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1. BJT as Current and Voltage Amplifiers

Transistor has been viewed as a current amplifier as the collector current is much larger
than the base current:

Ic = Bpclp
In the active region of operation, this value of 8 will be a constant and any increase or
decrease in I will lead to a proportional increase or decrease in I.

We will now look at the transistor as a voltage amplifier where the signals are small AC
voltages compared to the DC bias voltages. We need to distinguish between DC and AC
guantities in our analysis.

2. Amplification

Amplification is the process of (linear) increase in the amplitude of a signal. This can be
achieved when BJT is operating in the active mode. We now must deal with both DC
voltage and currents (the bias) and AC voltages and currents (the signal) and must
distinguish between them.

Figure 1: Signals in the input and output of the BJT amplifier
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We will normally use capital letters (I and V) for both AC and DC currents and voltages.
For DC quantities, we will use a capital subscript:

e Vpp : base —emitter DC voltage.
e [- :DC Collector current.
e Vg :The DC voltage between base and ground.

For AC quantities, we use a lowercase italic subscript:

e Vp. : ACvoltage over the base — emitter.
e [.:ACcollector current.
e I, : ACvoltage from transistor base terminal to ground.

We also must distinguish between internal transistor resistances and external resistances
in the circuit.

Internal transistor resistances are indicated by a lowercase r’ with a subscript e.g. 7, is
the internal emitter AC resistance.

External circuit resistances are indicated by capital R with appropriate subscript e.g. Ry
is the external DC emitter resistance and R, is the external AC emitter resistance.

C

r a,l =B,],

B

E

(a) Generalized r-parameter model for a BJT (b) Simplified r-parameter model for a BJT

Figure 2: Internal emitter resistance of the BJT
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Now, we superimpose a small AC on top of the DC bias voltage Vgg. We will thus have a
variation in the base current, which will lead to a much larger variation in the collector
current. This AC collector current will then also produce an AC voltage over R so that I/,
will be amplified but inverted from 1.

The forward biased base-emitter junction has a very low resistance to the AC signal. This
resistance is indicated by 7.

The AC voltage at the base is then given by:
Vy, =11,
The AC collector voltage V. equals the AC voltage drop over R.:
V. = I.Rc
But, since I, = I,, we can write:
V. = I,Rc
The V,, can be considered the transistor input voltage with:
Vp = Vs — IpRp

Then, the voltage gain can be defined as the ratio of output voltage to the input voltage,
so that for AC voltages we can write:

Ve
A, =—
v Vb
Insert values for V. and V,
Ay = ICR(:
Icre

So, that the voltage gain can be written as
R,
re

The transistor thus provides voltage gain which depends on the values of R, and 7.

Example 1 — Parameters in BJT Amplifier
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For the circuit below, voltage at the base, V}, is 100 mV and output voltage, V,,,; is taken
at the collector of the BJT. Calculate the voltage gain and the AC output voltage if internal

emitter resistance, 7, = 50 Q. [4 marks]
Rc
i m
1.0 kQ)
e :
Il T \!r.‘.'!'.-' ‘w cc —
: e 100 mV
||

Answer

Given that the circuit is a common emitter BJT amplifier circuit, the voltage amplification
factor is calculated from values of the R, and 7.

LR _1k
v~re'_509_

The output voltage in the circuit is calculated from:

Voue = AyVin = (20)(100 mV) = 2V

3. Design Procedure

We will first analyse and design the DC bias of BJTs to ensure that they operate efficiently
as amplifiers. Look at a common-emitter circuit using two voltage sources:
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Figure 3: Common emitter BJT amplifier circuit

We can model the transistor in the active region by a forward biased diode the
represents the BE junction and a constant current source with current SpIp that
represents the collector current.

