VICTORIA UNIVERSITY OF XMUT204 Electronic Design

""' WELLINGTON Tutorial 5: BJT Circuit Analysis and

TE HERENGA WAKA

Design (Solution)

A. BJT Switching Applications

1. For the following BJT transistor circuit as given below, answer the following questions.

Vee
+10V

I"[]. T

a. Whatis Veg when Vi =0V? [2 marks]
b.  What minimum value of I is required to saturate this transistor if 5, . is 200? Neglect

Ve (sat). [4 marks]
c. Calculate the maximum value of Rg when V;y =5 V. [4 marks]
Solution

a. When V;y =0V, the transistor is in cut-off (acts like an open switch) and

VCE = VCC = 10V

b. Since Vg (sat) is neglected (assumed to be 0 V), the saturation current at the collector is
found from:

Vee 10V
Ic(sat) = R—C = m =10 mA

As a result, the minimum current at the base of transistor is found from:

Ic(sat) 10 mA
Bpc 200

This is the value of Iz necessary to drive the transistor to the point of saturation. Any further

Iz(min) = =50 pA

increase in Iz will ensure the transistor remains in saturation but there cannot be any
further increase in I..
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c. When the transistor is on, Vg = 0.7 V. The voltage across Ry is:
Ve =Vin —Vgg =5V —-07V=43V

Calculate the maximum value of Rz needed to allow a minimum I of 50 pA using Ohm’s law
as follows:
Vr 43V

E__ = = 86 k)
Ig(min) 50 pA

Rp(max) =

The LED in circuit given below requires 30 mA to emit a sufficient level of light. Therefore, the
collector current should be approximately 30 mA. The values of the components in the circuit
are VCC =9 V, VCE(Sat) =0.3 V, RC =220 Q, RB =3.3 kQ, ﬂDC = 50, and VLED =1.6V.

For the given component values, determine the amplitude of the square wave input voltage
necessary to make sure that the transistor saturates. Use a double of the minimum value of
base current as a safety margin to ensure saturation. [8 marks]

+ VCC

Rc

7

Solution

The collector current at saturation is found from the following equation:

Ve = Vigp — Vep(sat) 9V —1.6V—03V

Io(sat) =
c(sat) Re 2200

=323 mA

The minimum base current is found from:

Ic(sat) 32.3mA
Boc 50

To ensure saturation, use twice the value of Iz(min), which is (2)(646 ) = 1.29 mA. Use Ohm’s
law to solve for Vy,.

Iz (min) =

= 646 pA

_ 'Rp _ Vin — VgE
Rp Rp

Rearrange the equation given above, the input voltage V;,, is found from:

Vi = 2I5(min)Rp + Vg = (1.29 mA)(3.3kQ) + 0.7V = 496 V
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3. The most commonly used PNP BJT transistor (e.g. 2N3906) as a switch is as shown in the figure
below. If we have a load that requires 100 mA of current and a transistor with a minimum DC
gain of 100, calculate the minimum base current required to saturate the transistor in the circuit

and determine the values of Ry and R, for supply voltage, V¢ is -12 V. [12 marks]
-Vee
Ly
b
§ R: Load
O
Solution

The secret to making a transistor switch work properly is to get the transistor in a saturation
state.

For this to happen we need to know the maximum load current for the device to be turned on
and the minimum DC gain of the transistor.

ON CHARACTERISTICS

Pee DC Current Gain * le=01mA V=10V &0
le=1.0mA, Vee =10V 80
I =10 mA, Ve =10V 100 300
Ic =50 mA, Vee=1.0V 60
I =100 mA, Ve =10V 30
L A— Collector-Emitter Saturation Voltage Ic =10 mA, Iz = 1.0 ma 0.25 W
I = 50 mA, lg = 5.0 ma 0.4 W
Waean Basa-Emitter Saturation Voltage I =10 maA, Iz = 1.0 ma 0.65 0.85 W
I = 50 mA, lg = 5.0 ma 0.95 1

From the datasheet of 2N3906 BJT transistor, for I = 100 mA, it is safe to assume that the DC
gain of the transistor is selected to be 100 (e.g. more than 30 minimum value and less than 300
maximum value at I = 100 mA and Vg =1 V).
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R,
R, Load
{ oad
]
= +Vee
(a) Negative collector (b) Positive emitter {c) The circuit in
supply voltage, Vee supply voltage, Vg (b) redrawn

