in the middle of the forward-active mode, midway between the start of
the cut-off mode and the inherent voltage limits set by the supply voltage V... In fact, this

allows for maximum voltage and current swings at both input and output.

Page 21 of 24



Let us focus first on the voltage swing issue. The “space” in which both voltages V;,, and
V,ut €an swing is that located between the start of the cut-off region and the maximum

voltages in the circuit corresponding to V;, = V¢ and Vi, = Ve — Vpg on-

For our common-collector circuit, it is easy to see that the maximum value for the maximum
output voltage swing, AVt max, IS given by Ve — Vg o = 9.3 volts. No matter how well our

circuit is designed, the value of AV, mq, Cannot exceed Ve — Vpg o = 9.3 VOlts.

In the same way, the maximum value for the maximum input voltage swing, AVi, max, IS
given by Vee — Vg on = 9.3 volts. In other words, the maximum peak-to-peak amplitude of

the AC input voltage, v;,, that guarantees no distortion in v,,; cannot exceed 9.3 volts.

Maximum possible voltage values
Vin Vout

A A

V — 10 V cqpecscccsgeccecespeccscscegeclo..
cc Vee — VeEon

=93V
AVin,max

IN,0 VOUT,O =4.65 V]t oy 14

VBE,OTL = 07 V

L\ » time ov

BJT enters cut-off mode

The optimal value of Vy, is located midway between the start of the cut-off region,
corresponding to V;,, = Vg o,, @and the maximum input voltage in the circuit, corresponding
to ViTl = VCC:

%4 +V 0.7V+ 10V
VIN,O == BE'OYZI ce == > == 535 VOltS

By choosing V;y, = 5.35 volts, the circuit designer ensures that both maximum voltage
SWINgS AVipmax and AVyyp mar are maximised: AVi, max = AVoutmax = Vec — Veeon = 9.3

volts.
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(g) Let us now turn our attention to the current swing issue. The question that comes to
mind is as follows: does a bias voltage value V;y , = 5.35 volts also maximise, by default,

the maximum current swings Al max and Al max?
The short answer is “yes”. Let us prove that this is indeed the case.

The “space” in which the currents I;,, and I,,,,; are allowed to swing is that located between
the start of the cut-off region and the maximum input and output current values that are

inherently associated with V;;, = V¢ and Vi, = Ve — Vpg on-

From the analysis previously carried out on our circuit, it is easy to show that the maximum

Vec—=VBEon

~ 92 pA, whereas the maximum output current
RL(BFr+1)

input current value is given by

. . Vee=V
value is given by w ~9.3 mA.
L

Max output current = VCC_RM ~9.3 mA

L
Iin Iout
A A

Max input current = | T
VCC_VBE,on~
RL(Br+1) d2ud Al
out,max
l Ioyro = 4.65 MA [-dodoofenfefonfn o088
Iy o ~ 46 pA [\ of X\ .I......mfmax ¢ .
» time » time

X

BJT enters the cut-off mode

The maximum value for the maximum output current swing, Al mayx, IS given by
Vee—V
cc BE,on ~ 93 mA

Ry,

The maximum value for the maximum input current swing, Aly mar, IS given by

VCC_VBE,on

/G 92 pA. In other words, the maximum peak-to-peak amplitude of the AC input
L\PF

current, i;,, that guarantees no distortion in i,,; cannot exceed 92 uA.
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The optimal value of Iy, is located midway between the start of the cut-off region,

corresponding to I;, = 0, and the maximum input current given by I;,, = —V;C(_ﬁviESn:
L\PF
Vec-VBE,on
R (Bp+1 92pA
Iino = LgF)~ 2~ Ao KA

We now know the value that I;y, must have for optimal current biasing. The question
becomes as follows: does a DC bias voltage value V;y, = 5.35 volts lead, by default, to
IIN,O ~ 4‘6 MA’)

This question can be answered by remembering that V;y , and I,y o are linked through the

VINo—VBEon

expression Iy = Ry (Br+1)

. Hence, with V;y o = 5.35 volts, we obtain by default I}y, =

5.35V-0.7V

T 46 uA, which is exactly the optimal value for the biasing current.

We conclude that choosing the optimal value of Vy , for voltage biasing also leads to an

optimal current biasing.

As a conclusion, we have shown that the common-collector circuit studied throughout this
question is not a voltage amplifier as it only displays a voltage gain A, =1, but is an

excellent current amplifier with a current gain 4; = 101.

Compared to the common-emitter amplifier studied in Question 2, the common-collector
amplifier possesses the advantage of having a current gain that does not depend on the
load resistance. In other words, this current gain is not affected by the type of downstream

circuit connected to the amplifier output port. This is a tremendous advantage in practice.
We have also determined the value of the DC biasing voltage, V;y, = 5.35 volts, that
maximises the maximum input/output voltage swing as well as the maximum input/output

current swing.

- END -
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