Transistor
:_ ______________ 1
I ! :
AM—o— —
I |
! V¥ Vapton ¥ I § R¢
+ I _ :
| I
BB =— -
T : E I +
| —
: I = Ve
: |1 T
| 1
O —0o—

Figure 4: A model of common emitter BJT amplifier circuit

Assuming forward bias for BE junction, the turn-on voltage needed is Vgg(on)- The
collector current is now a dependant current source — controlled by the base current.
The base current is:
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And

Ic = Blg

For the CE portion of the circuit, we have:
Vee = IcRe + Vg
or

Vee = Vee — IcRe

Example 2 — BJT Amplifier Design

For common-emitter amplifier circuit shown below, given that: Vg =4 V, Ry = 220 kQ,
RC =2 kQ, VCC =10 V, VBE(OII) =0.7 V, and ﬂDC =200.

Vee
10V

a. Calculate the base, emitter and collector currents and the voltage across the collector
and emitter. [6 marks]

b. Show that the BJT is biased in the forward-active mode if V¢g(sar) =0.2 V. [4 marks]

Answer

a. The currents in the transistor are calculated as follows:
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Base current:

VBB - VBE(OD) _ 4’ V - 0.7 V

B Rp 220 kQ hA

Collector current:
Ic = Bpclp = (200)(15 pA) = 3 mA
Emitter current:

Iy = (Bpe + DIp = (201)(15 pA) = 3.02 mA

R- ;
Ry 2kQ c 3mA
220kQ + +
— Ve

Ve 4V = |5

AY%
Iz 3.02 mA

The voltage across the collector and emitter is calculated from:

VCE = VCC - ICRC = 10 - (3 mA)(Z kQ) = 4‘V

b. Referring to result in part (a), since Vg > 0.2V, transistor is in active region.

4. Load Lines for BJT Transistors

Load lines can again help us visualise transistor characteristics. The input load line is
obtained from Kirchhoff’s voltage law around the base-emitter loop:

VBB - VBE

I, =
B RB
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Figure 5: Common emitter BJT amplifier circuit

This is essentially same as for diode. The output load line around the CE loop:
Ve = Vee — IcRe

This equation can be written as:

VCC - VCE
R¢

Ic =

This last equation is the load line equation, showing a linear relationship between I, and
VCE.
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Figure 6: Load line of a common emitter BJT amplifier circuit

4.1. Load Line of Common Emitter BJT Amplifier Circuit
The following example is a load line set up of a given BJT amplifier circuit.

Extreme endpoints of load line are at:

When I = 0, the cut-off voltage across the collector is:

VCE =VCC =10V

When Vg =0, the saturation current that flows in the collector is:

V, 10
Ve 10 o

I~ =
T R, 2kQ
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Figure 7: Load line of a common emitter BJT amplifier circuit for various values of I,

Note:

e If Vgg <Vgg(on), then Iz = I = 0 and transistor in cut-off mode. At this point, Vg =
VCC = 10 V.

e AsVpgincreases to Vgg > Vgg(on), the base current increases and the Q point move
up the load line.

e A point will be reached where I can no longer increase i.e. the transistor is now in
saturation (both junctions of the transistor acting as short circuits).

e The BC junction is now forward biased and I and I are no longer linear.

4.2. Analysis of Points in Load Line

In this section, we will be deriving I¢(max) and V¢g(cutotr) and the Q-point in the load line
of a typical common emitter BJT amplifier circuit.
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4.2.1. DC Operating Point Improvement with Feedback Resistor (Rg)

Feedback resistor at the emitter improves stability at the output of the amplifier.

Figure 8: BJT amplifier circuit with feedback resistor (Rg)

Any increase of voltage or current at the collector will be compensated by any increase of
voltage or current at the emitter. For fixed Vi, this increase will be minimised.

4.2.2. The I ¢(max) and V cg(cutofr) in the Load Line
First, we calculate the saturation collection current, I first and then find the cut-off

voltage drop across the common-emitter junction of the BJT.

Vee

I +

Vep

Figure 9: KVL around collector-emitter loop of the BJT
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Take KVL around collector-emitter loop of the BJT:
Vec =IcR¢ = Veg —IgRg =0 (Eq.1)
The BJT is saturated when Vg = 0, so the current in the collector I is calculated from:

VCC - IERE
IC(maX) = R—C (Eq.2)

From previous relevant topics in the BJT, we can show that:

Boc
I = (—)1
C T \Bpc+1)F
Thus
_IcBpc+ 1)
DC

Substitute I in equation (2) with equation (3) at saturation condition, the saturation

(Eq.3)

collector current is calculated from.

