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Question 1  [15 marks]

The differential amplifier in Figure 1 is biased by a two-transistor BJT current source
(consists of Ry, @3 and @4). The transistor parameters are: £ = 100 and Vgg(on) = 0.7 V. The
Early voltage for transistors Qs and Qy is Vi3 = Vs = 100 V; while the Early voltage for
transistors @, and Q, is V4 = V4, = . The differential amplifier differential-mode gain is 40

and the common-mode voltage gain is —0.005. State your assumptions when you answer the

following questions:

() Determine vg and vgc for common-mode input voltage vy = v, = v, = 2.5 V.
[5 marks]
(b) Determine the output voltage of the differential amplifier if for the inputs v, =210 sin ot

4V and v, =90 sin ot uV. [6 marks]
(c) Determine the common-mode input resistance of the differential amplifier if

2R, =r, @+ B)Y2R )@+ B)r,]

[4 marks]

VE=5V

Figure 1
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Q1 (a)

VE = V1 - VBE(on) =-25-07=-3.2 [15]
Vect = Ve = IciRe = V- [1]
lc1 = [B/(1+B)]le1 = [B/(1+P)]lo/2 = (100/101)(0.5m/2) = 0.2475mA [1.5]
Vec1 =-3.2-(0.2475m)(8k) — (-5) = - 0.18V [1]
Ql(b)

Ad = Vo/Vg = gm2Rc/2

OR

Vo= = (gm2Rc/2) vy [2]
gmz2= lco/V1 = 0.2475m/0.026 = 9.519mA/V [1]
Vg = v1 — v2 = 210sin(wt) -90sin(wt) uV = 120 sin (wt) uV [1.5]
Vo = [(9.519m)(8K)(120p sin(wt)]/2 = 4.569 sin (wt) pV [1.5]
Ql(c)

Assume rp very large [0.5]
ro2 for for the diff-amp transistor is oo [0.5]
Thus

2Ricm = (1+f)(2Ro) [1]
Ro is the output of a two-transistor current source [0.5]
Ro = Va/lg = 100/0.5m = 200kQ [1]
Ricm = (1+B)Ro = (101)(200k) = 20.20MQ [0.5]
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Question 2  [15 marks]

Figure 2 shows a MOSFET diff-amp with a cascode active load. Assume that NMOS devices
are available with the following parameters: ¥y = 0.5 V, k’, = 80 xA/V?, A,=0.02 V', and
(W/L), = (W/L), = 10. Assume that PMOS devices are available with the following parameters:
Vip=-1.0V, k’, = 40 £A/V*, and 1,=0.02 V"'. The circuit parameters are =5V and V=
-5 V. The bias current is Ip = 0.2 mA.

lo
V-
Figure 2
(a) Determine the output resistance, Ry, of the cascode active load. [9 marks]
(b) Find the differential-mode voltage gain, A,. [6 marks]
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Q2(a)
Ro=ros+ ros (L + guroq) OR  Ro=gurosros

1

and =
)_EDQ

Ta
I
log =/, =02/, — 0.1ma

=1 =1 —s500k0
f-‘r}JQ (0,02 }(01m)

Tos = Toe

Given that Gm = 24 K. 1,5 [1]

|0.08 mA
O =2 | (10)(0.1m) = 0.4——[1]

N !

[1]
[1]

[1]

[2]
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~Ro=ros+ ros (1 + gmr04) =500k + 500k (1 + (04)(500k)) =101 Mg |2|

OR Ro= gmlro4 o6 = (04)(500k)(500k) =100 M |2|

Q2(b)
A =0m (To: ||f"j-|:.~3I (2]
A; = 0.4m(500k| 101M) [2]

A, =200([2]
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Question 3  [15 marks]

(@) Describe the operation of a class-B output stage as in Figure 3. The cut-in voltage for

(b)

both transistors is 0.7 V. How is this output stage different from the idealized class-B

output stage? [3 marks]

Vo

]"‘f + O 1'()

Figure 3

A class-AB output stage with BJTs is shown in Figure 4. Reverse saturation current for
every transistor is Iy = 2x10™ A. Assume +Vcc=+5V, -Vee=0V, and R, = 1 kQ.

