VICTORIA UNIVERSITY OF XMUT204 Electronic Design

h 4
ool WELLINGTON Tutorial 6: BJT Frequency Response

TE HEREMGa Wikhh and Further Circuits (Solution)

NEW ZEALAND

A. Frequency Response of BJIT Amplifiers

1. Bode plot is very handy for helping you to design the frequency response characteristics of the
amplifier.

a. Draw a composite Bode plot of a BJT amplifier response for three low-frequency RC circuits
with different critical frequencies (e.g. fci(bypass) < feitinput) < fei(output))- [4 marks]

b. Draw a composite Bode plot of an amplifier response where all RC circuits have the same
critical frequencies (f;;)- [4 marks]

c. The midrange voltage gain of a certain amplifier is 100. The input RC circuit has a lower
critical frequency of 1 kHz. Determine the actual voltage gain at f; = 1 kHz, f, = 100 Hz, and

f3 =10 Hz. [6 marks]
As a reference for this question, an example of the BJT amplifier circuit is given in the following
figure.
Ve
R\
R,
Solution

a. The low-frequency AC equivalent circuit of the amplifier circuit consist of three high-pass RC
circuits e.g. input coupling capacitor with equivalent input resistance, output coupling
capacitor with equivalent output resistance, and emitter bypass capacitor with equivalent
resistance at the emitter.
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Composite Bode plot of a BJT amplifier response for three low-frequency RC circuits with
different critical frequencies. Total response is shown by the blue curve.
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b. Composite Bode plot of an amplifier response where all RC circuits have the same f,; (note:
blue is ideal; red is actual).
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c. When f; = 1 kHz, the voltage gain is 3 dB less than at midrange. At -3 dB, the voltage gain is

reduced by a factor of 0.707.

A, = (0.707)(100) = 70.7

When f, =100 Hz = 0.1f,, the voltage gain is 20 dB less than at f.. The voltage gain at -20 dB

is one-tenth of that at the midrange frequencies.
A, =(0.01)(100) =1

When f; = 10 Hz = 0.01f,, the voltage gain is 20 dB less than at f = 0.1f,. or -40 dB. The
voltage gain at -40 dB is one-tenth of that at -20 dB or one-hundredth that at the midrange
frequencies.

For the circuit in the figure given below, assuming 7, = 9.6 Q and 8 = 200, notice that a
swamping resistor, Ry, is used.

Vee
+15V

oui

T
st g
0.1 uF 5.6k

V.
50 mVpp @
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a. Calculate the lower critical frequency due to the input RC circuit. [4 marks]
b. Calculate the lower critical frequency due to the output RC circuit. [4 marks]
c. Calculate the lower critical frequency due to the bypass RC circuit. [4 marks]

d. Determine the mid-band gain in decibels and draw the Bode plot, showing each of the lower
critical frequencies. [8 marks]

Solution
a. The equivalent resistance in the input RC circuit is:
Rin =Ry IR, | B(r, + Rgy) = 68KkQ || 22kQ || 200(9.6 Q + 33 Q) = 5.63 kQ
The lower critical frequency due to the input coupling capacitor is:

1 1

Jatnpun = 5 e = 25 63 k) (0.1 1) z

G
\l Transi’;a;tor base
/

V,
base ) )
§R¢'n = RI I Rl I R."th.m‘r

b. The equivalent resistance in the output RC circuit is:
Rc+ R, =3.9kQ + 5.6 kQ =9.5kQ

The lower critical frequency due to the output coupling capacitor is:

1 1
Jertoutput) = 2n(Re + R))C;  2m(9.5 kQ)(0.33 uF)

= 50.8 Hz

G = B, Re g Ry
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c. The equivalent input resistance in the bypass emitter circuit is:

th
Rin(emitter) = T'e, + Rg1 +——

ﬂac
(68kQ + 22 kQ + 600 Q)
=9604+330+ = 4550
200
+Vee

Thevenize from here, looking back
toward the input source, V;,

The lower critical frequency due to emitter bypass capacitor is:

1
feuwypass) = 21(R;, (emitter) || Rg,)C,
1
" 2n@55 01 L5 k)10 ) o0
+Vee
0
e Rinemitier) = o+ g”’

d. The mid-band gain of the frequency response of the amplifier circuit is:

_Rc IR, (39K Il (5.6kQ)
VUrl4+Rg 9604330

In decibels,

A, = 20log(54) = 34.3dB
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The critical frequency for the input circuit was found in part (a) and is 282 Hz. The critical
frequency for the output circuit was found in part (b) and is 50.8 Hz. The critical frequency
for the emitter bypass circuit was found in part (c) and is 36.0 Hz.

