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EE 140 / 240A  Linear Integrated Circuits
Fall 2019 Homework 7

. Compensation for Stability

You have a two-stage CMOS amplifier driving an output load of C; = 10pF. The second stage has a transcon-
ductance of G,;; = 10mS, an output resistance of R,y = 10k, and an input capacitance of C; = IpF. The
first stage has a transconductance of G,;; = 1mS and an output resistance of R,; = 100kQ.

(a) Draw a Bode plot of the gain and phase of the first and second stage individually, and the combined
gain and phase.

Solution:

AvO,l = —GniRo AVO,Z =—GuaRo
=—1-107-10° =-10-10"*-10-10°
=—100 =—100

Note the initial phase! Again, note the negative sign, so the initial phase
is 180°
1
Wp1 = 5+ 1
R,1C Dy = —
1 P R G
= 100-10%-1-10 12 _ !
1 10-10%-10-10-12
07 b
~7
= 10Mrad/s 10
= 10Mrad/s

Combined, the pole locations don’t change (because the poles aren’t in any feedback or feedforward
loop), and we simply need to find the gain:

Avo =A0,14,02
=10*
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Rubric: (6 Points)
e +2: Correct plot for magnitude, phase of A,1, Ao, and A, (3x)

(b) Is the amplifier stable in unity gain feedback?
Solution:

Marginal stable or not stable—the amplifier just reaches —180° at the unity gain frequency.

Rubric: (2 Points)

* +2: Correct answer of marginally stable or not stable (either is acceptable)

(c) Estimate the largest feedback factor and corresponding gain for which the amplifier has 45° phase
margin.
Solution: [2pts]

Consider the plot of Ag(s)f. We to find f such that the phase margin of Apf at unity gain is 45
degrees. Given Ay(s), we want the unity gain frequency of Ay f to be no more than half a decade
higher than 107rad/s, and A is 60dB at that frequency. Thus, f < ﬁ

Rubric: (2 Points)

* +1: Correct feedback factor
e +1: Correct corresponding gain

(d) Now we will add C¢ to make the amplifier stable in unity gain feedback.
Assuming that C¢ will be bigger than Cy, estimate the second stage pole.
Solution: [2pts]
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- Gm2Cc
CcC1+C1C+CcCy
~ Om2

G
= 1Grad/s

Wp2.c =

Wy c ~ 1Grad/s

Rubric: (2 Points)
* +2: Correct estimate of second stage pole
(e) Ignoring the right-half plane zero from C¢ and the pole/zero doublet from the current mirror, where do
you need to put the unity gain frequency in order to get a 45° phase margin in unity gain feedback?
Solution: [2pts]
To have a 45° phase margin, the unity gain frequency should be made equal to @, ¢ (calculated above.)

Wy, = Wy c ~ 1Grad/s

Rubric: (2 Points)

* +2: Correct unity gain frequency

(f) What is the value of C¢c which achieves this? Was the assumption correct in part (d)?
Solution:

Op2.c = Wy
Gm _ Om
G Cc
Gml
Cc=—20C
C G 2
~ IpF
Cc ~ 1pF

The assumption that Cc > C; was not correct, meaning we’d need a larger C¢ to get the phase
margin as what we want.

Rubric: (2 Points)

e +1: Correct compensation capacitor
e +1: Correctly stated that assumption in previous part was incorrect
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(g) Where is the compensated first stage pole?
Solution: [2pts]

1
Rol Gm2R02CC
= 100krad/s

Wp1,c ~

,1.c ~ 100krad/s

Rubric: (2 Points)

e +2: Correct compensated first stage pole

(h) Draw a Bode plot of the compensated amplifier.
Solution: [2pts]

Gom,
(o)
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) _ 24dbldee
40
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) prg/}
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phae — 40dppidec
* 1Dk 00K M 1OM j00fa 15 1ok
OT ‘“:'.‘;;L. w (vdfe>
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1

"ab' - - - - . = == '
|

-138° L !

- s - - = - -2 ?

-180° !