If we transform the circuit from (a) to (b) as shown above, the minimum base current of the
transistor is found from the following equation:

( _)_16_100mA_1 R
5(min = he 100 m

In actual practice, it is best to calculate about 30% more current than we will need to guarantee
our transistor switch is always saturated. In this case, we will use:

Ig = Ig(min) X 1.3 =13 X 1 mA = 1.3 mA
Taking the KVL at the base of the transistor:
Vs = IpRy
We can now calculate resistor R in the circuit as follows:

- Vs - 12
"~ (I¢/Bpc x1.3)  (0.1/100 x 1.3)

R, =923k

Which its value is 10 kQ to the nearest standard resistor value.

Resistor R, is generally required for stability and to ensure that the transistor switch is
completely turned off. This resistor ensures that the base of the transistor does not go slightly
negative which would cause a very small amount of collector current to flow.

The value of this resistor is not critical but a value about 10 times R; is normally chosen.
Considering that input resistance looking at the internal of the base of the 2N3906 BJT transistor
is equal to, the value of the resistors at the base should be less than 100 k(.

For this circuit, we will calculate R, to be 10 times R; as follows:

R, =10 x R; =10 x 10 k2 = 100 kQ
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4. Transistor switches are used for a wide variety of applications. These transistors are commonly
used to turn on transmitter circuits, LED’s, cooling fans and even relays. Describe practical
implementation of the PNP transistor circuit in the figure given in the previous question for
driving a relay coil. [6 marks]

Solution

When using a transistor to turn on a relay coil, it is very important to use a diode (1N4001)
reversed biased in parallel with the relay coil as shown in the figure below. This is to prevent the
kickback voltage in the reverse polarity from destroying the transistor. This reverse voltage
occurs momentarily when the normal current stops flowing through the coil. In the end, it is
good practice to use a diode when turning on any inductive load.

Vee

§R2

s1

—/o—

RY1

The actual transistor used as a switch is not critical in these applications. Virtually any general
purpose NPN or PNP transistor can be used as a switch. All that is needed is to know the
minimum DC gain and the power dissipation of the transistor.

While most all transistors in a TO-92 case will have DC gain of at least 100, many power
transistors in TO-220 cases often have an DC gain no greater than 25. It is essential to know the
DC gain or Beta of a transistor, so that we can have a large enough base current to achieve
saturation.

Transistor switches are often used to take the low-level output from logic circuits to turn on or
turn off a particular device. This is especially important when using a low current logic output
from a CMOS IC.

If a power transistor is used to turn on a high current device i.e. a high-power relay coil, it may
be necessary to use another lower current transistor switch to drive a transistor switch used in a
high current application (e.g. Darlington transistor circuit — back-to-back BJT transistors
arrangement).
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While there are a few applications where our transistor switches may not be suitable, it is
usually a much more reliable and inexpensive alternative to using mechanical relays. These
circuits are low in cost and offer ease of design.

5. Summarise common practical examples of BJT transistor as a switch by comparing the
similarities and differences of its use for applications given below:

a. Switch the LED. [2 marks]

b. Operate the relay. [2 marks]

c. Drive the motor. [2 marks]
Solution

a. For transistor to switch the LED application, the schematic below shows how a transistor is used
to switch the Light Emitting Diode (LED).

Wi

.

L1

51
R1

For this application, when the switch at the base terminal is open, no current flows through the
base so the transistor is in the cut off state. Therefore, the circuit acts as open-circuit and the
LED becomes OFF.

When the switch is closed, base current starts flowing through the transistor and then drives
into saturation results to LED become ON.

Resistors are placed to limit the currents through the base and LED. It is also possible to vary the
intensity of LED by varying the resistance in the base current path.

b. For transistor to operate the relay application, it is also possible to control the relay operation
using a transistor. For this application, with a small circuit arrangement of a transistor able to
energise the coil of the relay so that the external load connected to it is controlled.

Consider the below circuit to know the operation of a transistor to energize the relay coil. The
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input applied at the base causes to drive the transistor into saturation region, which further
results the circuit becomes short circuit. So, the relay coil gets energized and relay contacts get
operated.