A, (dB)
Iy
M3+ - e
|
[
| 20 dB/decade
|
[
[
- I— 40 dB/decade
(. |
1 : |
| [
I : [
: 1 : 60 dB/decade
! |
[ [
| |
1 : I
0 b | f(Hz)

36.0 50.8 282
fL'I[b_\'pu_\'x] fn'![umpur] j:.‘Hr'erur]

The overall response is shown in the Bode plot of the figure given above. The lower critical
frequency of the input circuit has the highest value and is therefore the overall or dominant
critical frequency because the response first begins to roll off at this frequency.

For the following BJT amplifier, the transistor’s datasheet provides the following: 8, = 125, Cp,
=20 pF, and Cp. = 2.4 pF.

a. Derive the equivalent high-frequency input RC circuit for the BJT. Use this to determine the
upper critical frequency due to the input circuit. [20 marks]

b. Determine the upper critical frequency of the amplifier due to its output RC circuit.
[8 marks]
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Solution

a. The high frequency end of the frequency response of the amplifier is dominated by the cut-
off frequencies due to parasitic capacitances in the BJT.

R {_C“_"

be

RIR, ==cC,,

[

Figure below shows the high-frequency equivalent circuit after applying Miller’s theorem.

. ©

Vin Ry I Ry == Cinpsittery == Che

-
—— Courmitter) ? R.=Rc IR,

The high-frequency end of the frequency response of the amplifier circuit due to the
parasitic capacitances at the input and output of the BJT is as shown in the figure below.

A, (dB)
A

A

vimid)

—20 dB decade

I
|
|
|
I
|
|
|
I —40 dB decade
|
|
|
I

f culinput) f cul(output)

First, find re' as follows:
14 (—RZ )V (—4'7 ko ) 10V =176V
— = X = 1.
B7\Ry + R,/ ¢ 22kQ+4.7kQ
Ve =V =V =176 V=07V =106V

L Ve _106V_
ETR, a70q “°M
25mV_ 25 mV

Iz  226mA

Te

IR

=1110
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The total resistance of the input circuit is:
Rinttot) = Rs I Ry 1 Ry Il Bacre = 600 Q11 22Kk | 4.7kQ || 125(11.1 Q) = 378 Q
Next, to determine the capacitance, you must calculate the midrange gain of the amplifier,
so that you can apply Miller’s theorem.
R, R-IIR, 1.1kQ
Ay(mia) = 7 = =
T 11.1Q

e re

=99 ~ 40 dB

Apply Miller’s theorem to determine input internal capacitance of the transistor.
Cinmiller) = Chec(Ap(miay +1) = (2.4 pF)(99 + 1) = 240 pF
The total input capacitance is Cin(miler) in parallel with Cp,.
Cin(toty = Cin(miller) + Cpe = 240 pF + 20 pF = 260 pF

The resulting high-frequency input RC circuit is shown in the figure below. The upper critical
frequency is:

1 1
A - — 1.62 MH
Jeutnpun = 575~ (toD) Cinony  27(378 0)(260 pF) z
RIR, IR, 1l B,r’ =378 Q
W\' Base
Vin — CJ'J:J + C.'.lri."!r.".’:-r:l =260 pF

b. Calculate the Miller output internal capacitance of the transistor:

Ay, +1 99 +1
Cout(Miller) = Cbc( A ) = (2.4 pF)( 99 ) = 2.4 pF
v

The equivalent resistance is:
Re=R¢ IR, =22KkQ | 22kQ =1.1kQ

The equivalent output RC circuit is shown in the figure below. Determine the upper critical
frequency as follows (Coyemiller) = Cpc)-

1 1
feu(outpur) = 2mR.Cye  2m(1.1kQ)(2.4 pF)

= 60.3 MHz
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The upper end of the frequency response of the amplifier is as shown in the figure below.

