University of Toronto
Final Exam
Date — Dec 19, 2019: 2pm
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.

Unless otherwise stated, assume g,,r, > 1

Notation: 1.5e+04 is equivalent to 1.5 x 10

Non-programmable calculator is allowed; No other aids are allowed

e Grading indicated by [ ]. Attempt all questions since a blank answer will certainly get 0.
Question | Points Score
1 6
2 6
3 6
4 6
Last Name: 5 6
6 6
First Name: Total: 36

Grading Table
Student #: (do not write in above table)



ECE 331 Page 2 of 9 Dec 19, 2019: 2pm

[6] Q1. Consider the wide-swing current mirror shown below where the desired output current is 30 pA.
Given that M; and M; are identical in size and the minimum output voltage is 0.5V, find the length
of the transistors such that the current mirror output resistance is 60 M2

| Vin 03 V
! Ip =30 A nCop | 160 piA/V?
Vo AL 0.04 pm/V

Viso{[, Mo
Vo[, M

Solution
Vo(min) = 0.5mV =2V, = V,, =0.25V

gm = 22 = 2080e26) — 240.0 uA/V

Rout ~ gmr2 =71, = \/R"“t = \/24800666 5 = 0.5MQ
To = 1y \1 = L =ro|\,|Ip = (0.5¢6)(0.04e — 6)(30e — 6) = 0.6 pm
L =0.6pum
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Q2. Consider the differential to single ended amplifier shown below. All transistor lengths are 0.2 ym
and have V,, = 0.15V. Also, Ips =80 uA and Vyzy = 1.8V.

(a)

Vaa Vaa Vin 0.25 V
unCop | 200 pA/V?
X005 pm/V
Vip —03 V
UpCoy 60 pA/V?
A —0.04 pm/V

Find the small-signal gain V. /viq where v;g = Vino — Vima
Solution

Since Ips = 80 uA, Ipy to Ipy all equal 40.0 A

To2 = [yifiss = 100.0kQ

Tot = Mj—;*m = 125.0kQ

Rout = 702|704 = 55.556 k2

gma = T2 = 533333 A /V

Vout /Vid = —gm2 Rout

Vout/Via = —29.63V/V

Find the maximum (V. (maz)) and minimum (Ve (min)) common-mode input voltages that keep
all transistors in the active region.

Solution

Vem(min) = Vous + Vin + Vorz = 0.15+0.25 + 0.15 = 0.55V

Veifentn) = 080V

For V. (maq) first find the bias voltage for Vp,

Vo1 = Via — |Vip] = Vorz =1.8 =03 -0.15=1.35V

Vin1 can go up to Vi, above Vp; so

chm(maz) =Vp1+Vin =16V
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Q3. Consider the amplifier shown below where all transistor lengths are 0.18 pm.
The bracketed numbers are the transistor’s (W/L) value:

Vad Vad
L Vin 0.25 V
unCop | 200 pA/V?
M, 7
vio-| (20) (10) — L N | 0.05 pm)V
Vip 03V
Yo I UpCoyp 60 pA/V?
I — 20 pA N[ =0.04 pm/V
15 A (1](\)4)3 4—I_VBl I 2
M, My
(5) H (5)
3] (a) Calculate the drain currents, overdrive voltages and r, for My/M3/My/Ms transistors.

Solution
Ipr =5 =15pA  Ip2=((5)/(5))Ip1 = 15.0 pA
Ips =TI =20pA  Ips=((10)/(20))Ip1 = 10.0uA  Ipz=Ips= 10.0 uA
Ipy = Ips — Ip3 = 5.0 uA
M =X, /L =58 =0278V 1y = = = 240.0kQ 73 = x7= = 360.0kQ
M =N L= g = —-0.222V7! roq = s = 900.0kQ 15 = - = 450.0kQ

2
5

. _ 21
For nmos: ‘/OU == W(%V/L) = 100.0 (W/L)
Vovz = 0.173V Vovs = 0.1V

. o 21
For pmos: V,, = 7#,7001(%//0 182.574 (W/L)

Vova = 0.091V Vows = 0.183V

(3] (b) Estimate the small-signal gain v, /v;
Hint: Impedance looking into the M3 drain is much higher than ry5
Solution
Gma = 324 = 109.545 pA /V
Ise = gmav;
Rout ~ To5

Vo = —IscRout = Vo/Vi = —gmaTos = —49.295V/V
Vo /v; = —49.295V /V
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[6] Q4. Consider the feedback amp shown below with the input signal, vi. All current sources are ideal (i.e.
infinite output resistance)

Via Vid Gm1 = gmz2 = 0.1mA/V
Tol = To2 = T'o3 —> OO

M, :Il__—l M, R =10kQ Ry = 10kQ

R3 =10k Rg=10kQ

—O0 U,
Uy [1
Vi O—l I: Ml -
Uy Rl Uy RZ
MA—T—VW\-

Using loop-gain analysis, find L, As and v,/v;.
(assume d = 0).

