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Q1. Consider the amplifier stage shown below and only consider the shown capacitors.
Vbp
L All transistor have the same
|—°V32 gm and 7,
gm = 800 uA/V
° Vo ro = 40 k)
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(a) Find the small-signal dc gain v,/v;?
Solution
rs1 = 1/gm1 = 1/(800e — 6) = 1.25kQY; 750 = 1/gme = 1/(800e — 6) = 1.25kQ2
Find the short-circuit current at v, relative to v; assuming all r, — oo.
ise/vi = 1/(rs1 +1rs2) = 1/((1.25€3) 4 (1.25€3)) = 400 uA/V
Find the output impedance at v,
Ry = 103||((1 4+ gma * 751) * ro2) = (40e3)||((1 4 (800e — 6) * (1.25¢3)) * (40e3)) = 26.67 k2
The gain is given by
Vo/Vi = tsc/Vi * Ry = (400e — 6) x (26.67e3) = 10.67V/V

(b) Find the pole frequency at node v; in rad/s?
Solution

Define R, to be the impedance seen looking into the source of Mo

Ry =152+ 703/ (gma * To2) = (1.25€3) + (40e3)/((800e — 6) * (40e3)) = 2.5 k2
The impedance to gnd seen at node v; is given by

Ry1 = 7s1||Rs = (1.25€3)[|(2.5€3) = 833.302

The pole freq is wp1 = 1/(Ry1 * C1) = 1/((833.3) * (1.4e — 12)) = 857.1 Mrad/s

Q2. Consider feedback amp shown below where the input is a current source, Ig with a parallel resistance
of RS-
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(a) Find L, Az and Acr. (Assume Ary = 0)
Solution

Define R, to be the impedance looking into the source of M;
Ry = 1/gm1 + R1/(gm1 * 7o1) = 1/(800e — 6) + (10e3)/((800e — 6) * (22e3)) = 1.818 k)
Define R, to be the impedance at the v, node with the loop broken
Ry = ro2||Ra||(Rs + Rs||Ry) = (20e3)]|(12€3)[|((10e3) + (12e3)[|(1.818e3)) = 4.552 k2
Starting at the gate of My (node vy) and going around the loop, we have
Uo/V2 = —gma * Ry = —(1.4e — 3) x (4.552e3) = —6.372V/V
v1 /v, = (Rs||Rz)/(Rs|| Ry + R3) = ((12e3)]](1.818€3))/((12€3)||(1.818e3) + (10e3)) = 0.1364 V/V
v2/U1 = gm1 * (To1||R1) = (800e — 6) * ((22€3)[](10e3)) = 5.5V /V
L = —v, /vy xv1 /v, x va/v1 = —(—6.372) % (0.1364) * (5.5) = 4.779

Apoe = —R3 = —(10e3) = —10kQ

Acr = Arso * (L/(1+ L)) = (—10e3) % ((4.779) /(1 + (4.779))) = —8.27kQ
(b) Find R;, and Ry
Solution
For Rout, R),; = R, = 4.552kQ (from above) is the output resistance with the loop broken
LS =0 and LO =L
Rowt = R, % (14+ Lg)/(1+ Lo) = (4.552e3) * (1 + (0))/(1 4 (4.779)) = 787.6 Q2

For R;,, define R;,2 to be the input resistance that INCLUDES Rg
R, is the input resistance (including Rg) with the loop broken
ino = Rsl||(R3 + 1o2||R2)|| Rz = (12€3)]|((10e3) + (20e3)|](12e3))]|(1.818e3) = 1.448 k2
Rina = Rl 5% (14 Lg)/(1+ Lo) = (1.448e3) * (1 + (0))/(1 + (4.779)) = 250.6 Q2
Since Rin2 = Rgl||Rin we have

Rin =1/(1/Rina — 1/Rg) = 1/(1/(250.6) — 1/(12€3)) = 255.9

Q3. Consider the amplifier stage shown below where the input/output characteristic for the class B
output stage (from vg to v,) is shown. For this class B output stage, the gain is k = 0.9 for |vo| >V,
until |v,| reaches Vj,,, while the dead-band region results in v, = 0 for |vs| < V,,. The gain of the
opamp is A, =8V/V.
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(a) What is the dead-band region for v; to v,?

Solution

The dead-band region is reduced by the gain of the amplifier (the class-B output stage gain does
not affect the dead-band region).