IC(max) (ﬂDC + 1)

VCC B [ ﬁDC ] RE
IC(max) = R
Cc

Rearrange the equation given above, the saturation current that flow in the collector is:
Vee

I C(max) =
+1
e+ (555 Re

For calculating the cut-off voltage across the collector emitter Vg, at cut-off condition,

collector current I, = 0.

By considering the equation (3), when I = 0, the current in the emitter I is also zero.
Thus, the equation (1) becomes:

Vee —0— VCE(cutoff) -0=0
As a result, the cut-off voltage drop across the collector emitter junction is:

VCE(cutoff) =Vee =12V

4.2.3. Determining Q Points in the Load Line
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For calculating the operating (Q) point of the amplifier circuit, we need to find the
quiescent base current first. Then, we can calculate the quiescent collector current and
collector-emitter voltage.

Applying KVL around the base-emitter loop of the BJT, the equation for the loop is:
Vs — IpRp — Vg(on) — [ERE = 0 (Eq.4)

Assuming the BE junction is on for active mode, from previous relevant topics in the BJT,

the current in the emitter is found from:

Ig = (Bpc + Dlg (Eq.5)

Figure 10: KVL around the base-emitter loop of the BJT

Substitute I in equation (4) with (5), it becomes:
Vg — IgRp — Vgg(on) — [(Bpoc + DIg]R; =0
Rearrange the equation above and solve for the current in the base of BJT, it is now:

_ VBB - VB(on)
Rg + (Bpc + DRg

Thus, entering values into equation below, the quiescent collector current is:

Ig

Ieq = ﬁDcIBQ
The quiescent current in the emitter is calculated from:

Igg = (Bpc + Dlpg
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Rearranging the equation (1), the quiescent collector to emitter voltage of the BJT is found
from:

VCEQ =Vee — ICQRC - IEQRE

Example 3 — BJT Amplifier with Emitter Feedback

For analysing the characteristics of the circuit below, use Vgg(on) = 0.6 V and Bp¢ = 75.
Note the use of an emitter resistor in this circuit.

a. Determine the cut-off voltage Vg (cutofr) and saturation current I¢(max) in the load
line. [4 marks]

b. Determine the quiescent collector current I and quiescent collector-emitter
voltage Vg at the operating (Q) point of the BJT and calculate the quiescent base

current at this point. [8 marks]
c. Sketch the load line of the amplifier circuit. [4 marks]
Answer

a. Entering values into the equation below, the saturation collector current I is:
Vee

IC(max) =
+1
e+ (e e
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12

75+ 1
75

The cut-off voltage drop across the collector emitter junction is:

=11.9mA

:0.4+( )O.6kQ

VCE(Cutoff) =Vee =12V

Entering the values into the equation below, the quiescent current that flows in the
base of the BJT at operating points is:

I _ VBB - VBE(on)

B¢ 7 Rp + (Bpc + DRg
B 6V—0.6V
25,000 Q+ (75 + 1)(600 Q)

=75.1pA

Entering values into equation below, the quiescent collector current is:
Icq = Bpclpg = (75)(75.1 pA) = 5.63 mA
The quiescent current in the emitter is calculated from:
Igg = (Bpc + Digg = (75 + 1)(75.1 pA) = 5.71 mA
As a result, the quiescent collector to emitter voltage of the BJT is:
Veeq = Vec — IcqRe — IggRE
=12V —(5.63mA)(0.4 kQ) — (5.71 mA)(0.6 kQ) = 6.32V

The Q point (6.32 V, 5.63 mA) on the load line is sketched as shown in the figure
below. Furthermore, this operating (Q) point is also the intersection of the load line
with the line representing a quiescent base current I = 75.1 pA.
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ic (mA) A 12

| : = = 9
ie (max) 101 11,9 mA

Q-point

Ipo=T5.1 pA

8 10 12 yop (V)
Vepp =632V

5. The Q-point and Transistor Bias

It is then essential that we establish the correct operating point or Q-point for the
transistor to operate efficiently as a linear amplifier without distortion.