Solution

Define R, to be the impedance looking into the source of M;
Define R, to be the impedance looking into R; from v, side

Define R, to be the impedance looking into Ry from v, side

Ry = (1/gm1) = 10.0kQ

R, = (Ry||Rs + R1) = 15.0kQ

R, = ((RIHR;; + RQ) =16.0kQ

Breaking the loop at the M3 gate, we have
Vo/Vgs = —gmsRo = =800 v,/v, = i = 0.375

| R.||R3)+R2
Ry|IR mi
vy/vx = 7(Ryllz%s)iR1 =0.333 v /vy = 572 =1.0

L = —v,/v43 X Ug/Vo X Vy/Vg X V5 /vy = L =10.0

For A, L — oo which results in v, — 0. Since v, = 0, ip; = 0 resulting in v, = v; and no current
flows into the source of My

As aresult, v, /v; =1+ R;/Rs =2.0 and v,/vy; =1+ Ro/(Rs||(R1 + Rs) = 2.5

Resulting in Asy = v/vz X v3/v; = As = 5.0

Uo/Vi = Aso i = 501105

Vo/v; = 4.545
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Q5. Consider the input impedance looking into the source of the circuit below. Let r, — co and only
consider capacitance Clgs.

Vad Vad
A

Ry
>,

3] (a) Draw the small signal model and find the loop gain.

Solution

R

R
‘l:T + lT i Vgs il CQS gmvgsT
Ugs = CQS gmvgs v % Ur Cgs
Ezr— I R
Zi

_ —1/5Cys 14+5Cys R m
LO = _Ur/vt = _(l/sé’gsiR)gm( JrsC’ggS ) = sgC'gs
Im
Lo =
© 5Cgs
Ls=0
3] (b) Using the loop gain found above, find Z,.
Solution SO R
Zpy =R+ scl‘gs = Sscg‘f

_ 14+L _ [ 14+sCysR 1
Zin = Zpo [1+Lg] - ( scggs T+ 2
sCgs

7 <L> (M)
"\ gm ) \1+5Cys/gm
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Q6. Assume an opamp is ideal but has the following open-loop gain.

. 1.0e+05 _ _ _
A(s) = 7o (s s (o) Where wpi = 1.0¢ + 01, wpp = 2.0¢ + 06 and wyy = 2.0¢ + 09
(3] (a) Draw the Bode plot for the above open loop gain (Label all plot axis).
Magnitude
| A(s)]
(éB)
100
60
20
0
-20
-60
-100
000 01 1 10 10¢0 100 10" 100 10° 107 10° 100 1dY log(w)
< A(s) Phase
degrees 0
-90
-180
-270
000 01 1 10 10 100 10" 100 1% 107 10° 100 1 log(w)
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(b) Estimate the phase-margin (PM) if the above opamp is used to create a gain of +3 using
2 resistors (a non-inverting configuration) (Hint: Note that the unity-gain frequency is much
greater than wy; and much less than wy;3.)

Solution
For a non-inverting opamp gain of +3, 5 = 1/3 = 0.333 resulting in the loop gain equal to
L(s) = BA(s) = (1+s/wp1)(1+sL/0wp2)(1+s/wp3) where Ly = 3.33e + 04 and wp1, wp2, wp3z given above.

