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ECE4902 B2015
Analog IC Design

Final Exam
December 15, 2015

This is a closed book, closed notes test! Use of calculators is OK,
but no pre-stored data or formulas allowed!

The last page is a notes page that may be detached for convenience
and need not be turned in with the exam

Show all your work. Partial credit may be given. If you think you
need something that you can't remember, write down what you need
and what you'd do if you remembered it.

Look for the simple, straightforward way to solve the problem for
the level of accuracy required. Don't get entangled in
unnecessary algebra.

As in real life, some problems may give you more information than
you need. Don't assume that all information must be used! It's your
job to decide what's relevant to the solution.

You have one hour and 50 minutes to complete this exam. There are
five problems on a total of 13 pages (including notes page).




This problem is concerned with the op-amp circuit shown in the figure below. This op-
amp is intended for single-supply applications, with supply rail voltages of Vp, = +5V and
In this application, a colleague has seen that the 100pF load
capacitance at the v, node has caused slow op-amp behavior, and proposes increasing the
op-amp unity-gain frequency by reducing the compsenation capacitor Cogyp to SpF.

Vg = 0V (ground).

For the purposes of this problem, you may assume
the op-amp is connected as a follower with with I

negative feedback so that all MOSFETs are in the

+2.5V

saturation (active) region, and input and output node

voltages are +2.5V.

For the MOSFET parameters, use the following:

vourt

+2.5V

Parameter

N-channel

P-channel

Units

+0.90

-0.80

6.0E-5

2.0E-5

0.02

0.05
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a) Vgs values from square law:
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a)

Find the DC operating point (drain current Ip and gate-source voltage Vgs) for all
MOSFETs. Accuracy for currents £20%; accuracy for voltages +0.05V. Use the table
below to record your answers.

[15]
MOSFET Drain current Gate-Source voltage
Ip [#A] Vgs [V]
MI 20 [.158
M2 20 [.158
M3 20 -6
M4 20 -1.116
M5 400 -l.11é
M6 20 uA 1.265
M7 40 1,265
M8 400 [.265
b)  Determine the voltage with respect to ground at each node. [S]
Node voltage
[Vl
Vi +25V
V, +25V
Vour +25V
Vg +[,34 Vi = Vgsi
Va3 +3.88 Voo + Vas3
Vs 43 .38 Voo +VGss
Ve 4,27 Vgsc
¢)  Determine the value of the resistor R;. Accuracy +20%.
R,= 187 K& el
OHM'S LAW SV~ |,27\/

ZOuA




2. Continuing with the op-amp circuit from the previous problem, shown again in the figure

below.
VDD=+5V
Mg My
A0 40 ,
§ 2 2 Mg + AT
R L o |t 80 0,32 TRio0E
my | ves M, 1 - CRASH
v —T—C
01_4 20 2 '_j SoF | o
20 pA 2 2
H A VouT _|_
l V31 T
VGe | __100 pF
Mg My ‘I’ISS Mg
10 | 20 200 +
VssT0vV L CRAsH
Ao -

FoR. PART (c)




a)  Assuming the dominant pole model, determine the expected value of the unity gain
frequency (gain bandwidth product) f;. for this op-amp. Accuracy +20%.

™ 20 [5]
- 4.9 M 2Tp, . 2(2044)_
= T2 02 Z’”I +— Vo 0.258V IS4 uA NV
¢ )
amce ISHE6_ - 49 Mtz
27 (5 pF)

b)  Determine the slew rate in V/us for this op-amp. Accuracy +20%.

sR=_8V/us ]

J.SS - 40&A :8E+6 _\E/_
Cc SPF sec

c) Determine the output voltage swing range: the minimum and maximum output voltages
Vouramyy and Vouraax, for all MOSFETSs to operate in the saturation (active) region.

Accuracy +0.05V.
[5]
VOUT(MIN) = & VOUT(MAX) = Lég_
\W—/
OV + Voyg Voo +Vovus

TRIODE CRASH WHEN \ps = Vgs -V

[ e

Vov




3. The simplified small signal model for the op-amp of the previous problem is:
o—-0 L 4 L 4 O . & L 4 O
+ + Vout
Vid § Rao — G vg § Roi —— Cu
gmI Vid gmil Vge
, 0—o0 ] ® ® o- o i
PoLE 2 = 4 90 H Z —
M RosC 45 kH=z
FREQUENCIES L, —_—
gmI RoI C1 gmII RoII CIz
STAGE \{.54E—4 AV 714 kQ 455 pF 2.52E-3 A/V 35.7k€& 100 pF
—~— et N —— gl
DC GAINS Ag = 1O A =20
a)  What is the numerical value of the DC open-loop gain Ap? [5]
Ao=_9900 +80d8
b)  Using the graph paper on the following page, CAREFULLY sketch the open-loop gain
Bode plot (magnitude and phase). Be sure to label your axes and any interesting points on
your plot.
[6]
c) If this op-amp is configured with negative feedback for closed-loop gain of unity, what will
the phase margin be? Indicate this on your plot from (b).
~ o [5]
Phase margin = S
d) If this op-amp is configured with negative feedback for closed-loop gain of unity, would it
be stable, marginally stable, or unstable? (Circle one)
[1]
STABLE MARGINALLY UNSTABLE
STABLE P ;
Explainl ¢ MARGIN NEEDS T BE > 70° T BE [3]
STABLE (NO OVERSHOOT)
e)  Why is the value of C, in the small signal model so much bigger than C,,? Explain!