Rubric: (2 Points)
e +1: Correct magnitude plot
e +1: Correct phase plot

2. Early Op Amp Check out the “early op-amp” figure from Maxim Integrated (included below for conve-
nience)
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Figure 1: Source: https://www.maximintegrated.com/en/app—-notes/index.mvp/id/
4428

(a) Circle and label the following components:
i. differential pair with resistive load
ii. tail current sink
iii. common emitter gain stage with level-shifting diodes
iv. output stage with current-limiting resistors
v. Zener diode based voltage reference

Solution:
L) 0i : o e
K .L)DIK P \oud @) A;»m nm
!@/ Wit ensbvt Jain }";ZM-SIﬁﬂm'
3 , b: \ diodes
:’ :. AAA a,."“)
TN ( ovtr]
st
U with
“"EP’”"'I‘I ;N;
N “f. Lkt J
3 v Y g
b3 pUT
b 4
> Fy [
3 2
~ “-';“J
R : e .
(q,.H] Tall carent sink law) 1:;:»\0{4% "

Rubric: (5 Points)

* +1: Per correct answer (5x)

(b) Why is there a resistor in series with the Zener diode?
Solution:
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The series resistor supplies current to the zener to run it in reverse breakdown, also limits current
through the Zener diode.

Rubric: (1 Points)

e +1: Series resistor limits current (saying that it supplies current to the Zener so it runs in reverse
breakdown is also acceptable).

(c) If the Zener has a reverse breakdown of 3.5V, and the tail resistor is 1kQ, what is the tail current?
Does it vary much with supply voltage?
Solution:

VZener - VBE

Itan =
RrarL

- 35-07
1000
~2.8mA

ITAIL ~ 2.8mA

Neiher Vzener nor Vg depend on the supply voltage, hence, the tail current is relatively
independent of supply.

Rubric: (2 Points)

e +1: Correct calculation of tail current
e +1: Correct explanation of no dependence on supply voltage

(d) If you were going to add a compensation capacitor to this op-amp, where would you put it? (draw it
on the circuit)

Solution:

See (a).

Rubric: (1 Points)

* +1: Correct placement of compensation capacitor. Placement from the input of the common
emitter to the output is also acceptable.

3. Output Range

You have three op-amp topologies: single stage active load (our standard 5 transistor opamp), the two stage
version of that, and the current mirror op-amp (schematic below). Each topology can either have NMOS or
PMOS inputs, for six different flavors. Which sketch the output swing vs. common mode input range for
each flavor.

Rubric: (12 Points)

* +2: Per correct amplifier (6x)

UCB EE 140/240A, Fall 2019, Homework 7 6



Last Updated: 2019-10-31 17:31

Solution: 5 transistor opamp with nmos input:

Ot
M2A raz& Sty
Vop-Vora [ 7
— MIA Mip 74—
Vv *V-v( L —
-G M IS B
Vor +Vov1 + U Vop - Vo2 "V*“f’ [t Viha
5 transistor opamp with pmos input:
—C M3 So‘ﬁb N \/c,m*W‘”‘Pl V.DD oz -Vovs

M25 Vouz |- -
| i
_____‘q_,___-

MA - ME Jb— Ui AR
M - \\\\\\\\\\\

; Ve
—_—
Vi3 + Vb ~ “ﬂ"vpl Voo~ Vus = Vou - {V**P'

two-stage opamp with nmos input (in the exam, you can just assumme V,,,4 is constant and use this answer):

Qucs

Swmb
Vop= \/W4 ? ="

Vag | -

i ["
Vw3 + Vaui +Virha, VpD-VwZ'lVﬁF\ Ven
+ Vg

two-stage opamp with pmos input (in the exam, you can just assumme V,,4 is constant and use this answer):

Owe
5“""?}
V\o/o L.
-\VwS ///
Vov4 L -- v /l
: "L——s Vem
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current mirror opamp with nmos input (in the exam, you can just assumme V,,4 is constant and use this
answer):

Vg L- - '
aal [ : Lo Vom
| N !_ Vulﬂ.-i'V,n + UihTL Vio - Vavz ‘lU-I'hP‘ + V-Hm

current mirror opamp with pmos input (in the exam, you can just assumme V,,4 is constant and use this
answer):

Veo-

[ESTasl

Vavg - i /i'

B

Vovz~r Vi ‘\V-ﬂ‘fl Voo= Voug— Voui -(\43?[

4. LT1008

The LT1008 (https://www.analog.com/media/en/technical-documentation/data-sheets/
LT1008.pdf)is also decades old, but it is not internally compensated. This gives you higher performance
(bandwidth, slew rate) for higher gain, but it means you have to add external capacitance when using the

amplifier in low-gain configurations. They give you two choices: either add a capacitor Cr that will be
somewhat Millerized or add Cy that looks more like our C,.