A, (dB)
A

40 dB

—20 dB decade

40 L| B d\_'L'lLkiU

1.62 MHz 60.3 MHz

f;-u( input) ft'u{ output)

B. BJT Circuit Configurations

1. For the common collector (emitter-follower) in the figure given below, assume 4. = 175 and
that the capacitive reactance is negligible at the frequency of operation.

a. Determine the total input resistance of the circuit. [6 marks]

b. Also, find the voltage gain, current gain, and power gain in terms of power delivered to the
load, R; . [24 marks]
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Solution
a. The AC emitter resistance external to the transistor is:
R, =R IR, =470Q11470Q =235Q
The approximate resistance, looking in at the base, is:
Rinase) = BacRe = (175)(235 Q) = 41.1kQ
The total input resistance of the amplifier is:

Rinctoty = R1 Il Ry Il Ringbase) = 18 kQ | 51k || 41.1 kQ = 10.1 kO

b. For a common collector, the voltage gain is:
A, =1
By using the AC emitter resistance, 7, you can determine a more precise value of A, if

necessary

R, 51kQ
Vg = (—)VCC_VBE = <—)>< 10V—-0.7V=6.69V

Ry + R, 18 kQ + 51 kQ
Therefore
Vg 6.69V
E:E= 2700 - 14.2 mA
And
25  25mV
T, = E =Ta7mA 1.76 Q
So
R, 2350

= 0.992

A = =
VT ¥ 4R, 237Q

The small difference in A,, because of considering 7, is insignificant in most cases.
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The current gain of common collector circuit is calculated from:

The calculations of the current gain of the amplifier are as follows. The emitter current is
calculated from:

Ve AV, (0992)3V)

1 =
°"R, R, 235 kQ

=12.7mA

Since V, = A, V,, for a common collector, the emitter current is:

AV, (0.992)(3V)

I, R, 235K0 = 12.7 mA
The input current is:
I = Vin 3V =297 A
Rintory 10.1kQ
As a result, the current gain of the amplifier is:
A :I_e_ 12.7 mA 428

T, T 297 A
The power gain of the amplifier is:
Ap = A; =428
Since R, = R, one-half of the power is dissipated in R and one-half in R;.

Therefore, in terms of power to the load, the power gain is:

A, 42.8
Ap(load) = 7 = T = 214

Find the input resistance, voltage gain, current gain, and power gain for the common-base
amplifier as shown in the figure below. Consider that ¢ = 250. [18 marks]

VCC
+10V

Jﬁll
56 k)
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Solution

First, find I so that you can determine 7. Then, the input resistance of the amplifier is:
Rin = re’

The Thevenin resistance at the input of the amplifier is:

RiR, _ (56kQ)(12k0)

™ ™R, +R, 56kQ+12kQ
The Thevenin voltage at the input of the amplifier is:
V. —( Re )V —( 12 k0 )1OV—176V
™= \R, +R,) ¢~ \56kQ + 12kQ o

The current at the emitter is:

I = Vrn — Veg _ 1.76 V—-0.7V
" Re+ (Rrn/B,.)  1kQ+ (9.88k0/250)

= 1.02mA

Therefore, the input resistance of the amplifier is:

_25mV_ 25 mV

R. =7/ = = =2450Q
m=Te =T T T 102 mA

Calculate the voltage gain as follows
Re=Rc IR, =22KkQ | 10 kQ = 1.8 kQ

Thus, the voltage gain of the amplifier is:

A, = & = ﬂ =73.5
Voor) 2450
The current gain of the amplifier is:
A=1
The power gain of the amplifier is:
Ap=4,=763

C. Multistage BJT Amplifiers

1. Inthe figure below for the common-emitter amplifier, Vo =12V, R =1kQand r, =5 Q. For the
Darlington emitter-follower, R; =10kQ, R, =22 kQ, R =22 Q, R; =8 Q, Ve =12V, and By =
Bac =100 for each transistor. Neglect R mase) Of the Darlington.
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=0

Partial diagram of common-  Darlington emitter-follower
emitter amplifier

a. Determine the voltage gain of the common-emitter amplifier. [18 marks]

b. Determine the voltage gain of the Darlington emitter-follower. [2 marks]

c. Determine the overall voltage gain and compare to the gain of the common-emitter
amplifier driving the speaker directly without the Darlington emitter-follower.  [2 marks]