Vee

i

1
R1

In inductive loads, particularly switching of motors and inductors, sudden removal of power can
keep a high potential across the coil. This high voltage can cause considerable damage to the
rest circuit. Therefore, we must use the diode in parallel with inductive load to protect the
circuit from induced voltages of the inductive load.

For transistor to drive the motor application, a transistor can also be used to drive and regulate
the speed of the DC motor in a unidirectional way by switching the transistor in regular intervals
of time as shown in the below figure.

Vcee

e

S1
R1

For this application, as mentioned in above, the DC motor is also an inductive load, so we have
to place a freewheeling diode across it to protect the circuit.

By switching the transistor in cut-off and saturation regions, we can turn ON and OFF the motor
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repeatedly.

It is also possible to regulate the speed of the motor from standstill to full speed by switching
the transistor at variable frequencies. We can get the switching frequency from control device or

IC like microcontroller.

1

Solution

The conditions and states of the OR logic gate circuit are shown in the table below.

Show that the circuit of the figure below functions as an OR gate if the output is taken at v, .

Vee
Re
MWWy ®,;
Rp3
< O
< <3
Fke
@ Vo2
(@)

vy | V2 | Q1 Q2 Qs Vo1 Vo2
0 0 Off Off On 0 5
0 5 Off On Off 5 0
5 0 On Off Off 5 0
5 5 On On Off 5 0

7. Show that the circuit of the figure below functions as a NAND gate if the output is taken at v,,.
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V1

Rp>

Solution

The conditions and states of the NAND logic gate circuit are shown in the table below.

S

i)

N N

."02

vy | V2 | Q1 Q2 Qs Vo1 Vo2
0 0 Off Off On 0 5
0 5 Off On On 0 5
5 0 On Off On 0 5
5 5 On On Off 5 0

8. There are several BJT logic device families and diode-transistor logic (DTL) and transistor-transistor

logic (TTL) are two examples of them.

a. What is transistor-transistor logic (TTL)?

b. Explain how the TTL is considered to be an improvement from the DTL.

c. Considering a basic transistor-transistor logic circuit diagram as shown in the figure below,

describe its basic operations.
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Solution

a.

Transistor-Transistor Logic (TTL) is one of the digital circuits designed from BJT (Bipolar
Junction Transistor) and resistors. The operation principle of TTL is based on the switching
function of logic gates and amplification performed by the transistors in the circuit.

The basic diode-resistor logic formed with AND gate uses separate diodes for the inputs.
Therefore, a bipolar junction transistor uses two junction diodes, which represent either NPN
Or PNP transistors. So, the TTL (transistor-transistor logic) is formed when the input diodes of
the DTL (Diode-Transistor Logic) are replaced with a single NPN transistor with multiple
emitter inputs as shown in the above circuit.

The circuit given above shows a simplified transistor-transistor logic which functions as a 2-
input NAND gate. Here, T; with two input emitter terminals acts as an input transistor, and T,
acts as a single-stage NPN inverting switching transistor.

When one or both emitter inputs A and B of T; is or are connected to the logic LOW level
(0), T;’s base current flows via the base or emitter junction to GND (0 V), T; saturated and is
followed by the collector terminal. This causes the base of T, to be grounded (0 V).
Therefore, T, will be in the “OFF” state and the output at Q will be HIGH.

When both inputs “A” and “B” are at a logic HIGH level (1), the input transistor T; turns OFF
and the primary switching transistor T, turns HIGH, making the Q output LOW due to the
switching function of the transistor. Several emitters on T; are connected as inputs to create
a NAND gate function.

