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Qt.
[3] (a) Find the input impedance for the circuit model shown below.
Rinle
1 gm = 200pA/V
+
Vgs 8mVgs
R1 = 1kQ
[3] (b) Below is shown two different models for the same transistor WITH input resistance r.. The model in (i)
makes use of a CCCS while the model in (ii) makes use of a VCCS. Derive the relationship between g,
B and r, such that the 2 models are equivalent.
I'B
B «— — o C — o C
I Big EmVr
E
(i)
Solution

(a) At the R;, node, apply a voltage v, and determine i, going into that node and by definition, R;, = v./ix
Ix = 8mVgs
iRl = 8mVgs = ix
Vgs = Vx — irR1RL = vy — xRy
Subtituting in for v, in the first equation...
Iy = gm(Vx - "le) = ’x((l/gm) + Rl) = Vx
Rin - Vx/’.x = (1/gm) + Rl
Rin=1/gm+ R1 = 1/(200e—6) + (1e3) = 6kQ

8mVr :/8[3
B = Vr/ln = &mVa = B(Vr/rz)

8m :/B/rﬂ'
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Q2. Consider the amplifier shown below where all the transistor lengths are 180nm. Assume the current sources
are ideal and all r, — cc.

=18V
th - 04V
_ 2
v °_| M3 6 Hn Cox - 240MA/V
! 10 10
I2 th = 03V
+—o 8uA t1p Cox = 80uA/V?

h M, _
20A 10 :I|—° Vi1 = 0.9V

numbers under transistor names indicate W/L value
M1 M2
10 I_ |I: 20

[3] (a) Calculate the drain currents and overdrive voltages for transistors M,/Ms;/M,/Ms. (assume the bias
voltage of v; is set so that all transistors remain in the active region)

[3] (b) Find the maximum V, nh.x and minimum V, ..., voltage at the output, v,, while keeping all transistors in
the active region.

Solution

(@) Ipz = h* (W/L)2/(W/L)1) = (20e—6) = ((20)/(10)) = 40pA
Ips = kb ((W/L)s/(W/L)s) = (8e—6) * ((10)/(5)) = 16uA = Ips
Ips = Ip2 — Ipg = (40e—6) — (16e—6) = 24uA

Ipp = 40uA; Ips = 24uA; Ips = 16uA; Ips = 16uA

Vo, = \/2ID/(NnCOX(W/L))

Vova = sqrt(2 # Ipa/(pn Cox * (W/L)2)) = sqrt(2 x (40e—6)/((240e—6) * (20))) = 0.1291V
Vova = sqrt(2  Ipg/(pinCox ¥ (W/L)4)) = sqrt(2 * (16e—6)/((240e—6) x (10))) = 0.1155V
Vovs = sqrt(2 # Ip3/(p1p Cox * (W/L)3)) = sqrt(2 = (24e—6)/((80e—6) * (10))) = 0.2449V
Vovs = sqrt(2 # Ips/(11p Cox * (W /L)s)) = sqrt(2 * (16e—6)/((80e—6) * (10))) = 0.2V

Vova = 0.1291V; Voys = 0.2449V; Vv, = 0.1155V; Voys = 0.2V

(b) For Vi, max

Vo.max = Vop — Vovs = (1.8) — (0.2) = 1.6V

For Vo, min

Vs1 = Vi1 — (Ven + Vova) = (0.9) — ((0.4) + (0.1155)) = 0.3845V

Vo, min = Vs1 + Vova = (0.3845) + (0.1155) = 0.5V

Note that we could have found this more directly from the gate voltage of M, as
Vo min = V1 — Ven = (0.9) — (0.4) = 0.5V
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Q3. Consider the amplifier stage shown below and only consider the shown capacitors. All the transistors have
the same g, and r,.

Vbp

Voo
0 Vo
Vi o—I M1 M2 I—o VBl
. . gm = 1mA/V
G ro = 6kQ
800fF
v L
(ideal) )
[3] (a) Find the small-signal dc gain, v, /v;.

