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EE 140 / 240A  Linear Integrated Circuits
Spring 2020 Final

1. Feed This Way and That (5 Points)

S.
l’@_' AO Sout

(a) For the system above, find %
Solution: This is a classic feedback-only system (i.e. no feed-forward).

Sout - AO (Sin - fsout)
Sout(l +A0f) = AOSin

Sout _ AO
Sin 1+Ayf
Sout _ A()
Sin  14+Aof
d
Sin @ AO @ S()ut
f

(b) For the system above, find %
Solution: We’ve now introduced what we call feed-forward.

Sout - dSin +A0 (Sin - fS()ul)
S()ut(l +A0f) = Sin(d+A0)
Sour  Ao+d

Sin  1+Aof
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Sout o Ao+d
Sin 1 ‘|‘A0f

2. 3-Terminal Tater (6 Points)

You are given a device with the following equation for its output current:

1 1
Iout = ga(Vin)3 + Eﬁ(vout)z

(a) What is the output resistance R, of the device?

aI()m ! 1
R() = =
aVnut ﬁ V()ul

Solution:

1
R —
? B VOMt
(b) What is the transconductance G, of the device?
Solution: py
G, — out _ (XV~2
ST
Gm - (XVZ%

(c) What is the intrinsic small-signal voltage gain of the device? Mind your signs!
Solution:

2
_ aVin

A =—ooim
! ﬁVOMt

3. Single Pole Amp Table (12 Points)

Fill in the following table without a calculator for a single-pole amplifier
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@,

(rad/s)

8m To

(V/V) (1/Q)

(rad/s)

M

1000

M 0.1G 100k

10G IM | 20f

10 10M 100p

Solution:

Ay = ’gmro‘
B 1
- roCr,

Wp

__ 8m

W, = A0 C
L

o, gm 93

(V/V) (1/Q)

(rad/s)

M

(rad/s)

1G

(F)

1000 Im M

lp

100 IM 0.1G Im 100k | 10p

200 S0M 10G 02m | IM 20f

M 10 10M Im | 1G | 100p

4. MOSFET Small Signal Transconductances and Impedances (12 Points)

Vop

i
e

Rs
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Find the following small signal values for the single-transistor amplifier above. Your final answers should
have the full, unsimplified expression

i
v

(a) 4 given vy = 0Vc. This is the G, of a degenerated common source.
8

Solution:

iq Emlo

Vg B ro+ Rs+ gmroRs

(b) f—: given v, = 0V zc. This is the R, of a source-degenerated common source.
Solution:

ld
E :RDH(ro +RS+gmroRS)

(c) ¢ assuming Rp = ooQ. This is the voltage gain of a degenerated common source amplifier.
8

Solution: Here you can use the answers from parts (a) and (b). For the latter, because R, is infinite,
R, =ry+Rg+ gmroRs

Vd
— = —8mlo
Ve

(d) é—; given vy = OV 5c. This is the G, of a source follower.

Solution:

Is 8Em’o

Vg N I’0+RD

(e) f—: given v, = OV zc. This is the R, of a source follower.
Solution:

I
-
Vs H L+gmro

®) 5—; assuming Rg = o). This is the voltage gain of a source follower.

Solution:

Vs 8mlo

Vg - 1+ gmro
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5. Compensation Has Consequences (10 Points)

(a) Calculate the G,,(s) of the following circuit:

Cc

Lout
Vin Vout

GnoVin

Solution:

— anut
‘/iil

_ lout

- . ’V()Llf =0
mn

G

Vour=0

Going through KCL

lout = GmoVin — SCcVin
= Vin (GmO - SCC)

Lout
- = GmO - SCC
Vin

i()ul
—_— = Gmo — SCC

Vin

(b) What are the locations of the poles and zeros (if any)? Be sure to specify if they’re in the right or left
half of the s-plane.

Solution:

Gmo —sCc =0
S GmO
Cc
Gno . .
., = "0 in the right half plane
C

(c) Your colleague proposes the following modification to the previous diagram:
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- .
Lout
Vin Vout

What are the locations of the poles and zeros (if any) of G,,(s)? Be sure to specify if they’re in the
right or left half of the s-plane.