For frequencies near wy where wy < wy < wp3, we can approximate L(s) as
L(s) ~ m and making use of |L(jw;)| = 1, we have
Lg L 1L L M N (wi)? + Wi (w}) —whw? L2 =0
(w/wp1)? (1+(we /wp2)?) w?(wf—‘rng) t P2\t p1¥p2--0
(w?)? 4 4.000e + 12(w?) — 4.444e + 23 = 0 Solving for w?, we have w? = 1.082¢ + 11rad/s
resulting in w; = 3.289¢ + 05rad/s
So now, we can find the phase of L(jw;) as (—90° is due to the wy)
< L{jwr) = —90° — tan~!(££) = —90° — 9.339° = —99.339°
Finally, the phase-margin can be found as
PM =< L(jw:) — (—180°) = 80.661°
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Equation Sheet
Constants: k = 1.38 x 10723 JK~1; ¢ = 1.602 x 10~ C; Vp = kT/q ~ 26mV at 300K; ¢y = 8.85 x 1072Fm~!
kox = 3.9; Cop = (k0$€0)/t0x; w=2rf
NMOS: ky,, = pnCow(W/L); Vip, > 0; vpgs > 0; Voo = Vas — Vi
(triode) UDs S Vov; vp < VG — ‘/tn, iD = kn(vm)vDS - (UQDS/Q))
(active) vps > Vou; ip = 0.5k, V2 (1 4+ Avps); gm = knVow = 2Ip [V, = V2knIp; 7s = 1/gm;
ro = L/(IN|Ip)
PMOS: k, = p1pCorx(W/L); Vi < 0; vgp > 05 Voo = Visg — [Vip|
(triode) vsp < Vo3 vp > v + |Vipl; ip = kp(Vowvsp — (USD/2))
(active) vsp > Vou; ip = 0.5k, V2 (1 + [Mvsp); gm = kpVow = 2Ip/Voy = /2kplp; 1s = 1/gm;
ro=L/(|N|Ip)
BJT: (active) i¢c = Ise(”BE/VT>(1 + (UCE/VA)) =afre=1c/Vr; re = Vo /Ig; 77 = B/9m; 7o = |Val/lc;
ZC—BzBa ZE_(/8+1)“3704_/8/6+ ;ZC—alEa Ry = B+1)(TC+RE); Re:(RB_‘_TTr)/(B_Fl)
Vo
V; -I isc A _(1/gm + Rg)~ Ly,
R R, =~ (14 gmRs)ro -I _rl Rp
(App_rox due to g,r, > 1) Uoc v - Vi
R, ~1/gm + Rp/(gmro) Vo/Vi R gm(10||RD)
Diff Pair: Ay = gmRp; Acm = —(Rp/(2Rss))(ARp/Rp); Acm = —(Rp/(2Rss))(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 — Yoi )e~t/T; unity gain freq for T(s) = —————— for Ay > 1 =
1+ (S/W3d3)
o = s (1+8/20)(L+ 5/20) - (L+ 5/2m)
. +s/z1 +8/z2)...(1+8/z2m
Freq: f 1 les s T'(s) =
eq: for real axis poles/zeros T(s) kdc(l /o) (T sjan) - (L £ 5/wn)
OTC estimate wy ~ 1/(>_7;); dominant pole estimate wyg ~ 1/(Timaz
Miller: 2, = Z/(1 — K); Zs = Z/(1 — 1/K)
Mos caps: Cys = (2/3)WLCop + WLoyCosz; Cga =W LoyCor; Cap = Caro/\/1+ Var/Vo;
wi = gm/(Cys + Cya); for Cys > Cyq = fr =~ (3uV,,)/ (4w L?)
Feedback: Ay = A/(1+ ApB); x; = (1/(1 + AB))xs; dA;/Ar = (1/(1 + AB))dA/A; why = wu(1 + AB); wrp =
wr/(1+ AB);
Loop Gain L = —s;/si; Ay = Ao(L/(1+ L)) +d/(1 + L); Zport = Zpe((1 4+ Ls)/(1 + Lo)): PM =
ZL(jwy) +180; GM = —|L(jw180)|db§
Pole splitting w ~ 1/(ngQCfR1) (ngf)/(Clcg + Cf(01 + 02))
Pole Pair: s? + (wo/Q)S + wo, Q@ < 0.5 = real poles Q > 1/v/2 = freq resp peaking
Power Amps: Class A: 1 = (1/4)(Vo/IRL)(Vo/Vec); Class B: n = (1/4)(Vo/Voe); Ponmaz = Vie/(m*RL);

2-stage opamp:

Class AB: inip = IQ, Ig = (Is/a)eVee/CVD)s 2 g, — I =0
Wp1 = (RleQRZCc)_l; Wp2 = Gm2/027 Wz :A (Cc(]-/Gm2 - R))_17
SR =1/C.=wVy,1; will not SR limit if w;Vp < SR