To understand the working of a transistor-transistor logic (TTL), consider the circuit diagram of the

standard TTL logic gate, which executes a positive NAND gate function as shown in the figure

below. This standard TTL logic circuit is related to the Diode-Transistor Logic (DTL) circuit in some

conditions. Describe how TTL circuit shown below works. [10 marks]
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Solution

From the above figure, T; is the input transistor, which has an advantage in switching time.
The transistor T, is a phase-splitter and the transistors T3 and T} give totem-pole output.
This TTL circuit has very low input impedance, high fan-out, and better noise immunity and
is capable of a high capacitive drive.

e When theinputs A and B are HIGH, the transistors T, and T5 turn ON and act as common-
emitter amplifiers. The transistor T, and the diodes at the emitter are forward biased and
a negligible amount of current flows. The output is LOW, which represents logic 0.

e  When both the inputs are LOW, diodes D; and D, get forward biased. The current goes
to the ground via the D; and D, and the resistor R; due to the supply voltage V.- of 5 V.
The voltage supply drops in R; and the transistor T, turns OFF because it has not had
enough voltage to turn ON. Therefore, the transistor T, also turns OFF due to T, being
OFF. The transistor T3 turns ON (HIGH) and acts as an emitter follower. The output is HIGH,
which represents a logic 1.

e When any one of the inputs A and B is low, then the diode gets forward biased due to the
low input. The whole operation is the same as described above. Therefore, the output is
HIGH (logic 1).

10. The following circuit given in the diagram below shows a transistor-transistor logic (TTL) OR gate
with open collector output. Describe the mechanism of its operation. [12 marks]
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NOT Gate Inverter
Solution

The circuit diagram of the transistor-Transistor logic 2-input OR gate with TTL NOR gate
stage and open collector output stage (NOR gate output is connected to another
transistor/inverter stage to make a TTL OR gate) is shown in the figure above.

Transistors T; and T, are connected in the same way as seen for transistor T, in other TTL
circuits. Instead of working as an amplifier, T; and T, are used as a two-diode “drive” circuit.
To illustrate the working, T; and T, can be replaced with a set of diodes.

From the above circuit diagram, the TTL logic NOR gate stage is converted into TTL logic OR
gate by connecting the output logic level of the NOR gate to another transistor stage
(inverter stage). That means the output stage of the TTL NOR gate is added to an inverter
stage to create the TTL OR gate. Since totem-pole output stages are possible in both TTL
circuits using 2-input OR gate and NOR gates.

When input A is connected to V., current flows through the base of transistor T5; and
saturates. When input A is grounded, this current gets diverted from the base of T5 through
the left control diode of T;, causing Q5 to turn OFF (cut-off). The same way is done for input
B and transistor T,. The logic level at input B gives the conductivity of T, which is either in
saturation or cut-off.

Observe how transistors T3 and T, are connected in parallel at the collector and emitter
terminals. Essentially, these two transistors act as parallel switches, allowing current via
resistors R3 and R, depending on the logic level of inputs A and B.
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When one of the inputs is HIGH (1), both/anyone transistors (T3 and/or T,) saturate,
allowing the current through resistors R5 and R, and reaches the logic output LOW level (0)
on the TTL NOR gate output transistor Ts. The output of the transistor Ts NOR gate circuit
can only go high (1) when transistors T5 and T, are OFF (cut-off). This means both inputs
must be grounded or LOW (0) (TTL NOR gate condition to obtain output logic level HIGH).

The output (logic 0) of the transistor Ts (TTL NOR gate output) obtained in the NOR gate
stage is connected to transistor Ty (inverting output stage of NOR gate) to get the final
output at the open collector output will be logic HIGH (1). This will be the output of the TTL
OR gate when any one of the inputs A and B is HIGH (1).

11. Determine v,,,; for each of the four combinations of v; and v,. Knowing that Ry = 5.7 kQ; R, =
2.2 kQ, R3 =2.2 kQ, R4 =1.8 kQ, VCC =5 V, VBE(OII) = Vy =0.7 V, VCE(sat) =0.2V.

Vee

Vout

Treat the BE and BC junctions of @, as offset diodes. Assume that the transistors are in saturation
when conducting. TTL logic values are actually quite flexible, with vy sy as low as 2.4V and v gy, as
highas 0.4 V. [24 marks]

Solution

The inputs to the TTL gate, v; and v,, are applied to the emitter of transistor Q4. The transistor is
designed so as to have two emitter circuits in parallel. Transistor Q; is modelled by the offset diode
model, as shown in the figure below. We now consider each of the four cases.
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Case 1: Voltage v; = v, =0 V. With the emitters of Q; connected to ground and the base of Q; at
5V, the BE junction will clearly be forward-biased and Q; is on. This result means that the base
current of Q, (equal to the collector current of Q) is negative, and therefore Q, must be off. If Q,
is off, its emitter current must be zero, and therefore no base current can flow into Q3, which is
in turn also off. With Q3 off, no current flows through R5, and therefore

vout=VCC—vR3=5—0=5V

Case 2: Voltage v; =5 V; v, = 0 V. Now, with reference to the figure above, we see that diode D,
is still forward-biased, but D, is now reverse-biased because of the 5-V potential at v,. Since one
of the two emitter branches is capable of conducting, base current will flow and Q; will be on. The
remainder of the analysis is the same as in case 1, and Q, and Q3 will both be off, leading to v,
=5V.