Solution:
Poles Zeros
1+sCcR, =0 Guo +SCC(Gm0RZ— 1) =0
1 - GmO
s = — g—___ om0
CeR; Cc(1—GyoR:)
1 1
Wy = R in the left half plane =~

= R.Ce in the left half plane

s, = ——— where the sign depends on R,

(d) Calculate the G,,(s) of the following circuit assuming the buffer is ideal (infinite input impedance, zero
output impedance):

Vout

Solution:

iout = GmoVin

Lout
= GmO
Vin
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(e) What are the locations of the poles and zeros (if any) of G,,(s)? Be sure to specify if they’re in the
right half or left half of the s-plane.
Solution:

Magic! No poles or zeros in G,,! Practically speaking, the buffer presents some finite load and will
have its own frequency response, but the important thing is that the right-half plane zero doesn’t
appear.

6. Two Stage Drills (24 Points)

Unless otherwise indicated, you may make the following assumptions:

¢ All transistors are biased in saturation with V,,, = 0.2V
« Vpp =3V, Vi =V, = IV

¢ M3 and M6 are identical. M5 is 5x wider

* All capacitors are assumed to be zero except C¢, C, and C,

Vop

1mA

VOllt
J = —
¢ I = IE
(a) What is the common mode input voltage range (min and max)?
Solution:
Vin,min =2V, + Vi Vin,max =Vpp —VsG +Vin
=14V =3—-12+1
=2.8V

Vin € [1.4,2.8]V
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(b) What is the output voltage swing (min and max)?
Solution:

Vout < [Vow VDD - Vov]

Vou € [0.2,2.8]V

(c) If C; =0, C; = 1pF, and C¢ = 1pF, what is the positive slew rate in %?
Solution: The positive slew rate is determined by the first stage!

IDJ _ ImA
Cc  IpF
\Y%
=1—
ns

v
positive slew rate = 1 x 10° —

(d) If C; = 0OF, C; = 10pF, and C¢c = 1pF, what is the negative slew rate in %?
Solution: We need to consider two things:

First, the first stage with C¢. Second, the second stage with C;

Ips _ 1mA Ips _ SmA
Cc  IpF ¢, 10pF
\%
100y = 0.5x10°=
S

We choose the more restrictive of the two

\Y
negative slew rate = 0.5 x 10°—
S

(e) If C; =0F, C; = 1pF, and C¢ = 100pF, what is the negative slew rate in %?
Solution: Going through the same process as the previous parts:

First, the first stage with Cc. Second, the second stage with C,

ID3 N ImA

IDS . SmA

Cc  100pF ¢ IpF
\Y4 A\
=0.01— =5—

‘We choose the more restrictive of the two
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A%
negative slew rate = 0.01 x 10° —
S

A different amplifier with the same topology has the following parameters. You may ignore the pole/zero
doublet from the mirror.

gm2 | Rol Em4 Ry C Cc &)

ImS | 1I0OMQ | ImS | 100k | 1pF | 0.1pF | 100pF

(f) If Cc = OF for this part only (magically we will assume no C,y4), what are the uncompensated pole
locations?

Solution:

_ 1 _ 1
Oplu = R Op2u = Ry

®p1,4, = 100krad/s
2., = 100krad /s

(g) What is the location of the right-half plane zero?

Solution:
8m4

Cc

WORrHPZ =

WrHPZ = IOGrad/s

All plots are on the following pages. Don’t forget the last parts of the question!

(h) Plot the magnitude of the second stage gain

(i) Plot the overall impedance seen at the first stage output including R,1, C1, Cc, and any effects of Miller
multiplication.

(j) Plot the magnitude of the first stage gain.
(k) Plot the magnitude and phase of the overall gain. Label any poles and zeros clearly.

(I) Estimate the unity gain phase margin for this value of C¢.
Solution:

00
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(m) What is the maximum feedback factor and closed-loop gain for which the amplifier has a 45° phase
margin?
Solution:

1
<
f—104

UCB EE 140/240A, Spring 2020, Final 10
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Solution:

10° ¢

10* |

10° §

|Av2’

102

10" +

10°
10°

108 #

10! 102 103

104

107
10° ¢
10° ¢
10*
10° |
10
10"

’Zo1|

-~~~ Ra

o Cl

- - - unMillerized C¢
Millerized C¢

—_— solution

10°

1610

10°

10°

10° #

10! 102 103

10*

10*

10° ¢

’Avl‘

10 ¢

10" §

10° 10°
o (rad/s)

107

108

10°

10°

10°

10! 102 103
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107 .