(For the short circuit output current, assume all r, — oo while for the output impedance, use the accu-
rate formula on the equation sheet - in other words, do not assume g,,r, > 1 when finding the output
impedance)

Solution

(a) For the short circuit current, isc at node v,, we have the following small-signal circuit

Assuming r, — oo, we have

Rx = 1/gm2
Ise = ig1 = Vi/(l/gml + Rx) = Vi/(]-/gml + l/ng)
isc = 500e—6v;

For R..:, we use to original figure and define R, to be the impedance looking into the source of M; and
R, is the impedance looking into the drain of M,

R: = ro1/(1 + gm1 * ro1) = (6€3)/(1 + (1e—3) * (6€3)) = 857.1Q

Ry = rop + (1 4 gmo2 * ro2) * R, = (6€3) + (1 + (1e—3) x (6€3)) * (857.1) = 12kQ
Rout = ro2l|R, = (6¢3)][(12¢3) = 4k

Finally, we have

Vo = IscRout = (500e—6v;)(4kQ) = 2v;

Vo/Vvi =2V /V
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[3] (b) Find the pole frequency due to G in rad/s.
(Do not assume g, ro > 1)

Solution

(b) For finding the pole frequency due to (i, we use the original circuit.

The impedance looking into the source of M, is

Ry = (ro2 + r03) /(1 4 gm2 * ro2) = ((6€3) + (6€3))/(1 + (1e—3) x (6€3)) = 1.714kQ2
The impedance seen by the capacitor C; is (making use of R, found in (a) above)
Rc1 = Ry||R, = (1.714€3)||(857.1) = 571.4Q

The pole frequency is

wp1 = 1/(Rc1 * G1) = 1/((571.4) * (800e—15)) = 2.188Grad /s



3]
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Q4. Consider the feedback amp shown below where the input is a current source, /s with a parallel resistance of

Rs.
Vbp
Vbp R gm = 1mA/V
2 -1 = 15kQ2
12k for =15
Ry gm2 = 800uA/V
10kQ rog = 20kQ
Vo = M2
1 >£|—o Vo
VB O—III M1 ) Rout
Vi R3
? IR'? MN
in 10k$2
Is RS
12kQ2

(@) Find L, Ai» and Ac;. (Assume Ap = 0)

Solution

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

Ry =1/gm1 + R1/(gm1 * ro1) = 1/(1le—3) + (10e3)/((1e—3) * (15€3)) = 1.667kS2

Define R, to be the impedance at the v, node to ground when the loop is broken at v,

R, = ro2||R2||(Rs + Rs||Rx) = (20€3)|](12e3)|((10e3) + (12€3)||(1.667€3)) = 4.534kQ2

Breaking the loop at v», we have

Vo/Vo = —gm2 * R, = —(800e—6) * (4.534€3) = —3.627V/V

vi/vo = (Rs||Rx)/(Rs||Rx + R3) = ((12€3)]|(1.667e3))/((12€3)||(1.667e3) + (10e3)) = 0.1277V/V
Va/vi = gm1 * (ro1]|R1) = (1e—3) * ((15€3)]|(10e3)) = 6V /V

L=—vo/vo xv1/vo % vo/vy = —(—3.627) % (0.1277) x (6) = 2.778

If the loop is broken at v, and an infinite gain amplifier is inserted, then the small-signal drain voltage of
M; is zero, s0 ip1 = 0 S0 vg1 = 0 which means v; = 0 (all small-signal values) so we have

ALso = —R3 = —(10e3) = —10kQ
Act = Aroo * (L/(1+ L)) = (—10e3) % ((2.778) /(1 + (2.778))) = —7.353kQ
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[3] (b) Find Rj;, and Rout

Solution

For Rout,

Routo = R, = (4.534€3) = 4.534kQ

where R, was found in part (a) and is the output impedance with the loop broken.
Also, for this port, Ls =0and Lo = L

Rout = Routo % (1 + Ls)/(1 + Lo) = (4.534€3) (1 + (0))/(1 + (2.778)) = 1.2kQ

For the R;, port, we have the port impedance when the loop is broken
Rino = Rx||(R3 + ro2||R2) = (1.667€3)||((10e3) + (20€3)||(12€3)) = 1.522kQ2

We also have for this port, Ls = 0 while we need to find the new value of L since Rs is no longer attached to
the circuit when the port is open.