Solution

a. To determine A, for the common-emitter amplifier, first find r, for the Darlington emitter-

follower

R, 22 kQ
Vg = (—)VCC = (—) X 12V =825V

Ry + R, 10kQ + 22 kQ
Vp Vg—2Vgy 825V—14V
E= R, Ry 220 m
,_25mV_ ZSmV_80 q
T T T31imAa O™

Note that R must dissipate a power of:

Pp, = I2Rg = (311 mA)2(22 Q) = 2.13 W

and transistor Q, must dissipate

Py, = Vee — Ve)lg = (5.4 V)(3.11 mA) = 1.68 W

Next, the AC emitter resistance of the Darlington emitter-follower is:

R.=Rp IR, =22Q18Q=587Q

The total input resistance of the Darlington emitter-follower is:

Rin(tot) =Ry IR ﬁgc(re, +R.)

=10kQ [ 22 kQ || (100)2(80 mQ + 5.87 Q) = 6.16 kQ
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The effective AC collector resistance of the common-emitter amplifier is:
Rc = Rc Il Rin(tor) = 1 kQ 11 6.16 kQ = 860 O

The voltage gain of the common-emitter amplifier is:

R 8600Q
Av(CE) = T‘_e’ = W = 172

b. The effective AC emitter resistance was found in part (a) to be 80 mQ. The voltage gain for
the Darlington emitter-follower is:

R, 5.87 Q

Ay = = =0.99
vER) T 4R, 80mQ+5.87Q

c. The overall voltage gain is:
Ay = AyEr)Ayce) = (0.99)(172) = 170

If the common-emitter amplifier drives the speaker directly, the gain is 1.59 as we previously
calculated.

Figure below shows a direct-coupled (that is, with no coupling capacitors between stages) two-
stage amplifier. The DC bias of the first stage sets the DC bias of the second. Determine:

a. All DCvoltages for the first stage. [8 marks]
b. All DC voltages for the second stage. [8 marks]
c. The ACvoltage gain of the first stage. [4 marks]
d. The AC voltage gain of the second stage. [6 marks]
e. The overall AC voltage gain. [2 marks]

R,
100 k2
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Solution

a. First, we work out the first stage of the amplifier and determine the voltage at the base from
the following equation:

vV —( Rz )V —( 22 kil >><12V—216V
BL™\R, + R,/ ¢ 7 \100kQ + 22 kQ -

Then, the voltage at the emitter of the first stage is:
The current that flows in the collector can be approximated from the following:

I =1 =@=ﬂ=0311mA
=B ™ R, T 47kQ

As a result, the voltage at the collector of the first stage is:

Ver = Vee — Ie1Rs = 12V — (0.311 mA)(22kQ) = 5.16 V

b. Then, we work out the second stage of the amplifier. Since it is a direct-coupled amplifier, as
a result the voltage at the base of the second stage is equal to the voltage at the collector of
the first stage.

VBZ = VCl = 516V
The voltage at the emitter of the second stage is found from:
VEZ = VBZ - VBE = 516 V - 07 V = 446V

As a result, the current that flows in the collector at the second stage we can approximate it
from:

Vi, 446V

Ipy = Igy = 22 = 2~ = 0.446 mA
c2 = lp2 = p= = Jg3q = 0446m

Then, the voltage at the collector of the second stage is:
Vez = Vee = Ie2Rs
=12V — (0446 mA)(10kQ) = 7.54V

c. With C; in parallel with R5 at the output of the first stage, the approximate AC equivalent
resistance of the first stage of the amplifier is found from:

Ve 25mV

Lo = _-8040Q
I;; 0.311mA

I~
Te1 =

The voltage gain of the first stage of the amplifier is:

(B3 Il Rin(pasery) _ 22KQI7kQ

v T ~ 80.4kQ

d. With C, in parallel with Rg at the output of the second stage, the approximate AC equivalent
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resistance of the second stage of the amplifier is obtained from:

Vi 25mV
Iz, 0.446 mA

~

Too 56 Q

The resistance looking at the input of the second stage of the amplifi
Rin(basez) = Bacrez = (125)(56 Q) = 7kQ

The voltage gain of the second stage of the amplifier is:

4 ks _10Kk0
V2T, T 56k

Finally, the overall voltage gain of the amplifier is:

A, = Ay Ay, = (66)(179) = 11,814

following questions.

a.

b.

