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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 § will be a

constant and any increase or decrease in Iz 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.

Need to distinguish between DC and AC quantities in our
analysis.



2. Amplification

 The process of (linear) increase in the amplitude of a signal.
This can be achieved when BJT is operating in active mode.

/— V.

Y

* We now have to deal with both DC voltage and currents
(the bias) and AC voltages and currents (the signal) and
have to distinguish between them.



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:
Vsr : base —emitter DC voltage.
I : DC Collector current.
Vs : The DC voltage between base and ground.
For AC quantities, we use a lowercase italic subscript:
Ve : AC voltage over the base — emitter.

I. : AC collector current.

V3, : AC voltage from transistor base terminal to ground.



We also have to 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. Rg is the external DC emitter
resistance.

Compared this external DC emitter resistance with R,
which is the external AC emitter resistance.



* Now, superimpose a small AC on top of the DC bias voltage

’f V.

 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 V, will be amplified but inverted from V.



* The forward biased base-emitter junction has a very low
resistance to the AC signal.

 This resistance is indicated by 7.

* The other internal resistances e.g. . and 1y, are zero.
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(a) Generalized r-parameter model for a BJT (b) Simplified r-parameter model for a BJT



The AC voltage at the base is then given by:

Vp = LeTe
The AC collector voltage V. equals the AC voltage drop over
R.:

Ve = IcR¢
Butsince I, = I,, we can write: I, = [,R,
I, can be considered the transistor input voltage with:

Vp = Vs — IpRp

The voltage gain can then be defined as the ratio of output

voltage to the input voltage. So that for AC voltages, we can
write:



Insert values for /. and V},:

A, = ICR,C
leTe

So that the voltage gain can be written as:

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



Example for Tutorial 1 — Parameters in BJT Amplifier

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 of the ampilifier circuit and the AC output voltage

if internal emitter resistance, 7, is 50 Q. Ke

A
1.0 kQ)

Rp
\| AAA (E ) +
/| ? T Vour Vo ——




Answer
* The voltage gain of the amplifier circuit is:
A~ R, _ 1 kQ 20
Yr) 500
 The output voltage is:

Vour = ApVin VTCN
= (20)(100 mV) 4 L0 KkQ
=2V

v, (Ao Vg = Ve
" — 100 mV
l Y




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-

. We can model the transistor in the active region by:
* A forward biased diode the represents the BE junction.

* A constant current source with current fIz that represents
the collector current.



* Assuming forward bias for BE junction, the turn-on voltage
needed is Vg (on).

* The collector current is now a dependent current source —

controlled by the base current. Transistor
r . T T 0T 1
e 5 e e
lf{ NWN—C . —C
Ry |, BIg A+ |
+ + | |
Ver — Vcc : ¥ tion VeE | §Rc
-1 i iy I - |
IB m— : E |
! | —_ CC
: |1 T
. | 1
* The base cu®rent is: o—1 5
[= Vgg — Vpg(on) d .= gl
B = an ¢ = Bl

Rp
For the CE portion of the circuit, we have:

Vee = IcRe + Vg or Vee = Vee — IcR¢



Example for Tutorial 2 — BJT Amplifier Design

For the common emitter amplifier circuit

shown below, given that:

Ver =4V, Rg =220 kQ,
Rr=2kQ, V=10V,
Vgg(on) =0.7V, 4V
and Sy = 200.

220kQ +

W‘v@

—_— Vcc
- 10V

II—-,,_

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

VCE(sat) =0.2 V.

[4 marks]



Answer
a. The base current in the transistor circuit is

VBB _ VBE(on)

[, =
g Rp Ry gig
4V —-0.7V 220 kQ
= T20k0 A
The collector current is: ZES +—:— N +VBE
Ic = Bpclp )

= (200)(15 pA) = 3 mA
The emitter current is:

Iy = (Bpc + Dip
= (200 + 1)(15 pA) = 3.02 mA

— Ve

10V



The voltage across the collector and emitter is:

Vee = Vee — IcRc
=10V—-CBmA)(2kQ) =4V

b. So, based on results in part (a), since Vo > 0.2V, transistor

IS In active region.

R
R zig §lfc 3 mA
B

220 kQ ¥ N
—
W) e =
—F —
I+ i

VoD  e——t—
iy = 15uA VBE_“-T




4. Load Lines for BJT Transistors

* Load lines can again help us visualise transistor characteristics.

