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[2] Q1. (a) Assume the NMOS transistor parameters shown below. (Note: aF is ato Farads which is 10e — 18 Farads)
Consider a transistor of size W = 3um and L = 180nm that is biased in the active region with Vpg = 0.
Find the values of C,s, Coq, and Cgp in units of fF.

Vin 0.3V
UnCox 250uA /V?
A 50nm/V
Cox 8fF /um?
tox 4nm
Loy 40nm
CdbO/W 300aF/um

Solution

Note that C, is per sq um so we need to leave W and L in um units.

Cas = (2/3) % Coxx W L' + Cox s W' s L, = (2/3) % (8e—15) % (3) % (0.18) + (8e—15) * (3) * (40e—3) = 3.84fF
Cod = Cox * W' x L, = (8e—15) * (3) * (40e—3) = 960aF

Cap = Capo/ W * W' = (300e—18) * (3) = 900aF

[2] (b) For the transistor in part (a), if V., = 0.2, find the unity gain freq of the transistor in Hz (do not ignore Cgq)

Solution

g = tinCox * (W'/L') % Vi, = (250e—6) * ((3)/(0.18)) * (0.2) = 833.3uA/V
W = gm/(Cgs + Cqa) = (833.3e—6)/((3.84e—15) + (960e—18)) = 173.6Grad/s
fr = we/(2xm) = (173.6€9)/(2 * (3.142)) = 27.63GHz

If instead, you use the formula f, = 24, V,, /(47L?), then you have

fo = 3% (1n Cox /(Cox ¥ 10%2)) % Vo, /(4 %3.14159 % (L?)) = 3% ((250e—6)/((8e—15) x102)) % (0.2) /(4 +3.14159 %
((180e—9)%)) = 46.05GHz

but in this case, C,q is ignored as well as the gate-source overlap capacitance.

[2] (c) Besides noise, give 2 reasons why bias voltages for current mirrors are NOT sent a long distance in a
microchip. (Explain clearly).

Solution
The current mismatch could be large due to 2 main reasons

1) transistor V; mismatch can be large due to matching transistors being a long distance away from each
other

2) dc currents in the ground or power lines can cause the transistor source voltages to be different for
matched transistors that are located far away from each other.
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Q2. (a) Consider the wide-swing current mirror shown below where the desired output current is 30uA. Given

that the minimum desired output voltage is 0.5V and the L; = 2L, while W; = 2W,.
Find the lengths, L; and L, such that the current mirror output resistance is 60MQ

| Vin 0.3V
P Ip = 30pA UnCox | 1604A/V?
' A 40nm/V

Vo

VBQ O—I M2
VBl O—I M1

Solution

Since M, and M, both have the same current, Ip; = Ipp, and W4 /Ly = W, /Ly, we then have V,,; = V0.
So we have

Vo,min = 0.5V = Vo1 + Voo = 2Von

Vo1 = Vo min/2 = (0.5)/2 = 0.25V = V,,»

We can find the transconductance as

gm2 = 2% Ipa/Voya = 2 % (30e—6)/(0.25) = 240uA/V

We also have

ro1 = L1/(M,Ip1) and rep = Lo/ (N, Ip2)

and since L; = 2L, and the currents are the same, we have

o1 = 2rop

We also have

Rout & gm2roalor = &m2(2r2)

o2 = Sqrt(Rout /(2 * gm2)) = sqrt((60e6)/(2 * (240e—6))) = 353.6kQ2
And from the r, formula, we have

Ly = rop % A, x Ipa = (353.6€3) * (40e—9) * (30e—6) = 424.3nm

Ly =2x Ly =2%(424.3e—9) = 848.5nm

For the above circuit, assume the bodies of both transistors are connected to ground.

When body effect is taken into account, do you expect the output resistance for this current mirror to
increase or decrease?

(assume the dc bias current remains unchanged and both transistors remain in the active region)
Explain your answer.