Describe the loading effect of the second stage of the amplifier.
Determine the voltage gain of the first stage.

Determine the voltage gain of the second stage.

Determine the overall voltage gain of the amplifier.

Determine the DC Voltages in the amplifier.

Vee
+10V

l

Ist stage

2nd stage

RS R?
47k < 47kQ

eris:

For the following capacitively-coupled multistage NPN BJT transistor amplifier, answer the

[5 marks]
[6 marks]
[2 marks]
[6 marks]

[10 marks]

Boe = Bae = 150 for Q) and O,

Solution

a.

Notice that the biasing DC voltage at the base of the second stage is:
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v —( Rs )V —( 10 k6 )10v—175v
B2 7 \Rs + Rs/ ¢ \47kQ +10kQ -

2nd stage

The emitter current in the Q, is:

Ves —Vgea 175V =107V

Ipy = = 1.05 mA
E2 Re 1k m

Thus

_Vr 25mV
T2 =1 = 105mA

!

= 2380

The equivalent input resistance at the base of the second stage is:
Rinwasez) = BacTez = (150)(23.8 Q) = 3.57 kQ

In determining the voltage gain of the first stage, you must consider the loading effect of the
second stage.

Because the coupling capacitor C; effectively appears as a short at the signal frequency, the
total input resistance of the second stage presents an AC load to the first stage.

Looking from the collector of Q4, the two biasing resistors in the second stage, R5 and R,
appear in parallel with the input resistance at the base of Q,.

In other words, the signal at the collector of Q; “sees” R3, Rs, Rg, and Ry (pase2) Of the
second stage all in parallel to AC ground.

Thus, the effective AC collector resistance of Q is the total of all these resistances in
parallel, as the figure given below illustrates.
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Input resistance of second stage
® B *

RB RS Rﬁ g Rﬁn(bﬂw 2)
g 4.7 k() <= 47 k) 10 k() 3.57 k()

The voltage gain of the first stage is reduced by the loading of the second stage because the
effective AC collector resistance of the first stage is less than the actual value of its collector
resistor, Rs.

Remember that without loading of the second stage:

R R
sz_cz_?’

1 1
Te  Ter

Thus, with loading of second stage:

;o R3 Il R5 [ Re [ Rin(basez)
A, = 7
e2

The AC collector resistance of the first stage is:
Rey =Rzl Rs |l Re |l Rin(basez)
Remember that lowercase italic subscripts denote AC quantities such as for R,..

Input resistance of second stage
& O L 4 4

R; Rs Ry § Rin(base 2)
g 47k s 47 k() 10 k) 3.57 k0

From part (a), we can verify that Iz, = 1.05 mA, 7,,, = 23.8 Q, and Rin(basez) = 3.57 kQ. The
effective AC collector resistance of the first stage is as follows:

Ry =47kQ 1 47kQ 1| 10kQ || 3.57 kQ = 1.63 kQ

The biasing DC voltage at the base of the first stage is:

v —( Rz )V —( 10 ki )10v—175v
BL7AR, + R,/ ¢ 7 \47KkQ+ 10kQ o

The emitter current in the Q; is:
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Vpr —Vper 175V =107V

Ip; = - = 1.05 mA
E1 R, 1kQ m

Thus

. Vp 25mV

== 227 2380
Te1 = T 105 mA

Therefore, the base-to-collector voltage gain of the first stage is

4 _Ra_163k0
VT T 23800

The second stage has no load resistor, so the AC collector resistance is R, and the gain is:

_ R, _47kQ

A
V2T, 23.8Q

Compare this to the gain of the first stage and notice how much the loading from the second
stage reduced the gain.

