University of Toronto
Final Exam
Date — Dec 20, 2017
Duration — 2.5 hrs
ECE 331 — Analog Electronics

Lecturer — D. Johns

ANSWER QUESTIONS ON THESE SHEETS USING BACKS IF NECESSARY
e Equation sheet is on the last page of this test.
e Unless otherwise stated, use transistor parameters on equation sheet and assume gp,7, >> 1
e Non-programmable calculator is allowed; No other aids are allowed

¢ Grading indicated by [ ]. Attempt all questions since a blank answer will certainly get 0.
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Q1.
[3] (a) Consider the wide swing current mirror below where the desired output current is 200uA. It
is desired that the minimum output voltage, v,, be 0.5V while keeping M; /M, active and that
Vvt = 1.5V,
Find Vg1 and Vgs.
\%
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v ,  AllL=0 4 , - 0.6V
oz —{}, M Ip = 200uA [5 \/WL +Vowr = 0.9 Vo, = 0.2V
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Vezodv =) Vg = Véft Ve +Vou = 0. 7\/
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6{.= 't
= vV
Vg, = Vour + Ve, = 0.5

3] (b) Consider the wide swing current mirror below where the desired output current is 20uA, M

and My are identical in size and the minimum output voltage is 0.4V.
Find the length of the transistors, L, such that the current mirror output resistance is 72]\/1 Q.
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Q2. Consider the multistage amplifier shown below. All current sources and transistors have the same
output impedance of 50kQ. Also, all transistors have g, = 1ImA/V.

. L
ﬁl 5=l = 9
?)i 10]{;%‘/32—' /17, &g - Oi] - ;- - Zk
%a.
@ % @ | FLee T
L L L Ry = okl e ll R, & (oklf2k=le7k

2] (a) Find small-signal gain v; /v;.

Qe 2 Tog 0y {10k + 121) ok SOkl 167k =6 { k

Moo e 8 g8 %
Vi Ry +1¢, g+ ! —
[2] (b) Find small-signal gain vq/v;.
Vi Ro 4 jok R A
[2] (c) Find small-signal gain v3/va.
(\/3 2 57k
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Q3. Consider the feedback amp shown below where the input signal, i, is a current.

Ve
M, I—-ﬁq Ms; All current sources ideal
Vt, _<q.o Vo Im1 = gm2 = 1mA/V
R gm3 = 10mA/V
VB__I M, L "/—-—- kx Tol = Top = To3 = 40k

= Y IQK = R;/ + = 2K
[3] (a) Using loop-gain analysis, find L, Ay, d and v, /is.
V° = =93 (T3 [(Re) =(10 e =3) ( Aokl k)= 132 K
i/-‘—: Br ~ 1 - 0.0476
Vo _ RriR (4o o
M Vv
Yl Faltra) = 1 TN =S
\ W "4 f
Proo = _Z;g ;,—2_\_3}& = ‘-{Z fa-_-e:> ‘5}:‘(: Ejﬂﬁatrox)
g L= p— vi L= R ’ _ Ik
al ,?»‘A( =
J () BRIy S
= AE){;M,)'{’ é N’“é Vi R 3
sol 225 )+ 667k (777) A= 0667k
b - __[7'4, [{_fL_ —_—
3] /'“(S (b) Find Rm‘x?é'Rm - [ =657
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R;@.—— :‘{ gg‘(&’z? loj) ‘ %{ “<

o 7 4T
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k(,v = Q-q, ( ('fé")

0 = tullrey 216 406) = (785

Rour = ﬂ,: (—{-ﬁ) = [.§LK
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Q4. Assume an opamp is ideal but has the following open-loop gain.

5
As) = (1+S/wp1)8-.'?'37‘3122)(1"'3/“)?3) where wpr = 101, wyp = 10° ‘a,nd wpy = 10°
3] (a) Draw the Bode plot for the above open loop gain (Label all plot axis). Ao { / A - ?4}( £
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[3] (b) Estimate the phase-margin (PM) if the above opamp is used to create a gain of +2 using
2 resistors (a non-inverting configuration) (Hint: Note that the unity-gain frequency is much
greater than w1 and much less than wps.)

ﬁ, ﬁl/ P IQL B 3 _ ~ B B
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Q5. Consider the class A BJT power amp shown below where Voo = 10V, all transistors are matched

and have large § (such that base currents can be ignored) and Veg: = 0.2V for all transistors. The
load resistance is 500¢).
AV

Voo
; Vi O—K Q1

R L €
§

J
Ieq
Q K 0,
)

r ™ Ny R
Voo —Vccv

a) Assuming the desired output swing is +8V, find R for the minimum power consumption.

y =D T = _ 7 - & = -
ol v, = ~gVv 2DFg F0 w T, =T, = 0 (6 A =Tk
j{L; QVece — 0.7 ﬁ> & - 2VC¢*0.7 _ (9.3

L omn

Ta
(2] (

[2] (b) What is the efﬁcienclz'of the above design when driving an 8V sinusoidal waveform?

PL = (_9@ . '6 4 v PC& = (?CZ '/,‘icﬂzf) L Ve
‘e “ e en = (gxmg) (26)=C40mmiw
PL /O “lo

cc

—

2] (c) Assuming a large input signal, v;, for the above design, what value of Ry would cause Q2 to
saturate?

Ry JhATueoTEp LAkfEn v, = —fovto2= =94 8y
°A‘ .;, =0
o 0 = —9.8V  occulS FoR B
. = &l R = "—Z’czv Ry

v

A

-~ 9.6V

) = At _ 9¢ _ [12.5 1L
Re Ter | 16mA br2.5

M
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Q6.