Solution

For My, Vsg = 0 so the body has no effect. For M,, Vsg > 0 resulting in a body effect. If A Vs, is negative,
Ip> increases due to g2 and /p, also increases due to g,» Which can be modelled as an INCREASE in
gm2 for M.

As a result, the output impedance will increase since Ryu: ~ gmaro2fo1-
ro2 and r,; do not change due to the body effect.
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Qs.

(a) Find an equation for the input impedance R;, for the circuit shown below.

B is a constant and g is the current gain for the current controlled current source.

Solution
Apply a voltage V, and determine the current I, and R, = V,/Ix

I'b+(0* Vl)/RE+ﬂl'b:0
vi = (1+ B)Reip

ib=(Vx —v1)/Rp = (Vi — (1 + B)Reib)/Rp
Vi = ip(Ro + (1 4+ B)RE)

ip = Ix
Rin - Vx/lx = x/ib = Rb+(1+5)RE

Find the value of V; by recognizing that M; is deep into the triode region so small-signal analysis can be
used.

2V
Is
ImA
2V v Vi = 0.3V
1o Cox = 300uA/V
M, W = 10pm
L=1pym
Solution
In triode, rqgs = 1/(pnCox (W /L) Vo)
Ve =2V

Viy = Vg — Vip = (2) — (0.3) = 1.7V
ras = 1/(pnCox * (W/L) % Vo, ) = 1/((300e—6) * ((10e—6)/(1e—6)) * (1.7)) = 196.1Q
vi = Ig * rgs = (1e—3) % (196.1) = 0.1961V
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[6] Q4. For the circuit below, treat M; as a switch with an infinite off resistance and an on-resistance of Ry = 20092.
Assume that Vg, is initially OV and goes high at time t,, = 1ms and low again at time t,# = 2ms. Find the
output voltage, V,, at times t; = 2ms and t, = 3ms.

Ry

IVV\’ o
S TR
IN

Ve [

Os 1Ims 2ms 3ms =

Solution

When switch M; turns on, the initial voltage, Vo, is

Voo = Ve =(2)=2V

and the final voltage, V. is

Voo = Vg * (R + Rys) /(R + Ras + R1) = (2) * ((1e3) + (200))/((1e3) + (200) + (1e3)) = 1.091V

Ton = (Ru||(R2 + Rus)) * G = ((1e3)]]((1e3) + (200))) * (1e—6) = 545.5us

Vo,i1 = Vio— (Vo — Vo )xel—(t1—ton) /Ton) = (1.091)—((1.091)—(2))*(2.718)(—((2e—3)—(1e—3))/(545.5e—6)) =
1.236V

Toff = R1 % G = (1e3) x (le—6) = 1ms

Voo =2—(2—Von)xel = (tr—t1)/7orr) = 2 — (2 — (1.236)) * (2.718)( —((3e—3) — (2e—-3))/(1e—3)) = 1.719V



3]

(3]

ECE 331 Page 6 of 9 Dec 19, 2023

Vbp
Va4 o—”tT/Vh

Vg3 o—llt Ms

Vi o—I M5 ———o Vo

gms = 2mA/V L 7:7 o—l M,
ros — 10kQ2

8m3 = 8m4 = 1mA/V
ro3 = roa = 20kQ2

Em1 = 8m2 = 750/~LA/V
VBl o—I M1 ro1 = lo2 = 25kQ

For the circuit above, find the small-signal gain v, /v; in 2 ways as described below.
(a) Find v,/v; by assuming gpro > 1

Solution

Define R,, to be the impedance seen looking into the drain of M,

Ron = gm2 * roa * fo1 = (750e—6) * (25€3) * (25e3) = 468.8k2

Define R,, to be the impedance seen looking into the drain of M;

Rop = 8m3 * o3 * (roal|ro5) = (Lle—3) x (20e3) * ((20e3)||(10e3)) = 133.3kQ2

Rout = Rop||Ron = (133.3€3)||(468.8€3) = 103.8kQ

Since gnro > 1, all of the ips current goes to the short circuit output at v, when finding is. so we have
isc/Vi = 8ms

leading to

Vo/Vi = —&ms * Rout = —(2e—3) * (103.8e3) = —207.6V/V

(b) Find v,/v; WITHOUT assuming g, > 1

Solution

Assume the output node v, is shorted and find the drain voltage at vy4s relative to v;