The overall amplifier gain with no load on the output is:
A, = A, 1A, = (68.5)(197) = 13,495

If an input signal of 100 pV, for example, is applied to the first stage and if there is no
attenuation in the input base circuit due to the source resistance, an output from the second
stage of:

Vour = VinAy, = (100 uV)(13,495) =21.35V
The overall voltage gain can be expressed in dB as follows:

A,(dB) = 2010g(13,495) = 82.6 dB

Since both stages in the cascaded amplifier are identical, the DC voltages for Q; and Q, are
the same. Since SpcR4 > R, and SpcRgRg, the DC base voltage for Q4 and Q, is:

v ( R, )V ( 10k ) 10V =175V
=|— =|—| X = 1.
BL™\Ry + R,/ ¢ \47kQ + 10kQ
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VCC

1st stage +1%V

éRl R}
T 4K T 47K0

The DC emitter and collector voltages are as follows:
VEI = VBI - VBEl = 175 — 07 = 105 V

Vg 105V
Iy =g = T 1.05 mA
4

4. Determine the voltage gain and the power gain of the Class A power amplifier in the figure
below. Assume f3,. = 200 for all transistors. [16 marks]
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R]
56 k()
Cl
\| :
l t
1.0 uF
Ry
10 kQ

Cy 5.6 k0
[|
[
0.22 uF
25
< 22k
_ c,
560 () ‘ 100 uF
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Solution

Notice that the first stage (Q;) is a voltage-divider biased common-emitter with a swamping
resistor (Rg1). The second stage (Q, and Q3) is a Darlington voltage follower configuration. The
speaker is the load.

First stage:

The AC collector resistance of the first stage is R in parallel with the input resistance to the
second stage.

Rei = Re ll (Rs Il Ry) = 4.7kQ 1| 5.6 kQ || 22 kQ = 2.29 kQ

* ¢
§ R, R,
56 k() c, 5.6 k()
¢ —— I\_) 0:
1 . =
| 0.22 uF
Ji
1.0 uF —

V.
¥ R
50 mV pp @ 2
1.0 kHz 10 k2

The voltage gain of the first stage is the AC collector resistance, R4, divided by the AC emitter
resistance, which is the sum of Rg; + 7,;. The approximate value of r,; is determined by first
finding I.

14 ~( Rz )V —( 10 kO )leV—182V
B1=\R, + R,/ ¢ ~ \56kQ + 10kQ o

Vo1 —Vgpr  1.82V—07V

EL = Re + Ry, 5600+ 680 m
, _VT_25mv_14Q
Ter = T 178mA

Using the value of 7, determine the voltage gain of the first stage with the loading of the second

stage considered:
A R4 B ( 2.29 kQ ) _ 979
L \Rg+1,) \e8a+140/ 77

Notice that the negative sign is for inversion.
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The total input resistance of the first stage is equal to the bias resistors in parallel with the AC
input resistance at the base of Q;.

Rintotyr = R1 Il Ry Il Bac1(Rp1 +141) = 56 kQ I 10 kQ | 200(68 Q + 14 Q) = 8.4 kQ

Second stage:
The voltage gain of the Darlington emitter-follower is approximately equal to 1.

Ay =1

Vee
+12V

Yo

Cy
B 00UF Speaker
E3
2w 8 Q)

Overall amplifier:

The overall voltage gain is the product of the first and second stage voltage gains. Since the
second stage has a gain of approximately 1, the overall gain is approximately equal to the gain of
the first stage

Aptor)y = Avidvz = (=279)(1) = -279
Power gain: The power gain of the amplifier can be calculated using the equation given below:

R; 8.4 k)
_ a2 in(to)1\| 2 _
Ap = Aoy (R—L) = (—27.9) (W) = 817,330

D. Other BJT Circuits

1. Calculate the current I through each of the transistor Q, and Q5 in the current mirror circuit
given below. Assume the Vg of the BJTis 0.7 V. [10 marks]
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+6V

l I

1.3k 1“01)"0]@_@) 0

0, -

|
e

Solution

Since the three NPN transistors are identical, thus Vggq = Vggy = Vpgs. Then Igy = I, = Ip3.
Substituting

Icontrol ICZ IC3

Ipy = —F— Igy = — B3 =
B B> B3
Knowing that 8; = 8, = 3, we have:
Icontrol _ IC_Z _ IC_3
[} B2 Bs
So, for a current mirror circuit, I must equal I.on¢ror:
I' = Icontrol
And

Vee —Vge 6V —0.7V

Leontrot = R = T13KQ = 4.08 mA

Calculate the constant current I in the constant-current source circuit as shown in the figure
below. Assume the Vg of the BITis 0.7 V. [7.5 marks]