Ic Saturation Regi
gion
(mA) (transistor “fully-ON")

N\

W

-\\\\\\\\\\\\\\\\\\\\\

Q-point
(active region)

40

Cut-off Region

30 (transistor fully-OFF~)

20

10

0 . 1 2 3 4 5 6
VCEsar) Whenlc=10

\V CE = \V CC



 The input load line is obtained from Kirchhoff’s voltage
law around the base-emitter loop:

~ Vep — Vpg
Iy =
Rp
* This is essentially same as for diode. The output load line

around the CE loop:

Vee = Vee — IcRc

Vee

 This can be written as:

[ = Vee — Vee
C R,
* This last equation is the load line equation;showing a
linear relationship between I and Vg




ic(MAYA |« Forward-active mode
. . c | Forward lJ ———-130
* End points of load line: 6l
Saturation 25
e At IC =0: 5
lgtan _— Load linc 5
VCE = VCC =10V 4
|| Ipg=15 HA
e At VCE =0: 3-;/—
10 V , I : Q-point 10
a -r
I, =——=5mA | -
¢ 2 kQ 1! .
W \Cutoff
| 1 | | I d N
0
0 i 2 4 6 8 10 vep (V)
Note: Ver (sat)

e |f VBB < VBE(OII) then IB =

I = 0 and transistor in cut-off

mode. At this point Vo = Ve = 10 V.

* As Vg increases to Vgp > Vg (on), the base current increases
and the Q-point moves up the load line.



ic (mA) <« Forward-active mode ———-;
30

El

Saturation

— Load line

it o
1 H1
Hﬁ( \Cutoff

1 2 4 6 8 10 veg (V)

Note (cont.): Vomg (sat)

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

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



DC Operating Point Improvement with Feedback Resistor (R)

Feedback resistor at the emitter improves stability at the

output of the amplifier.

Ry + +
AWy @ e == Ve
RAL ) K
+ f’}g V-
Vpp —— BE | 2
T Ig '§IRE
s T

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



Determining I c(max) and Vg cutofs) in the Load Line

* First, calculate IC(maX) first and then VCE(Cuwﬁ).

Ry + :+
W)l = v
I + b
+ B - | |
VBE ~— BE | |
- "’I, § Rg - — —

* Take KVL around collector-emitter loop of the BIT:
Vee—IcRc-Veg—1gRg = 0 (Eq.1)



The BJT is saturated when V-5 =0, so the current in the
collector I is calculated from:

Vee — IgRE
IC(max) — R, (Eq.2)

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

_(_Bpc _Ic(Bpe +1)
I = (,BDC n 1) I so Ip= B (Eq.3)

Substitute I in equation (2) with (3) at saturation condition,
the saturation collector current is calculated from.

Ic(max)(Bpc + 1)] P
E

Vee ~ [ Boc
IC(max) — R,




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

VC C

IC(max) =
+1
Re+ () Re

For calculating the cut-off voltage across the collector emitter
VcE, 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-Vee(cutotn=0 = 0

The cut-off voltage drop across the collector emitter junction

IS:

Vee(cutoft)y = Vee =12V



Determining Q Points in the Load Line

* To calculate the operating (Q) point of the amplifier circuit,
first find the quiescent base current. Then, calculate the

quiescent collector current and collector-emitter voltage.

Vee

37
=
@ F
.ﬁ:q+

s

R

i

* Applying KVL around the base-emitter loop of the BIT:

Veg—IgRp — Veg(on)—IgRg = 0 (Eq.4)



e Assuming the BE junction is on for active mode, from

previous relevant topics in the BJT, the current in the
emitter is found from:

I = (Bpc + Dl (Eq.5)
* Substitute I in equation (4) with equation (5), it becomes:
Veg—1IgRp — Vgg(on)~ [(Bpc + DIg]Rg =0

 Rearrange the equation above and solve for the current in
the base of BJT, it is now:

VBB _ I/BE(on)

[, =
? Rp + (Bpc + 1)Rg




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

ICQ = :BDCIBQ
The quiescent current in the emitter is calculated from:
Irg = (Bpc + Dlpg

Rearranging the equation (1), the quiescent collector to
emitter voltage of the BJT is found from:

VCEQ = Vee- ICQRC_ IEQRE



Example for Tutorial 3 — BJT Amplifier with Emitter Feedback

For analysing the characteristics of the circuit below, use
VeE(on) =0.6 V and B¢ = 75. Note the use of an emitter

resistor in this circuit.