Case 3: Voltage v; =0 V; v, =5 V. By symmetry with case 2, we conclude that, again, one emitter
branch is conducting, and therefore Q; will be on, Q5 and Q3 will both be off, and v,,; =5 V.

Case 4: Voltage v; =5 V; v, =5 V. When both v; and v, are at 5V, diodes D; and D, are both
strongly reverse-biased, and therefore no emitter current can flow. Thus, Q; must be off. Note,
however, that while D; and D, are reverse-biased, D5 is forward-biased, and therefore a current
will flow into the base of Q,; thus, Q, is on and since the emitter of Q, is connected to the base
of Q3, Q3 will also see a positive base current and will be on. To determine the output voltage, we
assume that Q5 is operating in saturation. Then, applying KVL to the collector circuit, we have:

Vee = IeaR3 + Viegs
Or

i — VCC - VCE3 — VCC - VCE(sat) — 5-0.2
€3 R¢ R¢ 2,200

And
Vour =Vec —IcR3 =5—(22x1073)(22x1073) =5-484=0.16V
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These results are summarised in the table below. The output values are consistent with TTL

logic; the output voltage for case 4 is sufficiently close to zero to be considered zero for logic

purposes.

v¢ (Volt) | v, (Volt) | State of Q4 Stateof Q, | v,y (Volt)
0 0 Off Off 5
0 5 Off Off 5
5 0 Off Off 5
5 5 On On 0.16

B. BJT Amplifier Applications

1. For amplifier analysis, the AC emitter resistance, 7, is the most important of the r parameters in

BJT amplifier analysis.

a. Derive the AC emitter resistance of a transistor.

[14 marks]

b. Determine the 7, of a transistor that is operating with a DC emitter current of 2 mA.

[2 marks]

c. Determine the voltage gain and the AC output voltage in the figure given below if r, = 50 Q.

Solution

Rc

II'.'.
100 mV

|

[4 marks]

a. Assuming an abrupt junction between n and p regions and it is also temperature dependent

based on an ambient temperature of 20°C, derivation of AC emitter resistance of a transistor

is found from the following process.

In the case of BJT, the Shockley equation for the transistor is:

Ic =1 <e(

VBE ) >
nkT/q) — 1
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Taking the derivative of the equation above and simplify the equation.
ot
d(l,) = d |1, [ e\"kT/7a) — 1
Since I is a constant
(w#7a)
d(l;) = I,d |e\nkT/a) — 1

Knowing d(e*)/dx = e*

d(lp) = I [e<n"?+7q) - 1] d (n;:;’;q)

As a result, the first derivative of the Shockley equation for transistor is:

dVgE )

dle =1 (
e nkT/q
Knowing that I = Iy and nKT /q = Vy = 25 mV, as a result the above equation becomes:

N
_dVBE_VT_ZSmV

Im

The transconductance of the transistor is g,, = 1/1,, rearranging the equation above:

25 mV
Ig

I ~
T, =

The numerator will be slightly larger for higher temperatures or transistors with a gradual
(instead of an abrupt) junction.

Although these cases will yield slightly different results, most designs are not critically
dependent on the value of 7, and you will generally obtain excellent agreement with actual
circuits using the equation as given.

b. The equivalent resistance at the emitter of the transistor is found from the following:

25mV_25mV
I  2mA

Te

IR

c. The voltage gain of the given amplifier is:

_Rc_1ka

= =—=2
V7 500
Therefore, the AC output voltage of the amplifier is:

Vour = ApVp, = (20)(100 mV) = 2 V rms

The AC load line of the amplifier is about the operational conditions of the amplifier circuit, and
it shows the variation of the base current, collector current, and collector-to-emitter voltage
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about their DC Q-point values.