100

10° |
10* |
10° ¢

—45 |

—90 +

v) (degrees)

Phase(A

=225+

—270 ¢

—135 +

—180 +

: 2020-05-15 19:10

12

00 10! 102 103 10* 10° 100 107 108 10° 10 oM
o (rad/s)
10° 10! 102 103 10* 10° 100 107 108 10° 101 10!t

7. Bandgap, Revisited (8 Points)

o (rad/s)

You’re given the following bandgap. You may assume it’s functioning exactly as intended, that the amplifier
is ideal, and that A = OV~ for the MOSFETs.

UCB EE 140/240A, Spring 2020, Final
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Vpar .
-
%) Va ——oVp
R R,
Ve —o Ve
R
Vi § R
N/ /!

Indicate if the following are PTAT, CTAT, or independent of temperature.

Solution:
Output | PTAT/CTAT/T-independent?

Va T-independent
Vp PTAT
Ve CTAT
Vb T-independent
Vi CTAT
Vi CTAT

Ve —Ve T-independent

Ve —VF PTAT

8. Regulate Yoself (14 Points)

(a) You are given a battery Vpar = 1.6V, a bandgap reference voltage Vg = 1.2V, and devices with

UCB EE 140/240A, Spring 2020, Final
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Vin =

14
|Vip| = 800mV. In the box below, draw the schematic for the following. If you use any resistors,
clearly indicate their ratios.

i. analog regulator (1.2V)
ii. digital regulator (1.5V)

iii. ADC reference regulator (1V)
Solution:

analog regulator

digital regulator
Vpar
Vbe

Var
7%
Vbpp
Vbpa ? R
|:j| Zioad — Cdecoup]e
Zload :: Cdecouple 4R

reference regulator
\Z%

R
VREF
5R

(b) For the analog regulator op amp

i. What is the common mode input?

Solution:
Vg = 1.2V
ii. What is the bare necessity for output swing?
Solution:

Vear — |th’ - Vovp ~ Vpar — ’VIP‘

iii. Which of the following will not work? {N/P input}, {5T, current mirror amp, 2-stage common
source, folded cascode, 2-stage folded cascode}
Solution:
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Anything with a PMOS input won’t work

(c) Your project partner wants you to verify that the regulator they’ve made below is stable. The op amp
has a differential gain of Agy, and you know the MOSFET’s small signal parameters g,, and r,. Find
the magnitude of the loop gain |T| = Ao f of the regulator.

Vear

VREF
VrEG
% Rload

Solution: To find Apf in the feedback diagram, we turn off our input, break every feedback loop (in
this case it’s just the one) and calculate the gain around the loop one time.

Breaking the loop at the negative input of the amp:

Var
VrEF

Rioad

We’re interested in a forward pass around the loop, and in this case that means starting on the left side
of the break and going around the feedback loop to the other side of the break.

1% 1% v
L ="T.2% ¢+ gfor gate
Ve Vg Wy
ro
— Ao gm ( Rioaa||——
oL gm( load|1+gmr0>

To
T =AoL- R _—
‘ | oL gm( 10adH 1+gmr0>
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9. 2-Input Mux (8 Points)
For the following 2-input mux, the input voltage can range from OV to 1V and the control/select bit is in the

Vbpa power domain (0, 1.2)V.

(a) Draw the schematic of a 2-input mux using transistors. If you need a digital logic cell, draw the
transistor schematic.

Solution:
S
1
Vian _V i
Y
T
S Vbpa
— Vour
S
1 S S
Vin,l _V —
T
S e

(b) Assuming the following, estimate the mux’s on-resistance R,, for an input near OV. Give a numerical
value, not just an equation!

* Every transistor has W /L = 1.8um/180nm
* Vin=-V, =04V
* tnCox = 241, Cox = 20083
Solution: At low input voltages, the NMOS is on and the PMOS is off.
1

.uncox% (VDDA - th)

1 4
_EXIOQ

= 625Q

Ron =

Ron = 625Q

Is anything within +=10% acceptable?

(c) The mux is driving a 100fF capacitor and has one input at 0.1V and another at 0.4V. Carefully sketch
the voltage waveform when the input to the mux select switches from the 0.4V input to the 0.1V input.
Label the axes. Label the times when the settling accuracy is at 95% and 99.9%.