Amplifier symbol

{a) Linear operation: larger output has same shape as input
except that it is inverted

A o> o

{c) Nonlinear operation: output voltage limited
(clipped) by saturation

(b} Nonlinear operation: output voltage
limited {clipped) by cutoff

Figure 11: Distortion on the output of BJT amplifier

The DC bias of a transistor circuit is established by the values set for Vgg and V¢ as well
as the resistor values R and R..
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5.1. Q-Point vs. Base Currents (Ig)

a. Current Iz = 200 pA.

Take circuit below and set different values of V3 to achieve different values of I5:
b. Current Iz = 300 pA.

c. Current Ig = 400 pA.

Re
22040

Vip —
OV-3V

— Ve
LAY

Figure 12: Common emitter BJT amplifier circuit

From the standard calculation we find that I = 20 mA for Iz = 200 pA, so that Vg = 5.6
I =200 pA.

V. This provides us with point Q; on curve, i.e. the operating point for the transistor when

10 ki

Vg %E—L Bpc = 100

7
er_ = 200 uA

4

F_;'
/______T_
|
! |
! |

e FB =200 uA
1 2 i

. 7 &
curve.

o 10

T I3 Yt
Figure 13: CE BJT amplifier circuit and its Q-point set up at I}, = 200 uA

Similarly, we find a value of Vg = 3.4V when Iy = 300 pA which provides point Q, on the
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60-
501
R m
4 AV =10V 0s Iy =300 gA
| 10 kL2 I - s} : e L
s [ T
i““_ Bpc = 100 W I
104/ |
—_ I I
= = = . . = Vi (W
0 1 3 3 4 5 & 35 8 & o =V

Increase [y to 300 u A by increasing Vg

Figure 14: CE BJT amplifier circuit and its g-point set up at I, = 300 uA

Similarly, we find a value of Vg = 1.2 V when Iz = 400 pA which provides point Q3 on the

curve.
- (mA)
i
i
2200 0} 40 mA
50
ik
+ = — f];=4(){]£.l'."\
all I 40 — /
% Y =10V !
1 10k - 4 |
Ll f I
Ver Bpc = 100 - II,' I
04f |
|
= = = S S— T )
0 1 2 3 4 5 &6 7 & 9 10 :

Increase [ to 400 g A by increasing Vyp

Figure 15: CE BJT amplifier circuit and its g-point set up at I, = 400 uA

5.2. Q-Points vs. DC Load Line

We can also draw up a DC load line for this circuit as shown by the line below.
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e
504
___—————J']:,-=-ii}[l.u.-‘u
407
1[]_1'_____ =300 pA
-
| R . g =200 A

1 > Ipp =0
0 1 2 3 4 5 6 7 8 9 10 VepiV)

Figure 16: DC load line for the CE BJT amplifier circuit at various I, values

Set Iz for 300 pA.V;, = 0 initially. Now, increase V;;, so that I varies sinusoidally by 100
UA above and below the initial value.

The Q point calculations as below.

o _Ves —Ver _37V —07V
Be Rg 10 kQ

= 300 pA
Thus

And

Vegg = Vee — IcgRe = 10V — (30 mA)(220 Q) = 3.4V
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Figure 17: Final configuration of the common emitter BJT amplifier circuit

6. Operation of Various Amplifier Configurations

In this section, we will investigate the operation of various amplifier configurations at
normal optimum, saturation, cut-off, and saturation and cut-off conditions.

6.1. Normal Optimum Operation

During normal optimum operation, point Q on the load line gives us the base current Q-
point of I;, = 300 pA. We need to find the maximum and minimum peak swings of base
current that will result in a proportional change to the collector current, I. without any
distortion to the output signal.

As the load line cuts through the different base current values on the DC characteristics
curves, we can find the peak swings of base current that are equally spaced along the load
line. These values are marked as points “B” and “A” on the line, giving a minimum and a
maximum base current of 200 pA and 400 pA respectively.