5.1kQ

Solution

Assume for the given transistor that I = I due to large gain of the capacitor and Vg =0.7 V.
Considering the circuit given above, the voltage at the base is:
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V—( ! )( % )—( 5.1 KO )( 20V) =10V
B \R, + R, EEZ 7 \5.1kQ + 5.1 kQ B

The voltage at the emitter is:
Ve=Vg =V =—10V—-0.7V=-10.7V

The current [ is:

Ve— (=V +Vgg)  —10.7V—(-20V)

= 4.65 mA
Ry 2 kO m

I=IE=

Differential amplifier is an amplifier that produces outputs that are a function of the difference
between two input voltages. The differential amplifier has two basic modes of operation:
differential (in which the two inputs are different) and common mode (in which the two inputs
are the same).

a. ldentify the type of input and output configuration for each basic differential amplifier
given below. [2 marks]

Differential amplifier (i) Differential amplifier (ii)

+V +V

-V _V

Differential amplifier (iii) Differential amplifier (iv)
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b. Identify the quantity measured by each meter in the differential amplifier given in the
figure below. [2.5 marks]

+Ver

Solution

a. For the given differential amplifiers:
(i) Single-ended differential input; differential output.
(ii) Single-ended differential input; single-ended output.
(iii) Double-ended differential input; single-ended output.

(iv) Double-ended differential input; differential output.

b. For the given differential amplifier:
V; = differential output voltage.
V5 = noninverting input voltage.
V5 = single-ended output voltage.
V, = differential input voltage.

I; = bias current.

4. For the differential amplifier circuit given below, Vo =+15V, R =5kQ, Vg =1mV, R =7.5
kQ, and VEE =-15V.

a. What are the tail currents (/) and collector voltage (V)? [6 marks]

b. What is the AC output voltage? If § = 300, what is the input impedance of the difference
amplifier. [8 marks]
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Solution

a.

Assume identical components are used for the collector resistors and BJTs. Also assume that
I = I due to the large gain of the capacitor and Vg =0.7 V.

For the given differential amplifier circuit, analysing the circuit at Q,, the tail current is:

Veg —Vpe _ —15V—0.7V

T Ry 7.5k o
Each emitter current is half of the tail current which is:
. Iy _ 2 mA i mA
ET2 T2 T

Each collector has a quiescent voltage of approximately:

From part (a), the emitter current (Ig) is 1 mA. Thus, we calculate the AC emitter resistance
of the differential amplifier:

,_25mV_25mV

= = =250
e =T T 1imaA
The voltage gain is:
. Rc  5kQ 200
vl 250

The AC output voltage is:
Vour = AyVp1 = 200(1 mV) = 200 mV

Considering the differential inputs of the differential amplifier, the input impedance of the
differential amplifier is:

Zinbase) = 2874 = 2(300)(25 Q) = 15 kQ
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The DC base voltages in the differential amplifier in the figure below are zero. Using your
knowledge of transistor analysis, determine the DC differential output voltage as a function of
emitter current. Assume that Q; has an ¢ =0.980 and @, has an a = 0.975. [18 marks]

+I5V
@,

Solution

Voltage at the emitter of differential amplifier is found from the following equation by applying
KVL in the circuit at the emitter:

VE = VBE == _O7V
As a result, the current that flows in the emitter is equal to:

Veg —Vge  —15— (=0.7)

= 6.5mA
Ry 2.2k0) m

IE:

The current at the emitter is found from the following equation:
Iy = Igq + Ig; = 6.5 MA
So, rearranging the equation above:
Igy = 6.5 mA — I

Voltage at the collector of transistor Q; is found from applying KVL in the circuit at the left-hand
side:

Ve1 =Vee = IeaRe

Voltage at the collector of transistor Q- is found from applying KVL in the circuit at the right-
hand side:

Vea = Vee = Ic2Re
The output voltage of the differential amplifier is given as:

Vour =Ve1 = Ve = (Vcc - Ic1Rc) - (Vcc - Icch) = (Icz - 1c1)Rc

Knowing that: I-; = apcilgr and I-» = apealg,, the voltages at the collectors of the differential
amplifier becomes:

Vout = (@pc2lpz — apcile1)Re
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Knowing that Iz, = 6.5 mA — Iz4, the equation above becomes after applying all values:

Vour = [0.975 x (6.5 mA — I;) — 0.980 X Iz;] X 3.3kQ = 20.9 kQ — 6.451,
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