Solution:
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Output Voltage (V)

0.5 4

0.4

0.3 ¢

0.2 ¢

0.1+

i
I
i
1
i
1
1
1
1
I
1
1
i
1
i
1
1
1

9% settling 99.9% settling

i
I
i
1
i
1
1
1
1
I
1
1
i
1
i
i
1
1
1
1
1}
I
i
I
i
1
t

4 5 6 7 8 9 10
Time (X T = 62.5ps)

10. PGA Gain 1 or 8 (14 Points)

(a) Draw the schematic of a PGA with gain settings of 1 or 8. You may use an op-amp symbol, transistors,
and capacitors. Assume that the gain control bit G and two non-overlapping clock phases ¢; and ¢, are
in the analog power domain (0, Vppa). If you need a digital gate, draw the schematic using transistors.

Solution:
switching.

Note that this is just one possibility, since the logic can be modified for slightly different

(o)
L
71
Co
[ |
I
[}
1 Co
. [ -
Vm ﬂ | | Vnur
_I (33 4
[
L Vbpa
0
L 7Co
. o w
_T_
@ (33 4

The mux is the same as from the previous question.

(b) For the op amp,

i. What is the common-mode input?

Solution:
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ov

ii. If this PGA is feeding into an ADC with a Vggr = 1V, what is the output swing needed?
Solution:

OVito 1V

iii. What type of input pair will notr work?
Solution:

NMOS input pair

iv. What is the absolute minimum open-loop gain necessary to achieve a gain error <0.5% with a
feedback factor of f = é? You may assume your amplifier is infinitely fast.
Solution: Assuming an infinitely fast amplifier

1
Egain = m
A"
Ag > ISOOV

Ao > 1800V/V

v. Suppose you use the following topology and would like to use Ahuja compensation for your op
amp. Draw the Ahuja compensation capacitor in the diagram below.
Solution:
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Itam

V. —[MIA

Vbpa

MIB [ Vy

sy

M4A |p-+——4|M

]% |

M5B Canyja

e

sz%q%ﬂg

*—

\1

out

11. Add More Bits! (16 Points)
Vin € [0, 1]V. The reference voltage is Vggr = 1'V. The analog supply is Vpps = 1.2V.

(a) Draw a schematic of a 10-bit ADC using an op amp symbol for the comparator, transistors, capacitors,
and the 10-bit digital SAR controller supplied to you (a black box). Don’t draw anything for bits 1
through 8, but do draw bits 0 and 9.

Solution:

()
Vrer —%

dcomp [

— 2%,

l LD

boVrer Vin

—— —

boVrer Vin

dcomp [ —L oo Pcomp [
L V

SAR Logic

the switches are all transmission gates (same as in the mux drawing)

(b) If the unit capacitance is 4fF, what is the total capacitance of the 10-bit ADC (not including any

parasitics)?
Solution:

AfF x 2! = 4096{F = 4.096pF
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(c) Sketch the waveforms for the first two bit decisions (by and bg) for an input of 0.6V. Specifically,
sketch LD, bg and bg on the lower axes, and sketch the output of the capacitive DAC on the upper axes.

Clock edges correspond to the vertical dotted lines. LD goes high on the second rising edge.

Solution:
1.4 ¢
1.2 ¢ .15V
1 £+
Z
i) 0.9V
& 08¢
S
@)
< 1
3 0.6
04}
0.2}
0 - - - - :
0 1 4 5 6 10 11
Clock Edge
1
A
&
0! ‘ ‘ , ‘ ‘
0 1 4 5 6 10 11
Clock Edge
1 A
<
0 - - - - >
0 1 4 5 6 10 11
Clock Edge
1
<
0! , ‘ ‘
0 1 4 5 6 10 11
Clock Edge
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(d) Comparators aren’t free! The comparator now has a parasitic input capacitance of C, to ground which
is 28 x the DAC’s unit capacitance.
Sketch the waveform for the first bit decision b9 for an input of 0.6V. Specifically, sketch LD, bg and
bg on the lower axes, and sketch the output of the capacitive DAC on the upper axes. Clock edges
correspond to the vertical dotted lines. LD goes high on the second rising edge.

Solution:
1.4 ¢
127 1.12V
1 L
Z
o 0.92vV
s 087
S
O
>y 1
3 0.6
04 ¢
0.2 ¢
0 - - - - - - - - - - :
0 1 2 3 4 5 6 7 8 9 10 11
Clock Edge
1
A
g [
0 1 2 3 4 5 6 7 8 9 10 11
Clock Edge
1
.g T
0 - . ‘ - - - - - - - >
0 1 2 3 4 5 6 7 8 9 10 11
Clock Edge
1
g T
0 1 2 3 4 5 6 7 8 9 10 11

Clock Edge
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