V' =V, /A, = (0.65)/(8) = 81.25mV

(b) What is the gain outside the dead-band region but before the output reaches V4.7
Solution
The gain outside the dead-band region and before v, = Vjuqz is given by
kK = L/(1+ L) where L is the loop gain in the region given by
L=A,xk=(8)%(09)="7.2
K=L/(1+L)=(72)/(1+(7.2)) =0878V/V

(c) What is the value of v; when the output just reaches V4,7
Solution

Outside the dead-band region, v, is given by the equation
vo = (v; — Vi')k’ where V. is the new dead-band region and k' is the closed-loop gain
Setting v, equal to Ve = 4.5V and solving for v;, we have

Vi = (Vinaz/K') + V' = ((4.5)/(0.878)) + (81.25e — 3) = 5.206 V

Q4. Assume an opamp is ideal with the transfer-function,
_ kde
AlS) = s s o (o 7m)
The straight-line Bode phase plot for the amplifier is shown below and the dc gain is given by
kge = 1.5e3

Assume the poles are widely spaced apart.
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Find the values for wp1, wpe, and wp3 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°, —225°

Therefore, the pole locations are

wp1 = lrad/s

wp2 = lkrad/s

wpz = 100 krad/s

Ignoring the effect of the highest frequency pole, if this amplifier is used in a non-inverting
configuration, what is the smallest dc closed-loop amplifier gain that will result in a phase
margin of 65°7 (use the actual A(s) and NOT the straight-line Bode plot).

Solution

The loop gain is A(s)p resulting in L(s) = A(s)8 = (1+S/wp’?)“(~f+s/wp2)

(wp3 is ignored so it is set to oo in A(s))

ZL(jw) = — atan(w/wp1) — atan(w/wp2)

PM = ZL(jw;) — (—180°) where w; is defined as |L(jw;)| =1

We know that for PM = 65°, the unity gain freq w; will have the relationship wy1 < w1 < wp2
so reconizing that w;/wpy1 > 1, we can make the approximation

atan(wy /wp1) ~ 90° leading to

PM = 90° — atan(wi /wp2) = 65°

w1 = wpg * tan (((90 — PM)/180) * 7) = (1e3) * tan (((90 — (65))/180)  (3.142)) = 466.3rad/s

and we now find # by making use of |L(jwi)| =1

B = (w1 /wp1) * (/1 + (w1 /wp2)?)/kae = ((466.3) /(1)) * (/1 + ((466.3)/(1e3))2)/(1.5e3) = 0.343
The closed-loop gain, A is given by Ay = Ag/(1 + ApB) where Ay = kg4, resulting in the min
A given by

Ay = kge/ (1 + kae * B) = (1.53) /(1 + (1.5e3) * (0.343)) = 2.91 V/V
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(we could also have used Ay ~ 1/ since kg5 > 1)
The minimum closed-loop gain that results in PM =65°is Ay =2.91V/V

Q5. Consider the CMOS push-pull output stage shown below. The size for the NMOS output tran-
sistor has W; =90 um and L; = 90nm while the PMOS output transistor has W7 = 180 ym and
L7 = 105nm. It is desired that I = 800 pA while I1 = I = 66.67 uA.

VDD VDD

Vbp

PMOS error amp M I_o_l Ms _"tT
My

| N My J—

) ?
—Vbp
V; o—¢ 1 Vo
Vbp
Ry
I
I M; My I—o
NM
OS error amp _I M,
M3 |—<>—| M,
—Vbp
—Vbp —Vbp
(3] (a) Find the width and length for My, M3, Mg, My so that the desired currents are obtained.
Solution

My and M3 are matched and Mg and My are matched so we just need the sizes of My and Msg.
The length of My should match the length of M; so Ly = L; = (90e — 9) = 90 nm
We also have a current mirror between My and M; when v, = 0 given by
Ig = Ip1 = (W1 /W) x (I1/2) resulting in
Wo = ((11/2)/1g) * W1 = (((66.67e — 6)/2)/(800e — 6)) * (90e — 6) = 3.75 pm
The length of Mg should match the length of M7 so Lg = L7 = (105e — 9) = 105nm
We also have a current mirror between Mg and M7 when v, = 0 given by
Ig = Ip7 = (W7 /W3g) x (I2/2) resulting in
Ws = ((I2/2)/1g) * W7 = (((66.67e — 6)/2)/(800e — 6)) * (180e — 6) = 7.5 um
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(b) When simulating this power amp, it is found that the gain of the NMOS error amp is too large
and should be reduced to improve the stability of the circuit. What changes can be made to the
circuit to reduce the error amp gain by a factor of 2 while keeping I unchanged?

