ECE 331 — Oct 22, 2024 — 50 min

Term Test 1

ANSWER QUESTIONS ON THESE SHEETS USING BACKS IF NECESSARY

Equation sheet is on the last page of this test.

Notation: 15e3 is equivalent to 15 x 103
» Non-programmable calculator is allowed; No other aids are allowed

+ Grading indicated by [ ]. Attempt all questions since a blank answer will certainly get 0.






[5] Q1. Derive the input impedance, R;, for the circuit below.

R
_|: + 1 8mVgs

- Vgs
- gm = 500pA/V
Ra Ry = 10kQ
R, = 3kQ

Solution

At the R;, node, apply a voltage v, and determine i, going into that node and by definition, R, = v /ix
Define the voltage at the top of R, to be v,

Vo = iXRz
Iy = EmVgs + (Vx - V2)/R1
Vgs = —V2

Ix = gm(*ixR2) + (Vx - ixR2)/Rl

ile + ixnglRZ + ixRZ = Vx

Rin = vi/ix = Ri + R + gmR1R2

Rin = Ry + Ro + gm * Ry % Ry = (10€3) + (3€3) + (500e—6)  (103) * (3€3) = 28kQ






(3]

Q2. Consider the circuit shown below.

Vbp
L For all transistors
M V, = 800uA/V
Vbp ’ |: I_O > i = 18k§éL /
M o Ves
V; o—l M; E oV,
Ms |—° V2
M, I—O Vi1

Find the small-signal output impedance, R,,: and small-signal gain, v, /v;.
For R,,:, do NOT assume g,ro > 1
For isc, assume X\ = 0 (in other words, r, — oo for all transistors)

Solution

Define R,, to be the impedance looking up into the drain of M,
Since r,4 is the source impedance attached to the source of M,

Rop = roa + (1 + gma * roa) * ro5 = (18€3) + (1 + (800e—6) * (18e3)) * (18e3) = 295.2kQ2
Define R,, to be the impedance looking down into the drain of M;

The source impedance attached to Ms is

Ry = ro1l|ro2 = (18€3)|](18e3) = 9k2 leading to

Ron = ro3 + (1 + gm3 * ro3) * R = (18€3) + (1 4 (800e—6) * (18e3)) * (9e3) = 156.6kQ
and so the output impedance is given by

Rout = Rop||Ron = (295.2€3)||(156.6€3) = 102.3kQ

Rout = 102.3k2

For isc, we assume all r, — oo resulting in all of the drain current of M; going straight to the short circuit output.
As a result,

isc = Gmv; Where G, = —gi,1 = —(800e—6) = —800uA/V
and we have

Vo/Vi = G % Rour = (—800e—6) * (102.3e3) = —81.86V/V
Vo/vi = —81.86V/V






[5] Q8. Consider the circuit shown below where v, is defined to be v,, — v,, and the overdrive voltage for M; and M,
is 0.1V. Also, Ve = 1.5V and Ips = 100uA.

Vpp = 3V
Vi = —0.3V
Vo =24V o[ M M| Ve =2av o3 = Foa = 70k
Von Vop
Vem + Vi /2 O—I My M, I——o Vem — via /2 Vin = 0.25V
ro1 = Fo2 = 50kQ2
Vi = 0.7V o—I Ms Fos = 60k
[3] (@) Find the small-signal gain v, /vy
[2] (b) Assuming the small-signal gain is so large that you can ignore the voltage swing on the input differential

signal, find the max and minimum output voltage for v,, such that transistors remain in the active region.

Solution

(a) This a balanced circuit so we can find the gain of the half circuit M;/M; assuming the source of M is
grounded.

In this circuit, v, /vig = —(von/(vig/2)) due to the following...
Define A1 = von/(Via/2) (A1 is a negative gain)

Von = A1(Vig/2) and vop = Ai(—Via/2)

Vo = Vop — Von = —A1(vig/2) — A1(vig/2) = —A1vig

So v, /vig = —A; Where A; is the negative gain of the half circuit.
Carrying on, we have

Ip1 = Ips/2 = (100e—6)/2 = 50uA

gm = (2% Ip1)/Vou1 = (2% (50e—6))/(0.1) = ImA/V

Ro = ro1l|ro3 = (50€3)||(70e3) = 29.17kQ2

Von/(Vid/2) = —8m1 * Ro = —(1e—3) % (29.17e3) = —29.17V/V
Vo/Vid = —Von/(Vid/2) = —(—29.17) = 29.17V/V

Vo/Via = 29.17V /V
(b) With the assumption of a very large small-signal gain, we can assume the input voltage remains at the
common-mode voltage, Vcu.

The maximum voltage for v,, occurs when M, is at the edge of triode/active. This occurs when the drain of
M, one threshold voltage higher than the gate of M, (in other words, higher by |V,,|).