Vee
— 12V




a. Determine the cut-off voltage Vg (cutofr) and saturation

current I ¢(mayx) in the load line. [8 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:
[ (max) = Vee
C(max) —
Boc
Vep =
12 6V
N 75 + 1
0.4 + ( ~7E )0.6 kQ
= 11.9 mA

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

Vee(cutoth) = Vee = 12V



b. 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)
"¢ Rg + (Boc + DR
B 6V—0.6V
~ 25,000 Q+ (75 + 1)(600 Q)
N

— V - —
75.1 uA fon = - l

Entering values into equation below,

_|_
V. — Ve
CE — 12V

the quiescent collector current is:

The quiescent current in the emitter is calculated from:

Iso = (Boc + 1)Igg = (75 + 1)(75.1 pA) = 5.71 mA



As a result, the quiescent collector to emitter voltage of BJT is:

VCEQ — VCC_ICQRC_ IEQRE
=12V —(5.63mA)0(.4 kQ) — (5.71 mA) (0.6 kQ)

= 6.32V
Rc ,
04k S| c
RB
25 kO + |
w— ) e =%
) —_ 12V
Iy = -
1"IBB m—

o "
6V T f’El§ 0.6 kQ




C.

The Q point (6.32V, 5.63 mA) on the load line is sketched as
below. ic (mAJT

.
=

i (max) = =11.9mA

>

12

Q-point

Igo=T75.1 pA

I
!

|

|

| | | 1 | »

2 4 6: 8 10 12 yop (V)
VCEQ = 632 V

Thus, this operating (Q) point is also the intersection of the
load line with the line representing a quiescent base current

Ipo = 75.1 pA.



5. The Q-point and Transistor Bias

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

J Amplifier symbol

' !
1Ll - - i y C "I I | lII I . L1 I o Q L1 |II I
% o ‘ II- I.' b - I'._- ._lll
\J/ ot

(a) Linear operation: larger output has same shape as input {b) Nonlinear operation: output voltage
except that it 15 inverted limited {clipped) by cutoff

-

L1 ' i
.\."-\. . i III lll

P
__.-"- "\-.._ \ .'.I i
- - 5 F //_/ .:-:' T |.I .

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



The DC bias of a transistor circuit is established by the values
set for Iz and V- as well as the resistor values Ry and R,

Take circuit below and set different values of I/ in order to
achieve different values of I:

a. Current Iz =200 pA.
b. Current Iz =300 pA.

Re < |
c. Current Iz =400 pA. 220 0] §\

I|: - .
44/\/\/—@) — Vo
Ry 10V

1-|q|1— 10 kA}
DV-_5V — ﬁ['{' = [}




* From the standard calculation, we find that I = BpcIp =
20 mA for Iz = 200 pA, so that Vg =10V — (20 mA)(220
QQ)=5.6V.

* This provides us with point Q; on curve, i.e. the operating
point for the transistor when Iz = 200 pA.

I (mA)
L
\ 60-
220 1) 20 mA
. sliy
200 pA +
Yy = —_— 404
Wh 6V =10V
10 kL) — -
, — .'_,'. _a .
1|1|1€E—L Bpe = 100 20 f_______?___— I =200 pA
_ |
104 f,f' I
— == —— ."I I .
= - - T T T T T T T T T T - 1||.I
07T 3 3 ¥ 567 8 00

.Ir|'!_ = 2[][]‘“’ A



Similarly, we find a value of V- =10V - (30 mA)(220) =
3.4V when Iz = 300 pA which provides point (), on the

curve.

210 {*Il mA

300 uA 4
o R
A 1wv =
10 kL) —
= ﬁ-”," = l[H]

Increase [y to 300 u A by increasing Vg

10w

Jr{‘ (mA)

B0+
lly

404

204 |
104 [

— —.Ir|:!_=.-':{][]_l.|'.'!||.

- 1.['].: (V)



e Similarly, we find a value of V- = 10 — (40 mA)(220) = 1.2
V when [, =400 pA which provides point 3 on the curve.

.Ir{_' [[TI."'L]
[ ]
-
200 A0 mA
i 30-
_I.Il-_l_:!"l, € N 4[]_ ;:_ e — .IIH = 4{:‘]”-'1
1 W ) IV =1V s
. k0 N T wd [ ]
1+ -
g — I
Vip == B = 100 20+ Il' |
— |
i
S
? ? ? r T 1 T T T T T T T T T L 1: N = |-1|"r:'
01 32 3 4 5 6 7 & 6 1p “E

Increase I to 400 u A by increasing Vg



e Combining the individual graph, we can also draw up a DC
load line for this circuit as shown by the line below.

i
60+

50+




The Q point calculations as below.
Set I; for 300 pA. Start with V;, = O initially.