=
o
j{
o
N
-—
=]
]
-
I

The AC load line operation of a certain amplifier extends above and below the Q-point base
current value of as shown in the figure given below.

a. Determine the resulting peak-to-peak values of collector current and collector-to-emitter
voltage from the graph. [2 marks]

b. Determine maximum fluctuation of the output voltage. [2 marks]

oY

70 uA

60 uA

50 uA

40 uA
30 uA
\ 20 pA
10 A
— \ > Ve (V)

sl
1

Solution

a. Projections on the graph of the figure given above show the collector current varying from 6
mA to 4 mA for a peak-to-peak value of 2 mA and the collector-to-emitter voltage varying
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from 1V to 2 V for a peak-to-peak value of 1 V.

For the given load line graph, it looks like the Q-point is closer to the saturation region of the
amplifier circuit rather than the cut-off region.

So, as the Q-pointis at Vg = 1.5V and I =5 mA, the maximum fluctuation of output
voltage of the amplifier circuit is calculated as:

Vout(peak—to—peak)max =3V

3. The amplifier given in the figure given below is supplied with a 10 mV rms and 300 ( signal

source and the emitter current, I was previously found to be 3.80 mA.

a. Sketch and briefly describe the AC equivalent circuit of the amplifier. [8 marks]
b. The AC emitter resistance of the amplifier circuit. [4 marks]
c. Total input resistance of the amplifier as viewed from the source. [2 marks]
d. Determine the signal voltage at the base of the transistor. Comment on the result of
calculation. [4 marks]
C
I
I
1 uF
Solution
a. The circuit given below is the AC equivalent of the amplifier in the figure given above.
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‘\;;\, o ’ /P)Bflﬁﬂ

2
V. R, R, 1.0 kQ
10 mV 22 k) 6.8 k()

The AC equivalent circuit consists of the internal source resistance Ry, the resistor R; which
is in parallel with R, and collector resistor R at the output of the amplifier circuit.

b. First, determine the AC emitter resistance of the amplifier circuit.

,~25mV_ 25 mV
e =" T380mA

= 6.58 ()

Then

Rin(base) = B .1, = 160(6.58 Q) = 1.05 kQ

c. Next, determine the total input resistance of the amplifier circuit as viewed from the source.

1
Ry (tot) = Ry I| R, Il Ry (base) = =873 0

zzlkn) + (6.81kﬂ) + (1.0; kﬂ)

d. The source voltage is divided down by R, and R;,, (tot), so the signal voltage at the base is
the voltage across R;, (tot).

v, = ( Ry, (tot) )x - ( 873 Q

2 ) x10mV=744mV
R; + Ry (tot) 3000 + 873 9) m m

As you can see, there is significant attenuation (reduction) of the source voltage due to the
source resistance and amplifier’s input resistance combining to act as a voltage divider.

4. The transistor in this circuit has the following maximum ratings:
e P(max) =800 mW
o Veg(max) =15V

e [-(max) =100 mA
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Calculate the collector current and comment whether it exceed the maximum rating or not?
[6 marks]

Calculate the maximum value to which you can adjust V. without exceeding maximum
ratings. [6 marks]

What happen when the Vg is reduced to zero? Would the rating of the transistor would be
exceeded or not? [4 marks]

Solution

a.

First, calculate the base current:

Vss —Ver _5V—0.7V
Rp 22 kO

Iy = = 0.195 mA

For the transistor in active (linear) mode, I is then:
I = Bpclg = 100 X 0.195 mA = 19.5 mA

This is significantly smaller than I-(max), so maximum rating for I not exceeded.

What is the maximum value of V.?
For I = 19.5 mA, the voltage drop over resistor R is:
Ve, = IcRc = (195 mA)(1kQ) =195V
For a maximum value of V.g(max) = 15V, the maximum value of V. is then:
Vec(max) = Veg(max) + Vg, =15V +19.5V =345V
The power dissipation of transistor will then be:
P =1V = (19.5mA)(15V) = 292.5 mW

Which is well within limits of the transistor (P (max) = 800 mW)

However, keep in mind what will happen if Vgp is reduced to 0 V. Thus, the BE junction will
not be forward biased and the BE junction will be an open circuit. The I will then be 0 A, but
the voltage V. will now in total be dropped over V.

