National Aviation University

Department of Electronics, Robotics, Monitoring and IoT
Technologies

Course: "Fundamentals of Analog Electronics”

Experiment 6

“Differential Amplifier”

Prepared by prof. V. Ulansky

Kyiv 2020



OBJECTIVES

1. To study the characteristics of differential amplifiers.
2. To measure the common-mode-rejection-ratio of the differential amplifier.
3. To simulate the differential amplifier using MULTISIM software.

EQUIPMENT

1. Digital multimeter: Agilent 34401A
2. Solderless breadboard: BB830T

3. Oscilloscope: Agilent 54622D

4. Sinusoidal generator: 1 x 10 kHz

5. Power Supplies: 2 X 15V

6. Transistors: 2 x 2N3904

7. Resistors: 2 x 4.7 kQ, 1 x 22 kQ

Agilent oscilloscope-XSC1
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Theory

The input stage of most operational amplifiers is a differential amplifier, shown in its
simplest form in Fig. 1.

Fig. 1 Differential BJT amplifier

The function of a differential amplifier is to amplify the difference between two signals. It
operates from dc to several hundred MHz. The differential amplifier consists of two emitter-
coupled common-emitter amplifiers with two inputs, vi; and vi;, and three outputs, Vo1, Voo,
and Vqg. The third output is the difference between vyiand vop.

Ideally Ree should be infinite. In this case input resistance will also be infinite and the
circuit will operate as an ideal differential amplifier. The characteristics of the ideal
differential amplifier are as follows:

1) for identical inputs the outputs are zero;

2) for different inputs the output is proportional to the difference between the inputs.

Because Q; and Q, must have dc bias, the size of Ree is limited. If Ree is increased, the
negative supply voltage, —Veg, must also be increased in order to maintain the same dc bias
current for two transistors.

The differential amplifier is intended to respond only to the difference between the two
Input ac voltages, vii and vi,. However, in a practical differential amplifier the output depends
to some degree on the sum of these inputs. For example, if both inputs are equal, the output
voltage should be zero but in a practical amplifier it is not. When the circuit responds to the
difference, we say it is in the differential mode. If the two inputs are equal, the circuit is in its
common mode.



Any two input voltages can be expressed through a common and a differential part. We
define two new input voltages as follows:

Vie =Vii —Viz

The voltage vic, the common-mode input voltage, is the average of the two input voltages.
The original input voltages can be expressed in terms of these two new quantities as
follows:

Vg + 2V,
v, =2 e (1)

V.. = 2Vic _Vid
i2 = 2

Assuming vi; = —Vi;, we obtain the differential mode with

ic

Vie =0, vilz\%, and viZ:—\%

A hybrid-z model shown in Fig. 2, with r,,., r,.and r,neglected, is used to construct the
small-signal model with a differential input voltage.
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Fig. 2. Simplified hybrid-z model of a BJT
The differential mode small-signal equivalent circuit is shown in Fig. 3.
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Fig. 3. Differential mode small-signal equivalent circuit

Because Ici = e, then

_ — _ Iy _ | e
It = Gne hib_VT _ZVT

Note that when the current ic; is increasing the current ic, is decreasing at the same rate
and amplitude. This is true because the input to Q- is equal to that of Q; but 180° out of
phase. Thus the voltage change across Ree is zero and it can be replaced by a short circuit in
the ac equivalent circuit. The voltages vo; and vy, will be of equal amplitude and opposite
phase.

The differential gain is

T T L @

The output voltage is given by



Vor = _ngbech (3)

and the input voltage is
% =Vpe OF Vig =2V (4)

Substituting (3) and (4) into (2), gives

Aj — _gmvbelRC _ ngC

2V, 2

Since g, =hi, then

ib

__Re
A= "o,
The differential mode gain Ay is a single-ended output because it is taken between one
collector to ground. If the output is taken between v,; and vo;, the differential
mode gain is called a double-ended output and is
A\’j — VLd _ Vo1 = Voo — Vor _(_ Vol) 2Vol _ RC

Vid Vid Vid Vid hib

A common mode equivalent circuit is shown in Fig. 4. The voltage at each collector will
be in phase in contrast to the out-of-phase collector voltage relationship for a differential
input voltage. Each collector voltage will be called the common mode output voltage, Voc.

If we divide the resistor Ree into two parallel resistors that each has double the original
resistance, we can find the output by analyzing only half the circuit as shown in Fig. 5.