The impedance looking into the source of Ms, Rss is given by

Rs3 = (1/gms)||res = (1/(1e—3))[|(20€3) = 952.40

The impedance at the drain of Ms to ground is

Ros = ros||roal|Rs3 = (10€3)[|(20€3)]|(952.4) = 833.3Q

Vs Vi = —8ms * Ros = —(2e—3) % (833.3) = —1.667V/V

We now have a common-gate amplifier to get to the output, v,, and the short circuit current is given by
isc = ((1 4 gm3ro3)/ro3)Vas

So defining G, = is./v;, we have

Gm = ((L+ gm3 * ro3)/r03) * vas/vi = ((1 + (1e—3) * (20€3))/(20e3)) * (—1.667) = —1.75mA/V

To find R,.:, we have

Ron = 1oz + (L + gma * ro2) * ro1 = (25€3) + (1 + (750e—6)  (25€3)) * (25e3) = 518.8k2

Rop = ro3 + (1 4 gm3 * ro3) * (ros||roa) = (20€3) + (1 + (Le—3) x (20€3))  ((10e3)||(20e3)) = 160k
Rout = Ron||Rop = (518.8€3)]|(160e3) = 122.3kQ

We can now find v, /v; as

Vo/Vi = G * Rour = (—1.75e—3) * (122.3€3) = —214V/V
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Q6.
Assume an opamp is ideal with the transfer-function,

kdc

AS) = T s o)A+ 5/)

The straight-line Bode PHASE plot for the amplifier is shown below and the dc gain is given by k4. = 20e3

T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T T TTTTT]
O —
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10721071 109 10! 102 103 10* 10° 10 107 108 109 1010
log(w) [rad/s]
[2] (@) Find the values for w,; and wy; in rad/s
Solution
The pole frequencies can be found by looking at the straight-line Bode phase plot.
Assuming the poles are widely spaced apart, the phase at where the poles occur are at —45°, —135°
Therefore, the pole locations are
wp1 = 10rad/s
wp2 = 100krad/s
[4] (b) If this opamp is used in an NON-INVERTING configuration, what is the smallest dc closed-loop amplifier

gain that will result in a phase margin of 65°? (use the actual A(s) and NOT the straight-line Bode plot).

Solution

Given, we want PM = 65°, we can find w;

PM =90 — tan_l(wl/wpg)

w1 = wpp * tand(90 — PM) = (100e3) * tand(90 — (65)) = 46.63krad/s

and define Kpy = w1 /wp2 = 0.4663

We can also use the following equation to find the dc loop gain that would result in this PM with these 2
poles wy1 and wpy.

wp1 = (w1(1 + K3,,)Y?)/ Lo and solve for Ly

Lo = (w1 * sqrt(1 + Kem?)) /wpr = ((46.63€3) * sqrt(1 + (0.4663)%))/(10) = 5.145¢3
However, the opamp dc gain is k4. = 20e3 so it should be reduced by 5 given by
B = Lo/kge = (5.145€3)/(20e3) = 0.2573
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This value of 5 would result in a dc closed-loop gain of 1/5 which is

Ag =1/8=1/(0.2573) = 3.887V/V

A larger gain would have a phase-margin greater than 65° while a lower gain would have a phase-margin
less than 65°.
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Constants:

NMOS:

PMQOS:

Accurate:

gmlo >1

Diff Pair:

1st order:

Freq:

Miller: z;

Mos caps:

Feedback: A

Phase Margin:
Body Effect:

Equation Sheet

k=138x10"2JK 1 q = 1.602 x 10719C; Vi = kT/q ~ 26mV at 300K: ¢y = 8.85 x 10" 22Fm~L; kox =
3.9; Cox = (kox€0)/tox; w = 2mf

kn - MI‘ICOX(W/L)i th > 0: VDS > 0; Vov = VGS - th
(triOde) vps < Vou; vb < v — Vs ip = k (VovVDS (VD5/2)); Fds = 1/(MnCOX(W/L) Vov)
(active) vps > Voy; ip = 0.5k, V2, (1 + Anv)s); Vhs = Vbs — Vou;

m =5 k VOV — 2ID/Vov =V 2k ID! rs - 1/gms ro - L/(|>\ ‘ID)

ko = t1p Corl W/L); Vip < 0; Vs > 0; Vi = Vg — | Vey|
(tFIOde) vsp < Vou; vp > vg + |th‘ ip =k (VovVSD (VSD/2)) rds = 1/(MpCox(W/L) Vov)
(active) vsp > Vo, ip = 0.5k, V2 (1 + |Ap \VSD) Vep = vsp — Vo,

gm = kpVor = 2Ip/Voy = \/2kplp; 1s = 1/gm; ro = L/(|A1Ip)

Vo

Rout
Vi O—I O—I RD Rout
Rs L _[‘l

out -

= Vo Vi

Rout:ro+(]-+gmro)RS Rout:(ro+RD)/(1+gmro) Rout:ro
isc = (—8mfovi)/(ro + (1 + gmro)Rs) isc = (gmrovi)/(ro + Rp) isc = ((1+ gmro)/ro)vi
Voc = —8mloVi Voc = (gmroVi)/(l +gmro) Voc = (1 +gmro)Vi

Rout = (1 + ngS)ro Rout = (1/gm) + (RD/gmro) Rout = 1o
Isc = _Vi/((l/gm)+R5) isc:(gmrovi)/(ro+RD) isc:ngi

Voc = —8mloVi Voc = Vi Voc = BmloVi

Ad = gmRp; Acm = —(Rp/(2Rss))(ARp/Rp); Acm = —(Rp/(2Rss))(Agm/&m);
Vos = AV:; Vos = (Vov/2)(ARp/Rp); Vos = (Vov/2)(A(W/L)/(W/L))
Large signal: ipy = (1/2) + (I/Vioy)(Via /2)(1 — (via /2 Vi )?)*/?

step response y(t) = Yoo — (Yoo — Youi)e t/7;
unity gain freq for T(s) = Am/(1 + (s/w3ag)) for Ay > 1 = we >~ |Am|wsas
(14+s/z1)(1+5/z)...(1 +5/zm)

“(L+s/w)(1+s/w) ... (L+ s/w,
OTC estimate wy ~ 1/(>_ 77); dominant pole estimate wy ~ 1/(Tmax
STC estimate w; ~ > 1/7;; dominant pole estimate w; ~ 1/(7min)

=Z/(1-K); Zo = Z)(1 - 1/K)

(2/3) WLCox + WLovaa ng - WLov Cox: Cdb — CdbO/\/ 14 de/\/01
gm/(Cgs + Cd); for Cgs > Cog = fr =~ (3uVio,)/(47L?)

= A/(1+ AB); x; = (1/(1 + AB))xs; dAr/Ar = (1/(1 + AB))dA/A; wir = wri(1 + AB); wir = wi /(1 + AB);
Loop Gain L= —s,/se; Ar = A (LJ(1 - 1))+ dJ (14 L); Zooe = Zoo((1 4 Ls)/(L+ Lo)). PM = /L{jwr) + 180;
GM = *\L(Jw180)|db,
Pole splitting wy; >~ 1/(gmR2CrR1); wip = (gmCr) /(GG + G (G + )

PM = 90° — tan— (wl/wpg); Kpm = w1 /wp2; wp1 = (Kpmwp2(1 + K,%M)l/2)/Lo
Vi = Vio + 7(V20r + Vs — V26¢); ¥ = V2qNaes/ Cox; 8mb = X8&m> X = 7/ (2v/2¢¢ + Vsg)

for real axis poles/zeros T(s) = kg