We now have

R, = ro2||Ra||(Rs + Ry) = (20e3)|[(12€3)]|((10e3) + (1.667€3)) = 4.565k2
Vo/V2 = —gma * R, = —(800e—6) * (4.565€3) = —3.652V/V

v /vo = Re/(Ry + R3) = (1.667€3)/((1.667¢3) + (10€3)) = 0.1420V )V

Va/vi = gm1 * (fo1]|R1) = (1e—3) * ((15€3)||(10e3)) = 6V/V

Lo = —vo/vaxvi/vo % va/vy = —(—3.652) % (0.1429) x (6) = 3.13

resulting in

Rin = Rino * (1 + Ls)/(1 + Lo) = (1.522e3) (1 + (0))/(1 + (3.13)) = 368.4Q
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Q5. A multipole amplifier has a dc gain of 55dB and poles at f,; = 1MHz, f; = 20MHz and f,3 = 400MHz.

[3] (a) If an extra dominant pole is added to the amplifer, at what frequency (in Hz) should it be added to obtain
a phase-margin of roughly 45 degrees?

[3] (b) If the pole at f,; = 1MHz is located in the circuit and extra capacitance is added at that node (other
poles are unaffected) to move f,; to become the dominant pole, where should ), be located to obtain a
phase-margin of roughly 45 degrees?

Solution

(a) The relationship between A, 45 and A, is
Ao.dg = 20logio(Ao)

Ao = 10(1ese/20) — 10(5548/20)56 3

So we have a dominant transfer-function of
A(s) = Hsf‘m

and for roughly a 45 degree phase margin, we want the unity gain freq of A(s) to equal the first non-dominant
pole which in this case would be f,;.

We also know the unity gain freq of A(s) is approx equal to Aowp,dom, SO We have
AoWp dom = Wp1

or equivalently (in Hz)

Aofp,dom = fo1

fordom = fo1/ Ao = (1€6)/(562.3) = 1.778kHz

(b) We now have the non-dominant pole is 7, (since f,; is moved to become the dominant pole) and we have
fli = /Ao = (20€6)/(562.3) = 35.57kHz

pl —
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Q6. Consider a feedback amplifier that has a low frequency gain of 100kV/V, a dominant pole at 10rad/s and a
non-dominant pole at 1Mrad/s

(a) Assuming the feedback factor, 3, is independent of frequency, find the value of 3 that will result in a 70°
phase margin.

(b) For the g found above, if a step voltage is applied to the input of the closed loop amplifier, estimate the
time it takes to settle to 90% of the final value.

Solution

(a) The loop gain given by
Ao
(14 s/wp1)(1+ s/wp2)
where A, = 100kV/V, wp1 = 10rad/s, wp = 1Mrad/s
We want to find w, where ZL(jwy) = —110° since that would result in a phase-margin of 70°.

L(s) =

Since wpp > wp1 and A, > 1, we can assume wy > wp1 SO We can write

ZL(jwy) = —90° — tan " (wy/wp2) = —110°

tan™ ! (wy /wpz) = 20° = w, = 0.364wp, = 364krad/s
The loop gain unity gain frequency should occur at w, implying that |L(jwx)| = 1

Aof
(wr/wpr) /(1 + (wi/wp2)?)