2 | % Rpp

|||—’\

Fig. 4. Small-signal model with a common-mode input signal
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Fig. 5. Decomposition of Ree for the common-mode small-signal model



Since the transistors are identical and the common-mode input voltages are equal and in
phase, the voltages across the 2Rge resistors are the same. Thus, the current iy, is zero, and we
need only to look at one side of the circuit, which is separately shown in Fig. 3.
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Fig. 6. Half-circuit model
The common-mode gain is defined as

VOC
A = v (5)

The output voltage, Vo, is determined as follows
h + gmvbe = O
C

and finally

Voo =0 meeRC (6)
For the input loop we have
Vic :Vbe +Ve :Vbe +2REE gmvbe :Vbe(l+zngEE) (7)

Substituting vec and vic from Eq. (6) and Eq. (7) into Eqg. (5), gives

___ GnRe 8
A 1+29,Ree ( )

Assuming 2gmRee >> 1, Eq. (8) reduces to



RC
2R

Ac=- )

For example, if Rc = 4.7 kQ and Rge = 22 kQ, then

4.7
2x22

=-0.107

AC:_

It is desirable for the differential mode gain to be much larger than the common mode
gain so that the amplifier will react only to the difference between the input voltages. The
common-mode rejection ratio (CMRR) is defined as the ratio of Aq to Ac

CMRR = % e F;Cg/r(ﬂlicz/stEE) =05+, R ~ g, Rec (10)
orindB
(CMRR),, = 20log % =20log(g,,Re: ) (11)
Since gm = 1/hjp, then
CMRR = % = % (12)
ib T

Example 1. Compute the CMRR for the amplifier if 1gg=0.65mA, Reg=22kQ and V7 =
26mV.

Solution.

3
CMRR = l e Ree :0.65><22><10 _ 75
2V; 2x26

or

(CMRR),; = 20log 275 = 48.9dB

The CMRR can be improved by increasing Iee or Ree. However, this design alternative
might not be acceptable because Ree might be too large for monolithic IC fabrication, or the
power supply voltage, Veg, might become too large.



PROCEDURE

=

Construct the BJT differential amplifier circuit (see Fig. 7) operating in differential mode.

Turn on +15 V and -15 V power suppies.

Adjust the FREQUENCY control of signal generator so the input is 10 kHz sinusoidal waveform

with 20 mV peak amplitude (14.2 mV rms).

Measure the voltage amplitude of the output voltage Vod. Record the voltage measurement.

Measure the voltage amplitude going from the generator into the amplifier Vid. Record the voltage

measurement.

Use the formula Ad = Vod/Vig to calculate the voltage gain. Record the voltage gain calculation.

Construct the BJT differential amplifier circuit (see Fig. 8) operating in common mode.

Adjust the FREQUENCY control of signal generator so the common input is 10 kHz sinusoidal

waveform with 20 mV peak amplitude (14.2 mV rms).

9. Measure the common output voltage amplitude Voc. Record the voltage measurement.

10. Use the formula Ac = Voc/Vic to calculate the common mode gain. Record the common mode gain
calculation.

11. Calculate the common mode rejection ratio by formula. Go to step 12 on page 11.
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Fig. 7. Experimental BJT differential amplifier circuit diagram operating in differential mode.
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Fig. 8. Experimental BJT differential amplifier circuit diagram operating in common mode.

12. Construct the BJT differential amplifier circuit (see Fig. 9) with a simple current mirror operating in
differential mode.

13. Measure the voltage amplitude of the output voltage Vod. Record the voltage measurement.

14. Use the formula Aq = Vod/Vid to calculate the voltage gain. Record the voltage gain calculation.

15. Construct the BJT differential amplifier circuit (see Fig. 10) with a simple current mirror operating in
common mode.

16. .Measure the voltage amplitude of the output voltage V.. Record the voltage measurement.

17. Use the formula Ac = Voc/Vic to calculate the common mode gain. Record the common mode gain

calculation.

18. Calculate the common mode rejection ratio by formula.

A
CMRR) . =20l .
( )dB Og A:

19. Make conclusions on the values of CMRR calculated for circuits 7, 8 and 9, 10.
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Fig. 9. Experimental BJT differential amplifier with a simple current mirror circuit diagram operating in
differential mode.
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Fig. 10. Experimental BJT differential amplifier with a simple current mirror circuit diagram operating in
common mode.
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