These points, “B” and “A” can be anywhere along the load line that we choose if they are
equally spaced from Q. This then gives us a theoretical maximum input signal to the base
terminal of 200 YA peak-to-peak, (100 pA peak) without producing any distortion to the
output signal.
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lh
— Iz =400 pA

Iy = 300 A

0 S Y (V
12 3.4 5.6 o ‘e
: VCL‘Q Vee

Figure 18: Normal optimum operation of CE BJT amplifier circuit

Any input signal giving a base current greater than this value will drive the transistor to
go beyond point “B” and into its “cut-off” region or beyond point “A” and into its
saturation region, thereby resulting in distortion to the output signal in the form of
“clipping”.

Using points “B” and “A” as an example, the instantaneous values of collector current
and corresponding values of collector-emitter voltage can be projected from the load line.
The collector-emitter voltage is in anti-phase (—180°) with the collector current.

As the base current [, changes in a positive direction from 200 pA to 300 pA, the
collector-emitter voltage, which is also the output voltage decreases from its steady state
value of 3.4 volts to 1.2 volts.

Then, a single stage common emitter amplifier is also an “inverting amplifier” as an
increase in base voltage causes a decrease in V,,; and a decrease in base voltage
produces an increase in V,,;. In other words, the output signal is 180° out-of-phase with
the input signal.
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6.2. Saturation Condition

When the amplifier in the saturation condition, for a given input signal, clipping could be
observed at maximum values of the I, and Vo when the transistor is saturated, and it
could not go further for its signal excursion.

_ Input
signal

Saturation

/.

Saturation

ya

Vern

Figure 19: Saturation condition in BJT amplifier circuit

6.3. Cut-off Condition

At cut-off condition, for a given input signal, clipping could be observed at minimum
values of the I and Vo when the transistor could not go further for its signal excursion
as the transistor is already turned off.
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Figure 20: Cut-off condition in the BJT amplifier circuit

6.4. Saturation and Cut-off Conditions

At both saturation and cut-off conditions, for a given input signal, clipping could be
observed at maximum and minimum values of the Iy and V¢go when the transistor
could not go further for its signal excursions as the transistor is either saturated at the
maximum values or it is already turned off at minimum values.

Input
signal
Saturation

Cutoff 0

Figure 21: Saturation and cut-off conditions in the BJT amplifier circuit
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7. A Graphical Representation on the Transistor Curve

Based on the results from previous section, these set of BJT transistor characteristics we
are going to be interested in is as illustrated as a family of I - Vg curves.

Each of the curves in this family illustrates the dependence of the collector current (/)
on the collector emitter voltage (V) when the base current (Ig) has a constant value
(i.e., Vgg is held constant).

The following graphic shows the transistor curve for a typical BJT transistor (£ = 100).

- 80 A
3 il - 70 uA
g N\ . mil — 60 uA
_____ S’ L5 SO uA
4 mA % - =1 ; ' ; 40 A
pely, 7 SaSr Rl 2 - 30 uA

. : ’ - 20 uA

10uA

Saturation

Figure 22: Transistor curve for a typical BJT amplifier circuit

Sinusoidal variation in Iz (LA) range leads to large variation in I (mA) range and a
variation in V.. We will look at the amplification of small time-varying (sinusoidal) input
voltages. A good example is an audio signal from a microphone that needs to be amplified
to drive a speaker.

audio
mic ) ——> power
amplifier

loudspeaker

Figure 23: Audio power amplifier application
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The input and output signals of the above given audio power amplifier application are as
illustrated below.

*"P‘V\ /\ /\ Signal
HA 0 .

Figure 24: Input & output signals of the audio power amplifier application

7.1. Points to Note for the Type of Amplifiers We Discuss:

These are some of the key points that we cover in this topic:

1.
2.

Need to operate in forward active region of output.

The base current cannot go to zero or negative. This will go into cut off. Thus, we need
to put a bias on the input voltage.

Base current cannot go too large. This will go into saturation and the output will not
be linear anymore.

The amplification is a function of the input frequency i.e. amplifier will have a
bandwidth.

Critical to get the correct bias point to ensure correct operation.