/[/4’]/ Monsider a class AB BJT output stage with a V. multiplier used for biasing as shown below.
[ é‘] The load resistor is 5082 and Voo = 12V. Assume the output is sinusoidal with a maximum
amplitude of 10V and the power transistors @ /Qp are matched with Ig = 107134 and B8 = 40.
The bias transistor has I¢ = 10~ A4 and 8 = 200. Design the bias circuit for a quiescent current
of 10mA and a minimum current of 1mA through the V4, multiplier circuit (Find Ip, R; and
Ry).
/ Ly / 0 x 0. ‘77
Voo ya =/ % X5\ 5540
; A L
=40 B o= g /kn/;’
(3»/ Lo j:i;n/ ] -~
“F T ST
=075 ) e, oV Syt Cretn
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S BB X g
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Constants:

Equation Sheet

E=138x10"2JK™!; ¢ = 1.602 x 10719 C; Vi = kT/q ~ 26mV at 300K; ¢ = 8.85 x 10712Fm™1;
koz = 3.9; Coz = (kow€0)/tos; w =27 f

NMOS: k, = Hn oz(W/L) Vin > 0; vps 2 0; Voo = Vas — Vin
(tllOde) vps < Vou; D < vg — Vans ip = ky, (VovUDS - (9%5/2))
(active) vps > Vi3 ip = 0-5knvo2}v(1 + Aps); gm = knVou = 2ID/VO'IJ =2klIp; 15 = l/gm;
ro =L/(IN|ID)
PMOS: kp = ﬂ'pcaz(W/L)7 Vttp < 0, USD = Oa %v = VSG’ - |‘[tp|
(triode) vsp < Vou; vp > v + |Vipl; ip = kp(Voyvsp — (v3p/2))
(active) vgp > Viu; ip = 0.5k,V2 (1 + |MNvsp); gm = kpVow = 2Ip/Voy = /2kpIp; 16 = 1/9m;
o = L/(|X'|Ip)
BIT: (active) ic = Ise®B2/VT)(1 4+ (vop/VA)); gm = ofre = Ic/Vr; Te = Vo /Ig; v = B/9m; To = |Val/Ic;
ic = Pip; ip = (B+1)ip; a = /(B +1); ic = aig; Ry = (B+1)(re + Rg); Re = (Rp +7x)/(B+1)
vidl,, se ™ —(1/gm + Rg)™lv; v
RS Rz ~ (1 + ngS)To -I r‘l RD
(Approx due to gmro > 1) Voc A3 V; Vi
Rz ~ 1/gm + RD/(gm""o) /Uo/vi ~ gm('ro“RD)

Diff Pair: Ag = gmRp; Acu = —(Rp/(2Rss))(ARp/Rp); Acm = —(Rp/(2Rs5))(Agm/gm); Vos = AVy; Vos =
(Vov/2)(ARp/Rp); Vos = (Vov /2)(A(W/L)/(W/L)) A

1st order: step response y(t) = Yoo — (Yoo — Yo+ )e~¥/7; unity gain freq for T(s) = M for Ay > 1=

+ (8/wsdn)
o [ ulenes (1+s/2)(L+ 8/z2) .. (L+ 5/2n)
. s/z s/ 8/Zm
Freq: for real axis poles/zeros T'(s) = kdc(l 5/ ) (LT 5jwn) - (LT son)
OTC estimate wy ~ 1/(3>"7;); dominant pole estimate wy =~ 1/(Timaz
Miller: Z; = Z/(1— K); Zs = Z/(1 — 1/K)

Mos caps: Cgs = (2/3)WLCos + WLoyCosz; Cga = WLoyCoz; Cap = Cavo/+/1+ Van/Vo;
Wy = gm/(Cgs + ng); for Cgs > Cgq = fi = (3#‘/;,@)/(471'[12)

Feodback: Ay = A/(1+ AB), 7 = (1/(1 + AB))ze; dAg/As = (L/(1+ AB)AA/A; wiy = wir(l+ AB); wiy =
wr/(1+ AB);
Loop Gain L = —s,/sy; Ay = Aeo(L/(1+ L)) + d/(1 + L); Zport = Zpe((1 + Ls)/(1 + Lo)): PM =
ZL(jwt) + 180; GM = —|L(jwiso)lav;
Pole splitting wpl ~ 1/(gmR2CyR1); whs = (gmCy)/(C1C2 + C4(C1 + C2))

Pole Pair: s + (w,/Q)s + w?; @ < 0.5 = real poles; Q > 1/v/2 = freq resp peaking

Power Amps:

2-stage opamp:

Class A : n = (1/4)(V0/1RL)(V0/VCC), Class B : n = (’/T/4)(V0/Vco) PDN_ma:c = Vgc/(ﬂ2RL);
Class AB : inip = Ig)

wp1 (RlG'mszCc)—l; Wp2 = sz/Cz; Wz = (Cc(l/sz - R))—l;

SR =1/C; =wiVoy1; will not SR limit if w;Vo < SR

MOS TRANSISTOR: CMOS basic parameters. Minimum channel length = 0.18um

Vi p,C'oz N Coz tox Loy CdbO/ w
V] mA/V?] [wmV™Y [fF/pm? [om] [wm] [fFum™!)
NMOS 0.4 240 0.05 - 85 4 0.04 0.3

PMOS -04 60 -0.05 8.5 4 0.04 0.3