=1

|L(jws)| =

(wx/wp1) * sqrt(1 + (wx/wp2)?)
Ao

8= — 0.3873

(b) The open loop gain looks mostly like a first-order system with the loop gain

Aop

L(s) "/ —————
(S) 1+5/wp1

When this loop gain is closed, its 3dB freq is given by

wW3dB & wp1Aof
w3dg = wp1 * Ao * B = (10) x (100e3) * (0.3873) = 387.3krad/s
7 =1/wsgs = 1/(387.3e3) = 2.582us
To settle to 90% of the final value

0.0 = (1—elt/7) = &~/ — 01 = t/7 =23

t=23x7=23%(2.582¢e—6) = 5.938us
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Constants:

NMOS:

PMOS:

Accurate:

gmlo >1

Diff Pair:

1st order:

Freq:

Miller:

Mos caps:

Feedback:

Pole Pair:

Power Amps:

2-stage opamp:

Equation Sheet

k=138x%x10"23) K_l; g = 1.602 x 10—19C; Vr = kT/q ~ 26mV at 300K; ¢g = 8.85 x 10~12 Fm_l; kox =
3.9; Cox = (kox€0)/tox; w = 2mf

kn = MnCox(W/L); Vin > 05 vps > 0; Vo, = Vs — Vi

(triode) vps < Vo ; vp < v — Vi ip = kn(Voyvbs — (v%5/2)); ras = 1/(pp Cox(W/L) Vo)

(active) vps > Vo ip = 0.5k, \/02‘/(1 + /\,,V/Ds); V/DS = vps — Vou;

8m = anov = 2ID/Vov =V 2anD! rs = 1/gms ro = L/(|)\n/‘ID)

kp = ,UpCox(W/L); th <0;vsp > 0; Vo, = Vsg — |th‘

(triode) vsp < Vo5 vp > v + | Vipl; ip = kp(Voyvsp — (véD/Z)); ras = 1/(pp Cox(W/L) Vo)

(active) vVsp > Vov; iD = 0.5k V2 (]. -+ |/\P‘V§D); VgD = Vsp — Vov

P ¥ ov

8m = kpvov = 2ID/\/ov = 2kaDa rs = 1/gm; ro = L/(|>\p/‘ID)

Rout Vo

Vi o——l Vi O—I Rp Rout
Rs Rout - —L__I

= 4
Rout:ro+(1+gmro)RS Rout:(ro+RD)/(1+gmro) Rout:ro
isc:(_gmroVi)/(ro+(1+gmro)RS) isc:(gmrovi)/(ro+RD) 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)+RS) 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 = AVy; 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 — Y0+)e—t/‘r;

unity gain freq for T(s) = Am/(1 + (s/w3ag)) for Ay > 1 = we >~ |Am|wsas
(1+s/z1)(1+5/2)...(1+5/zm)
(1+s/w1)(1+s/ws)...(1+ s/w,)
OTC estimate wy ~ 1/(>_ 7;); dominant pole estimate wy >~ 1/(Tmax)

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

STC estimate w; ~ > 1/7;; dominant pole estimate w; ~ 1/(Tmin)
Z1=Z/(1-K); Zo=2/(1-1/K)

Cgs = (2/3) WL Cox + WLoy Cox; ng = WLo, Cox; Cap = CldbO/\/ 1+ de/VO;
we = 8m/(Cgs + Cga); for Cos > Coq = fr ~ (3uVoy)/(4L?)

Af = A/(]. + Aﬂ), Xi = (1/(1 + Aﬂ))Xs, dAf/Af = (1/(1 + AB))dA/A, WHFf = wH(l + Aﬂ), Wwrf = wL/(l + Aﬁ),

Loop Gain L = —Sr/st; Af = AOO(L/(l + L)) + d/(l + L); Zport =Z "((1 + LS)/(l + LO)): PM = ZL(jwt) +180;
GM = —|L(jw1so)db>

!/

Pole splitting wy; >~ 1/(gmR2CrR1); win =~ (gmCr) /(GG + G (G + G2))

s2 + (wo/ @)s + w?; @ < 0.5 = real poles; Q > 1/+/2 = freq resp peaking

Class A : 7y = (1/4)(Vo/IRL)(Vo/Vec); Class B : 1y = (1/4)(Vo/ Vec); Pon.max = VEc /(T2 RL);
Class AB : ipip = 12; Ig = (Is/a)e"es/CVD); 2 — iy — 12 =0

W1 =~ (R1GmaRaCe) ™ wpa = Gma/ Gy wy = (Ce(1/Gma — R)) 74

SR =1/Ce = wiViy1; will not SR limit if w, Vo < SR