MILLER EFFECT [5]
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This problem involves design of a differential amplifier, shown in schematic form on the
opposite page. The amplifier is powered by split 5V supply rails. MOSFETs M1 and M2
form the differential pair; these are identical devices with width equal to W1. Bias current
of Igag = 200uA for the differential pair is provided by the current mirror formed by
MOSFETs M3 and M4; note the unequal widths W3 = W4,

For this problem, you may ignore channel length modulation effects and the body effect.
For the MOSFET parameters, use the following:

Parameter N-channel P-channel Units

+0.90 -0.80 \'

2

6.0E-5 2.0E-5 A/V

Find the value of R, = Ry, = Ry, required for a DC bias voltage level of +2.5V at outputs
Vo; and v, when vy = 0. Accuracy £10%.

pDC BI(AS Ig(ks) - -2.S\V [3]
Ry, = 25K conoImon ; ( Z Rp = SV

b)

Choose Ry so the M3/M4 mirror produces Iy, s = 200pA. Accuracy £10%.

R, = | 76K & OHM'S LAW [4]

Choose width W1 = W2 = W for M1 and M2 so that the small signal differential voltage
gain magnitude is |v , /v,,| = 12. Accuracy +10%. [4]

wo38 PR gu s asom/v =2 (mes) ¢

d)

In the space on the opposite page, sketch the total v, and v, that result when the input is a
low frequency sine wave with differential amplitude of 0.2V peak. Be sure to indicate any
interesting information (such as peak voltage values) on your plot.

[3]

- In the space on the opposite page, sketch the total v, and v, that result when the input is a

low frequency sine wave with differential amplitude of 1.0V peak. Be sure to indicate any
interesting information (such as peak voltage values) on your plot.

[3]

A colleague proposes to increase the small signal differential voltage gain magnitude
(without affecting the output DC operating point), by doubling the value of W from part (c)
while keeping the other design values (Ig,s, Rg, Rp) unchanged. Will this work?  Circle

one:
[1]
NO, IT
WON'T WORK
[2]

Explain!: Why or why not?
Gn HIGHER (Vv LOWER)

8
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You are designing analog circuitry on a digital IC being fabricated in a CMOS process with
very short gate length (L=0.13zm). The I, vs. V5 plot for a MOSFET in the active region
(measured using the circuit shown in Fig. 4a) is shown below. The characteristic exhibits a
"short-channel" effect: due to velocity saturation of carriers in the channel, the mobility
relationship does not hold and the square law equation does not apply for predicting drain

current I, when Vg > 0.5V
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It is desired to use this MOSFET in a common-source amplifier configuration shown
below, in which the small-signal input v, rides on a DC bias level Vg, which is chosen
for a DC drain current of 1.2mA.

sig

Vpp = +2.5V
1.2 mA g RD
Vout
+——oO
VIN My
v 10
e 0.13
Vpias —F
T
L Vgs =0V
a)  Find the required DC bias level V. to realize the operating point with DC drain current
of 1.2mA. Indicate the operating point on the I;-V s plot.
[3]
Vaias = —0‘75 Vv
b)  Determine the transconductance g, at this operating point.
[31
gm= 3/0 E—3 SLOPE
c) Determine the value of Ry, for an output DC bias level of +1.0V
( [3]
R.= L2SKJ  OHM'S LAW
d) Determine the small signal gain a, = v,,/vg, of the circuit with your value of R;,. You may
ignore channel length modulation.
[3]
- AME SMALL S|GNAL
a="2.09  =(um Rn
IR0 MopeL AR CoMmON SOURCE
e) A colleague cites the equation g, =21,/(V, -V,,) and suggests that the small-signal

transconductance g, for this device can be increased, by increasing Vg to operate the
MOSFET at a higher value of drain current I,. Is this correct? Explain your answer!

1]
YES, gm WILL BE HIGHER NO, g, WILL NOT BE HIGHER
WITH INCREASED |p WITH INCREASED Ip
mn! —_—
Explain! SAME SLoPE! gm DOES NOT CHANGE [2]

AT HIGHER Vgs VALUES!
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MOSFET LARGE SIGNAL CHARACTERISTICS
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