Solution

The gain of the error amp is A, = gms * (705]|703). To reduce the gain, we can either reduce
gms5 or the output impedances. It is generally preferable to reduce g,, (as there are 2 output
impedances involved and also, you would need either more current or a shorter length but the
length of Mj has to match the length of Mj).

To reduce g5 by a factor of 2, you need to reduce the Wj by a factor of 4 (due to the square root
relationship assuming the current remains unchanged). Of course, Wy would also be reduced by
a factor of 4.

Reduce both Wy and W5 by a factor of 4

Q6. Consider a class AB BJT output stage as shown below with an output load, Ry = 30¢) and a
maximum amplitude of £12V (limited by the input swing). The power transistors (Qx and Qp)
both have Ig poy = 200 fA and Spow = 50 while the bias transistor (Q1) has Is = 20fA and 5, = 180.
Assume Vp = 25mV

Voe =14V

A

Vee =14V

" ® R

¢ 0 U,

Ry

L~
[~

\/
—Vee = —14V

(a) Assuming a quiescent current (in the power transistors) of 12mA, find the 3 values of the input
voltage corresponding to when the output is either -12V, 0 V or 12 V.

Solution

Define apow = Bpow/ (Bpow + 1) = (50)/((50) 4+ 1) = 0.9804
Define Isq pow = 15 pow/pow = 204 fA

The quadratic equation for class-AB BJT amplifiers is ...
in —irin — I3 =0

n
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When if, =0, i, = Ig

When i7, > I, we can ignore the Igg term leading to

in ~ 1L,

In addition, we can find the pnp emitter current from
ip = I% /in which is found from the equation 4,7, = Ié

To find the input voltage, we make use of

Vo = v; + Vgp, p leading to v; = v, — Ve p

We need to find the 3 values of Vgp p which are found from the i, values using...
VeBp = Vr *In(ip/(Isa))

v, =0V

ir, = 0 leading to i, = I = (12e — 3) = 12mA

Vs = Vi *10g (i) Isapow) = (25¢ — 3)  log ((12¢ — 3)/(20de — 15)) = 0.6199 V
Vi = Vo — Vg = (0) — (0.6199) = —0.6199 V

vo =12V :

i, =vo/Rr = (12)/(30) = 0.4 A leading to i, ~ iy = 0.4 A

ip = I3 /in = (12¢ — 3)?/(0.4) = 360 uA

Vepp = Vi %108 (ip/Isapow) = (25€ — 3) * log ((360e — 6)/(204e — 15)) = 0.5323 V
v = vo — Vigpp = (12) — (0.5323) = 11.47V

Vo = —12V

i, = vo/Rp = (—12)/(30) = —0.4 A leading to i, ~ —iy, = 0.4 A (by symmetry)

Vep = Vr *1og (ip/Isa pow) = (25e — 3) x log ((0.4)/(204e — 15)) = 0.7076 V
v = Vo — Vigp,p = (—12) — (0.7076) = —12.71V

Design the bias circuit for a quiescent current (in the power transistors) of 12 mA and a minimum
current of 1.2mA through the Vbe multiplier circuit.
Solution
Define V;, ez = 12V as the maximum peak output voltage
Define I,,,;, = 1.2mA as the min current through Vbe multiplier
Ip is sized by choosing Ig to be Iin + IBnmaz Where IBy, maq is the largest current into the
base of Q.
Isnmas = Vomas/Re) * (1) (Byow + 1)) = ((12)/(30)) = (1/((50) + 1)) = T.843mA
I = Imin + IBnmaz = (1.2e — 3) + (7.843e — 3) = 9.043mA
When I,,,;, is going to the Vbe multiplier, we choose to let half flow through Ry and half flow
through I of Q1 (this is a reasonable design choice).
As more current flows into the Vbd multiplier, I; will absorb most of the extra current
So Ig = Iin/2 = (1.2 — 3)/2 = 600 pA

We have from part(a) that for v, = 0, and Ig = 12mA then Vgp, = 0.6199V
and due to matching, Vpg,, = Vigp,p = 0.6199V leading to
Vs = Vagn + Veny = (0.6199) + (0.6199) = 1.24V

Define oy = 1/(p1 + 1) = (180)/((180) + 1) = 0.9945
Define Igo1 = Is/a1 = 20.11fA
(since (31 is so large, we could have ignored the effect of ay here)
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At v, =0, i, = Ig resulting in @n base current given by

T = To/ (Bpow + 1) = (126 — 3)/((50) + 1) = 235.3 uA

Ie1 = Ip — I — Ipno = (9.043¢ — 3) — (600e — 6) — (235.3¢ — 6) = 8.208 mA

Vier = Vi % log (I /Isa1) = (25¢ — 3) % log ((8.208¢ — 3)/(20.11¢ — 15)) = 0.6684 V
Ry = Vier/Ir = (0.6684)/(600e — 6) = 1.114k2 (Assuming Ip; ~ 0)