Thus, Vg = 34.5V and the transistor ratings will be exceeded even though no power is
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dissipated in transistor (I = 0).

5. For the BJT transistor-based amplifier as show below, attempt the following tasks:

Vee
+12V

R,
22 k()

R, -
6.8 k) 560 Q) .

a. Select a minimum value for the emitter bypass capacitor, C,, if the amplifier must operate
over a frequency range from 200 Hz to 10 kHz. [4 marks]

b. Calculate the base-to-collector voltage gain of the amplifier both without and with an
emitter bypass capacitor if there is no load resistor and r, = 6.58 Q. [4 marks]

c. Calculate the base-to-collector voltage gain of the amplifier when a load resistance of 5 kQ is
connected to the output. The emitter is effectively bypassed and 7, =6.58 Q. [4 marks]

Solution

a. The X of the bypass capacitor, C,, should be at least ten times less than Rg.

R 5600
X =10= 10
Select a minimum value for the emitter bypass capacitor, C,, if the amplifier must operate
over a frequency range from 200 Hz to 10 kHz. The minimum capacitance value at the at cut

off frequency of 20 Hz (1/10 of the bandwidth of the amplifier) as follows:

1 1
- 2mfXe, 2m(20 Hz)(56 Q)

C, = 142 uF

This is the minimum value for the bypass capacitor for this circuit. You can always use a

larger value, although cost and physical size may impose limitations.

b. For this amplifier 7, = 6.58 Q. Without C,, the gain is:
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R, 1kQ

A, = = =1.76
V' rJ+R; 6.580+5600

With C,, the gain is:

As you can see, the bypass capacitor makes quite a difference.

When a load resistance of 5 kQ2 is connected to the output of the amplifier and the emitter is
effectively bypassed and 7, = 6.58 Q. The AC collector resistance is:

ReR,  (LkQ)(5kQ)

R-=R-IR, = = =8330
c =Rl Ry Rc+R,  1KkQ+5kQ
Therefore
p _RC_833Q_127
Vol 6580

The unloaded gain was found to be 152 in part (b).

6. Stability is a measure of how well an amplifier maintains its design values over changes in

temperature or for a transistor with a different £.

a.

Although bypassing R does produce the maximum voltage gain, describe why this approach
might cause a stability problem to the amplifier. [6 marks]

Describe what is swamping to stabilize the voltage gain. [6 marks]

Determine the voltage gain of the swamped amplifier in the figure given below. Assume that
the bypass capacitor has a negligible reactance for the frequency at which the amplifier is
operated. Assume 7, =20 Q. [2 marks]

Vee
+10V
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Solution

a.

This is because the AC voltage gain is dependent on 7, since:

!

A
v )

Furthermore, 7, depends on Iz and hence on temperature. This causes the gain to be
unstable over changes in temperature because when increases, the gain decreases and vice
versa.

With no bypass capacitor, the gain is decreased because Ry is now in the AC circuit (4, =
Rc/(r; + Rg)).

However, with R unbypassed, the gain is much less dependent on 1. If R > 1, the gain is
essentially independent of because:

R¢

v T
Te'+REl

Swamping is a method used to minimize the effect of without reducing the voltage gain to
its minimum value.

This method “swamps” out the effect of on the voltage gain. Swamping is, in effect, a
compromise between having a bypass capacitor across Ry and having no bypass capacitor at
all.

In a swamped amplifier, R is partially bypassed so that a reasonable gain can be achieved,
and the effect of 1, on the gain is greatly reduced or eliminated.

The total external emitter resistance, Rg, is formed with two separate emitter resistors, Ry,
and Rg,, as indicated in the figure below.
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One of the resistors, Ry, is bypassed and the other is not. Both resistors (Rg; + R, ) affect
the DC bias while only R4 affects the AC voltage gain.
V1l 4+ Rpy

If Rg, is at least ten times larger than then the effect of 7, is minimized and the approximate
voltage gain for the swamped amplifier is:

c. The Rg, is bypassed by C,. The Rg; is more than ten times 1, (e.g. 7, = 20 Q), so the
approximate voltage gain is:

4= Re _3.3kﬂ_10
Y7 Ry 3300

7. For the amplifier given in the figure below, perform the following tasks.

a. Determine the DC collector voltage. [16 marks]
b. Determine the AC collector voltage. [20 marks]

c. Draw the total collector voltage waveform and the total output voltage waveform.
[10 marks]

10 mV
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Solution

a. Determine the DC bias values using the dc equivalent circuit as shown in figure below.