In the course, we will just consider Class A amplifier i.e. the transistor conducts for
the full 360° of input cycle. This type is typically used in low power (< 1 W)
applications.

An increase in collector current means the voltage drop across R is increased; this
means that V, will decrease. Thus, an increase in input voltage at the base has
produced a decrease in output voltage i.e. an inverting amplifier.
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7.2. Choice of an Operating Point

As shown in the diagram given below, active operating region for amplification of the BJT
transistor circuit can be classified into.

A: Saturation.

B: Exceeding the maximum value of I of the transistor.
C: Exceeding the maximum value of Vg of the transistor.
D: Exceeding power dissipation of transistor.

E: Cut-off.
I¢

“///// B/ 7.
2 :

A\

D
o
7

T’n

2
Q

-
A

A\

-
k\

> Ve

Figure 25: Regions of operation of BJT amplifiers

Notice in the above given figure the area enclosed by the active operating region of the
BJT transistor.

Example 4 - BJT Circuit Operating Conditions

Determine the Q-point and draw the DC load line for the amplifier circuit below. Also find
the maximum peak value of base current for linear operation. Assume S = 200.
[12 marks]
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Answer
The Q point of the BJT circuit is calculated as follows.

The extreme points in the load line are:

Vee 20V _
Icsaty = R_C 3300 60.6 mA (pointA)

And
Veemax) = Vee =20V (point B)
Assuming the BJT is silicon transistor with Vg = 0.7 V, the base current is:

Ves —Vps 10V =107V

Ipo = - = 0.198 mA
50 Ry 47 KO m

The quiescent collector current is:
Icg = Bpclp = (200)(0.198 mA) = 39.57 mA
The quiescent voltage at the collector emitter junction is:
Veeg = Vee = IcRc =20V —(39.57mA)(330 Q) = 6.94V

Thus, Q point of the BJT circuit is located at I = 39.57 mA (i.e. point C in the load line
graph) and V¢ = 6.94 V (point D). The DC load line of the BJT circuit is as shown in the
figure below.
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» Vo (VOLTS)
Vee

The maximum peak value of the base current for linear operation of the circuit is:
I¢peaky = Ic(sat) — Ico = 60.6 mA — 39.57 mA = 21.03 mA
Thus

IC(peak) _ 21.03 mA

IB(peak) = ﬁDC 200 = 0.105 mA

Example 5 - Load Lines of BJT Circuit

For the load line graph of a common-emitter BJT amplifier circuit given below, attempt
the following tasks:

ip (LA) A
Vﬁ! —_ 189 Quiescent base
Rg ~ o \l current and
Ipp=15F—= B-E voltage

Load line

|
|
|
B-E junction +—|
characteristics :

0 VBE (on)=0.7 v VBB =4V VBE

a. If the DC gain of the BJT transistor is 150, determine the Q point of the amplifier
circuit that ensures maximum voltage swing at the output. [8 marks]
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b. When the amplifier is to be powered by V. = 15 V voltage source, determine
the value of collector resistor. [4 marks]

Answer

a. The Q point of the amplifier circuit that ensures maximum voltage swing at the
output is calculated as follows.

From the load line graph as given in the figure above, at Vg = 0.7 V, the
guiescent base current is 15 pA. Thus, the quiescent current at the collector is:

Ico = Ppclpe = (150)(15 pA) = 2.25 mA
For maximum swing, the peak current at the collector should be:
I¢peak) = Ico = 2.25 mA
Assuming the output is taken at the collector, the voltage at the emitter is:
Vg =Vgg — Vg =4V—-07V=33V

To ensure maximum swing, we need the quiescent voltage at the collector to
emitter junction to be at least or more than 3.3 V. Thus

VCEQ - VE =33V

As a result, the Q point of the amplifier circuit is located at I, =2.25 mA and
VCEQ =33 V.

b. If Ve =15V, applying KVL, the voltages at the output of the amplifier are:
Vee = IcqRe = Vegg = 0
Rearranging and entering the values into the equation above, the value of the
collector resistor is:

Vec —Vegg 15V —33V
R¢ = = = 5.2k
¢ Ico 2.25mA
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