VBB = Viet + (Voer/R1) * Ry = Vie1 * (1 + R2/Ry)

Ry = ((Vp/Vier) — 1) % Ry = (((1.24)/(0.6684)) — 1) * (1.114e3) = 952.5Q

R1 =1.114kQ; Ry = 952.50
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Constants:

NMOS:

PMOS:

BJT:

Diff Pair:

1st order:

Freq:

Miller:
Mos caps:

Feedback:

Pole Pair:
Power Amps:

2-stage opamp:

Equation Sheet

k=138 x 10_23JK_1; g = 1.602 x 10717 C; Vr = kT/q =~ 26mV at 300K; ¢y = 8.85 x 10712 Fm™!
kox = 3.9; Cop = (k0$€0)/t0x; w=2rf

k, = ﬂ?LOo:c(W/L); Vin > 0; vps > 0; Voo = Vas — Vi

(triode) vps < Vou; vp <vg — Vi ip = kn(Vm)vDS — (UZDS/Q))

(active) vps > Vou; ip = 0.5k, V2 (1 4+ Avps); gm = knVow = 2Ip [V, = V2knIp; 7s = 1/gm;

ro = L/(IN|1p)

kp = :u'pCoz(W/L)7 ‘/tp <0; vsp 2 05 Voo = Visg — |‘/th

(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)

(aCtive) ic = ISB(UBE/VT)(l + (UCE/VA>); 9m = a/Te = IC/VTa Te = VT/IEa T'r = 6/9771; To = |VA|/IC;
ic =pig;ig=(B+1)ip;a=8/(8+1);ic =caig; Ry=(8+1)(re + Rg); Re = (R +r:)/(B+1)

v, ise & —(1/gm + Rs) v
= Ry~ (1+ gmRs)ry l:‘l
Approx due to

RS
ImTo >1 ’Uop ~ V;

= R, ~ 1/gm + RD/ gmro) UO/’Uz - gm TOHRD
Aq = gmRp; Acv = —(Rp/(2Rss))(ARp/Rp); Acu = —(Rp/(2Rss))(Agm/gm);
Vos = AVy; Vos = (Vov /2)(ARp/Rp); Vos = (Vov /2)(A(W/L)/(W/L))
Large signal: ip; = (1/2) + (I/Vay)(via/2)(1 = (viq/2V4y)?)!/?
step response y(t) = Yoo — (Yoo — Yoy )e™H/7;
unity gain freq for T'(s) = Apr/(1 4 (s/wzap)) for Apr > 1 = wi ~ |Apr|wsan
+5/21)(1+8/22)...(L+8/2m)

(1+s/w1)(1+s/wa)... (14 s/wy)
OTC estimate wy ~ 1/(>_7;); dominant pole estimate wy ~ 1

STC estimate wy, ~ > 1/7;; dominant pole estimate wr, ~ 1/(Tmin)

7 =2/~ K); 2= 2)(1 - 1/K)

Cgs = (2/3)WLCogc + WLovCogc; ng = WLovCom; Cdb = CdbO/ V 1+ de/VO;

wi = gm/(Cys + Cya); for Cys > Cyq = f1 =~ (3uV,,)/ (4 L?)

A = A/(L+ AB); mi = (1/(1 + AP))as; dAg/Ayp = (1/(1 + AB))dA/A; wuyp = wua(1+ AP); wrp =
wr /(14 AB);

Loop Gain L = —s,/s; Af = Aso(L/(1+ L)) +d/(1 + L); Zport = Zpo((1 4+ Lg)/(1 + Lo)): PM =
ZL(jw) +180; GM = —|L(jwiso)|av;

Pole splitting w),; ~ 1/(gmRaCrR1); wiy ~ (gmCy)/(C1C2 + Cy(C1 + C2))

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

Class A: n = (1/4)(Vo/IRL)(Vo/Vec); Class B: i = (n/4)(Vo/Vee); Pon.mar = Vieo/(T?RL);
Class AB : i, = I%; Ig = (Is/a)eVBB/(QVT); 02 — g, — Ig? =0

Wp1 = (Rle2R2Oc)7l; Wp2 = Gm2/c’27 Wz = (CC(I/GmQ - R))ily

SR=1/C. = w¢Vyy1; will not SR limit if w;Vp < SR

for real axis poles/zeros T'(s) = kg

Tmaw