(a) With a closed loop gain of 1000 and perfect feedback resistor matching,

1. estimate your gain error at 0.1Hz

ii. estimate the closed-loop pole location with Cs = 10pF vs. Cr = 30pF (page 6, lower left)
Solution:

At f =0.1Hz, the DC gain A,, = 130dB and 3.2M. As closed-loop gain A, = 1000, loop gain Af =
Ayo/Ayc = 3.2K. Then fractional gain error is 1/3.2K = 31.3¢ — 3.
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Voltage Gain vs Frequency
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For Cg = 10pF, open-loop pole is w345 = SHz. The closed-loop pole is 3.2K -5 = 16KHz.
For Cr = 10pF, open-loop pole is @z, = 0.2Hz. The closed-loop pole is 3.2K - 0.2 = 640Hz.
Rubric: (3 Points)
e +1: Correct gain error
* +1: Per correct pole (2x)
(b) With Cr = 3pF vs. 30pF, what is the maximum feedback factor (and corresponding minimum gain
and max bandwidth) that will give a phase margin of 60? (page 6, lower right)
Solution:
For Cr = 3pF, closed-loop gain A, = 25dB ~ 15%. Then, the maximum feedback factor f = 1/A,, ~
15, with maximum bandwidth 300KHz.
For Cr = 30pF, closed-loop gain A,. = 0dB = 1. Then, the maximum feedback factor f=1, with
maximum bandwidth IMHz.

Gain, Phase Shift vs Frequency
with Standard (Feedback)
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= Cr = 30pF \ \ @
= —
3 | U 3

10 160
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Rubric: (4 Points)
e +1: Per correct gain (2x)
e +]: Per correct bandwidth (2x)

5. Razavi’s equations

10

Figure 6.15 in Razavi is a model of a two-stage amplifier. [For ee247A students: Fig 9.18 in GHLM, and

equations 9.27 and 9.33 for parts b and c]

(a) Re-draw it using our terminology from class: G,,1, Gz, Ro1, Ro2, C1, Co, C.
Solution:

.C‘
il Cn_l+'
Vi é#qm, Ro j-v

Rubric: (2 Points)

-0

—
' ‘é%"‘z“l ?21+ 4.._;;
T o

e +2: Correct

(b) Equation 6.30 is the transfer function of the amplifier. Re-write that with our terminology.

Solution: [2 pts]

((c S—CYML) Roz

Vols) -

V) RS+ Roi((HGmKe)( 1 G) + oy ((AG)S ]
whee, &= GG + GG +C G

Rubric: (2 Points)

e +2: Correct rewrite

(c) Equation 6.39 is the simplified expression for the 2nd pole location, assuming the first pole is given by

Miller-multiplied C..

i. Re-write that with our terminology
Solution: [1 pts]
0 = - 1
P2 = @,1 Ry1Ry2(C1Co+C1CetCaCr)
_ R(,l[(1+G,,12R02)CC-+C1]+R,,2(C¢-+C2)
Ry1R2(C1Cr+C1Ce+CaCe)

ii. Assuming that the 2nd stage gain is much larger than 1, the Miller capacitance is all that matters
in the compensated first stage pole wpl,c, write the expression for the compensated second stage

pole wp2,c in terms of only capacitors and the transconductance of the second stage.
Solution: [1 pts]

NG)Z
Wp2 = 77

iii. With those same assumptions, and ignoring any other poles and zeros, what is the constraint on

transconductance and capacitance that insures a unity gain phase margin of at least 45?

Solution: [1 pts]
To make PM > 45°, o, < ®p;. Then,
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GmpCe > 1

Gm]CZ -
Rubric: (3 Points)

* +1: Per correct subpart

6. Early Op Amp [6 pts]

[240A] In the “early op-amp” above,

(a)

(b)

if the current-limiting resistors are small, estimate the gain of the output stage as a function of output
current to/from the load

Solution: [2 pts]
Only one of the two transistors is on, then

__ _8mlo I
Av - 1+glﬂr0 7gm - ‘/T

Rubric: (2 Points)

e +2: Correct

if the two diodes are implemented as diode-connected versions of the two output transistors, the current
limiting resistors are 10 Ohms, and the output is grounded (or connected to a very low impedance load
to ground), sketch the output current as a function of the collector voltage on the common emitter gain

stage, over a +/-2V range.
Solution: [4 pts, 1 for two currents each, 2 for the figure]
When V, =2V, Iy, = 53¢ = 0.14mA

When V, = =2V, I, = 242106 — —0.26mA

You can also use 0.7 for v, in your solutions.

4 Tt(mA)

oY k- - - -

= Velv)

T

- < = -02bs

Rubric: (4 Points)

e +]: Correct current (2X)
* +2: Correct figure
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