Now, increase V;;, so that I varies sinusoidally by 100 puA above
and below the initial value.




 Collector current is determined

from:
- Vep — ViE
BQ RB —— Ve
10 k0 - 10V
37V =07V 300 LA
B 10 kQ B H B = 100
Ico = Bpclpo 1-,m:; 17V
= (100)(300 pA) = 30 mA L L

* Voltage across collector-emitter is calculated from:

VCEQ = Vee — ICQRC
=10V—-(30mA)(2200Q) =34V



6. Operation of Various Amplifier Configurations

Normal optimum operation:

* Peak swings of the base current equally spaced along the
load line i.e. marked as points “B” and “A” on the line.

I (mA)




* This gives a theoretical maximum input signal to the base

terminal of 200 pA peak-to-peak, (or 100 pA peak) without
producing any distortion to the output signal.

* Any input signal giving a base ;:“«
current greater than this 501
. - _ -jiii-t—_i,—x— S _.F;’.;; Iy =400 A
value drive the transistorto =7\ [/ i~ [\ _ -0
: . TN T T \/. _
go beyond point “B” and into -/t 20k
. . 10 I'I ! | HHH
its “cut-off” region or beyond | L N
. . . O T G Tse T T
pOInt IIA” and IntO ItS -__'E;E___:J : | Voo
saturation region. T

* This results in distortion to the output signal in the form of
“clipping”.



Saturation condition:
* Clipping at maximum values of the I and Vigg.

* Transistor is saturated and it could not go further for its signal
excursion.

Saturation

|

[

|

]

) |

. N |

Saturation |

— |

I |

] / )

I )

. I -
L) F. I _---

1 CEQ



Cut-off condition:
* Clipping at minimum values of the Iy and V¢gy.

* Transistor could not go further for its signal excursion as the
transistor is already turned off.




Saturation and cut-off conditions:

* Clipping at both maximum and minimum of I, and V¢g,.

Transistor is either saturated at the maximum values or it is
already turned off at minimum values.

Cutoff 0




7. A Graphical Representation on the Transistor Curve

* The following graphic shows the transistor curve for a

typical BJT transistor (Sp. = 100).

Saturation

— 80 uA
— 70 uA
— 60 4A
— S0 uA
— 40 uA

— 30 uA
— 20 HA
— QA

{

'CE



* Sinusoidal variation in I; (LA) range leads to large variation

in [, (mA) range and a variationin V.

We will look at the amplification of small-time varying
(sinusoidal) input voltages.

Good example is an audio signal from a microphone that
needs to be amplified to drive a speaker.

audio
mic — ower =
D pampliﬁer loudspeaker I ?;; E ; It




Points to Note for the Type of Amplifiers We Discuss:

1. Need to operate in forward active region of output.

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

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

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

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



6.

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
i.e. thus an increase in input voltage at the base has
produced a decrease in output voltage i.e. an inverting
amplifier



Choice of An Operating Point

Active operating region for amplification.

A: Saturation.

B: Exceeding the maximum

Ig
B/
value of I of the 4////

transistor. 7
C: Exceeding the maximum / '

~

value of Iz of the

n

. 555

transistor. /7 o5
77 7

D: Exceeding power ? %
dissipation of transistor. A %

Vi

E: Cut-off. E



Example 4 — BJT Circuit Operating Conditions

Determine the Q-point and draw the DC load line for the
circuit above. Find the maximum peak value of base current

for linear operation. Sketch the load line Assume [, = 200.
[12 marks]

RC
130 Q
Ry + Vv
— "CC
MV —— 20V
Lok N\




Example 5 — Load Lines of BJT Circuit

'B(u/\)T
For the load line Yoz _ 182 | Quiescent base
Rp = current and
graph of a common Isp=15—>K_ B-E voltage

emitter BJT amplifier

circuit given below, Load line

attempt the characteristics
following tasks: L \ j .

0| Vgplon)=0.7V Veg=4V v

|
|
l
B-E junction —»l
I

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]

b. When the amplifier is to be powered by V.- =15V voltage
source, determine the value of collector resistor. [4 marks]
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