(i) Find Vgg when v; =0, as such producing ic, = ic, = 1 mA. [2 marks]
(if) Calculate icy, icp, and vy to obtain vo=-3.5V. [8 marks]

(ili) Calculate the power dissipated in R;. [2 marks]
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Q3 Answers:
Q3(a)
Any of the following key-phrases:
a vi>+0.7V, O, turns on and operates as emitter follower [1]
I, is positive, supplied thru Q,, B-E junction of Q, is reverse-biased
) v,<-0.7V, O, turns on and operates as emitter follower [1]
0, sinks 7;, which is negative, B-E junction of O, is reverse-biased
(III)  vo remains zero as long as -0.7V < v, < +0.7V [1]
Dead band: range of input voltage where vo is zero
—> Where both transistors are cut-off
Q3(b)
(i) Find Vgg:
icn=Is exp(VBE/VT)
Vee = VrIn(ic,/Is) = (26m) In(1m/2x10™) = 0.7004 V [1]
Vep =2 Vge =2 x0.7004 = 1.40077 V [1]
(if) Calculate ic,, icp, and v; to obtain vo=-3.5V. [Total = 8]
Vo= -35V= irR;
-> ir= Vo/RL = (-35V) /(1kQ) =-3.5mA [1]

Therefore, Q, is conducting and Q, is OFF.

Approximate value, i¢, = i,

iCp: Igexp(VEB/VT) =35 mA [05]
Ves = VriIn(ic,/ Is) = (26m) In(3.5m/2x10™) =0.7329 V [0.5]
Vae = Vi - Vep = 1.40077 - 0.7329 = 0.6678 V [0.5]

> icn= Isexp(Vse/V7) = (2x10™°) exp(0.6678 /0.026) = 0.2857 mA  [0.5]
icn=IcptiL
> icp= ica— iz = 0.2857m - (-3.5m) = = 3.7857 mA [0.5]
Ves = VrIn(ic,/ Is) = (26m) In(3.7857m/2x10™*°) =0.734997 VV [0.5]
Actual values:
Vse = Vs - Ves = 1.40077 - 0.734997 = 0.66577 V [0.5]
> icn= Isexp(Vse/V7) = (2x107°) exp(0.66577 /0.026) = 0.2642 mA [0.5]
> icy= ica—ip = 0.2642m — (-3.5m) = 3.764 mA [1]

vi =vo - Vgg + Vg 12=-35-0.735+0.7004 = -3.535 V [2]

(iii) The power dissipated in R,,

Pr. = i’R; = (3.5)%(1k) = 12.25 mW [2]
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Question 4  [20 marks]

Consider the multistage circuit in Figure 5. There are three distinctive stages namely the
differential amplifier stage, the gain stage, and the output stage. The dc analysis performed by a
software tool LTSpice on the multistage circuit resulted in an undesired value for the output voltage

vo=-0.3625 V (Refer to Appendix A). You are to analyse the dc characteristics of the circuit by

hand analysis (manual analysis) using only your scientific calculator. Let the bias current from the
Widlar current source be 0.4 mA. Following the dc analysis, identify assumptions you have made
that leads to the undesired output voltage. Thus, advise on how to rectify the output voltage to an
ideal dc value and how to increase the small signal voltage gain to 10* V/V. You may illustrate your

ideas by redrawing or redefining the circuit parameters.

Ry = lCll Re= Re=
19.3 kQ 20kQQ  20kQ
Vo2

|

vy Q4 0>

A

|
\
\
f
Og }
\
\
\
\
\
\
\
\
\

|

R,= |
| 59.6 Q : |
| | [
| (L i |
| l |
| V =—10V | |
| I |
| |

Differential Amplifier ———<——Gain Stage —><—— Qutput Stage ——>

Figure 5
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Q4

Input stage:

lo=0.4 mA

lc2=0.2 mA (Neglect base current in Q1 and Q2) [2]

vo2 = V" - IzRc = 10 — (0.2m)(20Kk) = 6.0V

Gain stage:

|R4 = [V02 - VBE3 - VBE4]/R4 (Assume VBE3 and VBE4 = O?V) [2]

Ira = [6 - 2(0.7)]/11.5k = 0.4mA

Ira = Irs (Neglect base currents in Q3 and Q4) [2]

vo3 = V" - (IrsR5) = 10-(04m)(5k) = 8V

Output Stage:

Irs = lg (Parallel transistors with R3 = R2) [2]
(Neglect base current in Q6) [2]

vb6 = v03 — Vggs — IrsR6 (Assume Vggs = 0.7V) [2]

vb6 =8-0.7 - (0.4m)(16.5k) =0.7 V

VO = Vb6-VBE7 =0 (Assume Vge7 = O?V) [2]

The solution:

I. Base currents are neglected in all stages, dc voltage levels have been shifted several
times through the stages. If the base currents are taken into account, the actual output
voltage, vo, would not be at the ideal level of zero volt. Instead the dc level should be
higher than calculated. In order to adjust the dc level shifts, due to neglecting the base
currents, one of the following suggestions can be used to lover the output voltage to zero:

a. R1and R2 can be reduced to increase 1Q

b. Rc can be increased to reduce vo2

c. R5 can be increased to reduce vo3

d. RG6 can be increased to raise the vb6 to a value equals to Vge7

ii. The assumptions made for Vge = 0.7 V for all transistors is also the cause for output
voltage to shift several times throughout the stages. If Vge = 0.6 V is used in the
calculations, the output voltage, vo would be lower towards a negative value. To increase
the output voltage back to zero level, the following can be suggested:

a. Increase R2 and R3 to reduce lg
b. Reduce Rc to increase vo2
c. Reduce R5 to increase vo3
d. Reduce R6 to increase vb6

Marking Criteria:
Every assumption made and mentioned in the analysis deserves 1 mark — capped at [5 marks]

Analysis that leads to a value of vo =+ 0.5 V [5 marks]
Suggest any two solutions in (i) OR (ii) with explanation /reason for suggestions  [6 marks]
Solution/s to improve gain to 10* - use active loads for diff-amp circuit [2 marks]
and specific configuration of active loads [2 marks]
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Question 5  [15 marks]

Consider the bias circuit portion of the 741 op-amp in Figure 6. Assume that the transistor

parameters of Is=5 x 10'® A.  The bias voltages are given as +15 V.

() Redesign the bias circuit to obtain Izgr = 0.4 mA and Ic1o = 40 xA. Determine the values

of Vgen1, Vegi2, and Viero. Neglect the base currents. [9 marks]

(b) Determine the values of Irgr and Iy, using the resistor values found in (a) if Vgzg(on) =

Veg(on) =0.6 V. [6 marks]
Inverting o | |
input | |
| ol
[ [
|
Og 1L Q12
| I
| | :
| I |
| | |
| —t
0 0z | | |
Noninverting | | |
input | Rs= | |
{ 40kQ }__ Cp = {
05 Q4 I I" 30 pF I
M | | c :
ool | ] i
1 Q7 — AN I \‘ < I Q16 |
| | |
| | |
el +—e | | |
| | |
Offset , J or Q11! Q23\| ' €
null §R3 _ : I /I :
R, = 0KQ SR = | . | Ry= S Rg= l0,, Ry =
1kQ 1kQ |! 4= | 50kQ S 10005 | 50kQ
Pl | |
- I I ~ T - oV
Offsetjﬂ | |
Input stage null : Bias circuit I Gain stage : Output stage

Figure 6
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Q5(a)
: . L
Using the equation, I. = l.exp ‘'T [1]
. . 1o (i
Vegrs = Vaz1z = Vrln [i) [1]
o 0.5 x 1073 )
LEEII = (0.0261n (\W =0.7126 ¥V 1]

Find Rs and R;
VF — Vg — Ve1a —V~ _ 15—0.7126 — 0.7126 + 15

R, = = 71.44 kQ [2]
Ir1n 0.4m
— o1 IrEF
Ic1oRy = Veln—
ci0
_0.026 04m

=1.497 kQ [2]

= TL
* 7 0.04m  0.04m
Vagto = Vig1s — lo1oRs = 0.7126 — 0.04m(1.497k) = 0. 6527 V [2]

Q5(b)
.- V'~ Vegio —Vagy — V- _ 15— 0.6527 — 0.6527 + 15 = 0.4017 mA [3]
HEF R, 7144k .
I
IpigRy = Vyln .
£10

0.4017m
I15(1.497k) = (0.026)In———— = 0.05987 mA [3]
c1a

Page 11 of 10



EEEB273, Semester 2 2014/2015

Question 6  [20 marks]

(@) With a feedback resistor (R,) of 250 kQ, design an amplifier using op-amp with a

closed-loop gain which can be varied between -10 to -25 V/V. The closed-loop gain can
be varied using a potentiometer (R;y) and a fixed-value resistor (Rir). Draw clearly your

circuit design. [6 marks]

(b) Refer to Figure 7. Op-amp is ideal.