VCC
+10V

Apply Thevenin’s theorem and Kirchhoff’s voltage law to the base-emitter circuit in the
figure above.

For a more precise calculation of the biasing circuit, we implement the Thevenin equivalent
circuit of the biasing circuit at the input of the amplifier circuit.

The Thevenin resistance and voltage at the biasing circuit at the input of the amplifier circuit
are:

RiR, (47 kQ)(10kQ)

- = 8.25 k0
R, +R, 47kQ+10kQ

Rry =R, IR, =

And
v —( Rz )xv —( 10 ko )x10v—175v
TH=\R, + R,/ "¢ 7 \47kQ+ 10kQ o

The current at the emitter is determined from:

Viw — Ve 1.75V—0.7V

I = - = 1.06 mA
E = R+ Rra/Boc (470 Q + 470 Q) + (8.25 k/150) m

The current at the collector is:
Ic =1 =1.06 mA
Voltages at the transistor are found from the following:
Vg = Ig(Rg1 + Rgp) = (1.06 mA)(470 Q0+ 470Q) =1V
Vg=Vg—Vpp=1V—-0.7V=03V
Ve =Vee — IR =10V — (1.06 mA)(4.7 kQ) = 5.02V
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b. The AC analysis is based on the AC equivalent circuit given in the figure below.

o—¢ & B, =175

R, || R, §REl
V. 8.25 k) 470 )

10 nﬁ:"

The first thing to do in the AC analysis is calculate 7, :

, .25 25mV

=2 227 2360
e = T 1.06mA

Next, determine the attenuation in the base circuit. Looking from the 600 () source, the total

R, is:
Rin(tot) = Ry || Ry |l Ry (base)
Thus
R;n(base) = B, (rs + Rg1) = 175(23.6 Q + 470 Q) = 86.5 kQ
Therefore

Rin(tot) = 47 kQ || 10 kQ || 86.5 kO

1

= 1 = 7.53 kQ

77k0 T 10k T 965 kO

The attenuation from source to base is:

Attenuation < & = Rs Rin(tot) 600 Q+7.53k0 o8
O Y, ™ T Rty 753kQ
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Overall
«——voltage gain——»
V.V, |=<Voltage—
gain
base-to-
<« Attenuation ——| collector

'|. / 1«':.-, VelVy

T

R ’ ot
5 § R(_‘_

—t

Before A, can be determined, you must know the AC collector resistance R..

RcR, (4.7 kQ)(47 kQ)

R.=R-IlR, = = =4.27 kQ
c=RclR, Rc+ R,  47kQ+47kQ
Vee
+10V B = 150
Boe = 175
Vo
Ry
47 kf
G,
100 uF
The voltage gain from base to collector is:
e R. 427kQ 9.09
V" Ry 4700 7

The overall voltage gain is the reciprocal of the attenuation times the amplifier voltage gain.

A 1
A, = (Vs) A, = (m) (9.09) = 8.45

The source produces 10 mV (rms), so the root mean square voltage at the collector is:

V. = ALV, = (8.45)(10 mV) = 84.5 mV
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The total collector voltage is the signal voltage of 84.5 mV (rms) riding on a DC level of IV =
5.02 V, as shown in part (a) of the figure given below, where approximate peak values are
determined as follows:

Max V.(peak) = V. + 1.414V, = 5.02V + (1.414)(84.5 mV) = 5.14 V
Min V.(peak) = V, — 1.414 V, = 5.02 V — (1.414)(84.5 mV) = 4.90 V

The coupling capacitor, C3, keeps the DC level from getting to the output. So, V,,,; is equal to
the AC component of the collector voltage:

Vour (peak) = (84.5 mV)(1.414) =119 mV

As indicated in part (b) of the figure below, the source voltage, 1, is shown to emphasize the
phase inversion.

5.04V————

V. 5.02V

+119mV————

(b) Source and output ac voltages
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