Vop,max = VB2 + |Vip| = (2.4) + |(=0.3)| = 2.7V
Vop,max = 2.1V

(another approach is to look for Vsp of M, reaching the overdrive voltage)

The minimum voltage for v,, occurs when M; is at the edge of triode/active. This occurs when the drain of M,
is one threshold voltage below the gate of M,

Vop,min = Vem — Vin = (15) - (025) =1.25V

Vop'm,',, = 125V






Equation Sheet

Constants: k = 1.38x 1072 JK™; g = 1.602x107°C; Vr = kT/q ~ 26mV at 300K; ¢¢ = 8.85 x 107> Fm™!; ko, = 3.9;

Cox = (kox€0)/tox; w = 2mf

NMOS: k, = pnCox(W/L); Vin > 0; vps > 0; Voo = Vs — Vi
(triode) vps < Vov; vb < VG — Vin; ip = kn(Vovvs — (Vhs/2)); ras = 1/ (p1p Cox (W /L) Voy)
(active) vps > Voo ip = 0.5k, V2, (1 4 Aav)s); Vs = vbs — Vo)
gm = knVov = 2Ip/Vioy = \/2kalp; rs = 1/gm; 1o = L/(|\'|Ip)

PMOS: k, = ppCox(W/L); Vip < 0; vsp > 0; Vo, = Visg — | Vi
(triode) vsp < Vou; v > v + |Vipl; ip = ko(Vouvsp — (V3 /2)); ras = 1/ (1ap Cox (W /L) Vi)
(active) vsp > Viou; ip = 0.5k, V2, (1 4 [ Ap|Vép); Vép = vsp — Voo
gn = kpVoy = 2ID/VOV = \/m; rs = 1/gm; o = L/(|)‘P/|ID)

Vo

Rout
Vi O—I Vi o_I R D Rout
2 et 2 In

= Vo Vi
Accurate: Rou: = ro + (1 + gmro)Rs Rout = (fo + Rp)/(1 + gmro) Rout = 1o
Isc = (_gmron)/(ro + (1 + gmro)RS) isc = (gmrovi)/(ro + RD) lsc = ((1 + gmro)/ro)vi
Voc = —8&mloVi Voc = (gmrovi)/(1 + gmro) Voc = (1 + gmfo)vi
8mlo > 1 Rout - (1 + ngS)ro Rout = (l/gm) + (RD/gmr") Rout =/l
isc = —vi/((1/gm) + Rs) ise = (gmrovi)/(ro + Rp) fsc = gmVi
Voc = —8mloVi Voc = Vi Voc = &mloVi

Diff Pair: Ad = gmRp; Acm = —(RD/(2R55))(ARD/RD); Acv = —(RD/(2R55))(Agm/gm);
Vos = AV;; Vos = (Vov/2)(ARp/Rp); Vos = (Vov /2)(A(W/L)/(W/L))
Large signal: ipi = (1/2) + (1] Voy) (vig/2)(1 — (via /2 Vo )?)*/?
1st order: step response y(t) = Yoo — (Yoo — You)e t/7;
unity gain freq for T(s) = Am/(1 + (s/wsas)) for Ay > 1 = we ~ |Am|wsds
(1+s/z)1+s/z)...(1+5/zm)

(1+s/w)(1+s/w2)...(1+ s/wn)
OTC estimate wy ~ 1/(> 77); dominant pole estimate wy ~ 1/(Tmax)

Freq: for real axis poles/zeros T(s) = kqc

STC estimate w; ~ > 1/7i; dominant pole estimate w; =~ 1/(7min)
Miller: z, = Z/(1 — K); Z, = Z/(1 — 1/K)

Mos caps: Cgs = (2/3) WLCox + WL, Cox; ng = Wl Cox; Cap = Cdbo/\/ 1+ de/\/o;
wWe = gn/(Cas + Caa); for Cogs > Cog = fi ~ (3uVoy)/(47L?)

SEE NEXT PAGE ...



Feedback: Ar = A/(1+ AB); xi = (1/(1 4+ AB))xs; dAr/Ar = (1/(1 + AB))dA/A; wrr = wr(l + AB); wir = wi /(1 + AB);

Loop Gain L = —s:/s¢; Ar = Ax(L/(1 + L)) + d/(1 + L); Zpor = Zpo((1 + Ls)/(1 + Lo)): PM = ZL(jw:) + 180;
GM = —|L(jwiso)|db;

Pole splitting wp; ~ 1/(gmR2 CrR1); wpp =~ (gmCr) /(GG + G (G + G2))
Pole Pair: s + (wo/Q)s + w?; Q < 0.5 = real poles; @ > 1/+/2 = freq resp peaking
Power Amps: Class A : 1) = (1/4)(Vo/IR.)(Vo/Vcc); Class B : = (7/4)(Vo/Vec); Ponmax = Vic/(7RL);
Class AB : inip, = 13; Iq = (Is/)e"e8/@VT); 2 i, — 12 =0
2-stage opamp: wpr ~ (RiGm2R2Ce) ™Y wpe = G2/ Co; w2z = (Ce(1/Gmz — R)) 7
SR = 1/Cc = w¢Vi1; will not SR limit if weVo < SR