(i) Derive the expression for output ve as a function of inputs vy, and vyz. [4 marks]

(if) Calculate vo when Ry = 50 kQ, R, = 100 kQ, R; = 20 kQ, R;= 40 kQ, Rs=20 kQ,

vn=+025V,and v, =-0.40 V. [2 marks]
R,
AN
R, i
d|
—L— M =
= Us — Up
vy —VWAN———— +
Ry
V2 —VVVWN—¢
R,
R
Figure 7
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R
R, ‘
U o—ANAN -

V2 o—ANWA » +
Ky

o —— i'{)

Ky
Figure 8

(c) A general output equation for a difference amplifier shown in Figure 8 is

Vo =Av, + A4,V

cm - cm

For the difference amplifier in the Figure 8, the circuit parameters are Ry = R; = 10 kQ,

R, =100 kQ, and Rs= 110 kQ and the output voltage equation is as follows:

R, R, / R, R,
Vo =|1+— || ———— [V, —| = |V
o R \1+R, /R | \R )"
1 41 13 1
A% A%
_ d _ d
v]l - vcm - 2 v12 - vcm +7
where and
Find A 4, A ;5 and then calculate the CMRR in dB. [8 marks]

-END OF QUESTION PAPER-
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Q6(a)
R,
—AWW—
Rqr Ryy
v —AVW AW -
jl‘ ——— U()
Potentiometer | +
A4, = -Ro/(Rir + R1y)
R = 250 kQ. Ry is a constant value resistor.

EEEB273, Semester 2 2014/2015

[2]

[1]

Ryy is a potentiometer. Gain is maximum, i.e. -25, when Ry =0 Q.

A =-25 = -Rz/(RlF + Rly/) = -250k/(R11: + 0)
Rl,l: =10 kQ
Ao =-10 = -Rz/(RlF + Rly/) = -250k/(10k + Rly/)
Rly/ =15kQ
Q6(b)(i)
v, =[1+—=2 v 0.5
el s
v, =V, [0.5]
Vo=V Vo= Vo _ Vs 0 [1]
R, R, R,
Yoy Ve _,f1t, 1 1
R, R, R, R, R
Vi, V2
R,
v, = 1
A [1]
R, R, R
v, =|1+-2

Page 14 of 10

[1]
[0.5]
[1]
[0.5]



EEEB273, Semester 2 2014/2015

Q6(b)(ii)

V0= 1+£ 1 h_i_v]_Z [05]

R)(1 1 1\R R
R, R, R

v, = 1+100k 1 (0.25+—0.40) (1]

50k )( 1 1 1 3)\20k 40k
20k 40k 20k

v0=(3)40k 0'25+_0'40 = 0.06V [0.5]
5 \ 20k 40k

Q6(c)

Ri=R;=10 kQ, R,= 100 kQ, and R,= 110 kQ

R R,/R R
R \1+R,IR, R,

( 100k \( 110k/10k j (100kj
Vo =|1+ Vig — Vi
10k )\ 1+110k/10k 10k

11
v, = (1+10)(Ejv12 —10v,, 2

v, =10.083v,, ~10v,, =10.083(v,,, + V?d) ~10(v,, _V?d)

v, =10.0415v, +0.083,

A,=10.0415, A.,=0.083 11
CMRR =20 log,,[10.0415/0.083] = 41.65 dB 2
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APPENDIX A

10

v+

§m

o
QB\\i a7 9.34474V |/qa gm

Figure A-1: LTSpice Simulation for Figure 5 in Question 4.
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APPENDIX B

BASIC FORMULA

BJT MOSFET
iC :]SeVBE/VT;NPN ,N—MOSFET
Vps(Sat) = Vs —Viy

ip =K, [vss — TN]2

i =1.e"™""";PNP

= ffi, = ai, K = tCl kW
o 2L 2 1L
lE:lB+lC

_B P _ MOSFET

[+1

vep(Sat) = v, +Vp
Ip = Kp[vSG + VTP]Z

;Small signal |
ﬂ:gmrﬂ Kp:ﬂpcoxW:kp.K
2L 2 L
PV
r, = 7
@ :Small signal
1
VVT =
r =
r,=—% T Ay,
Loy
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