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Figure 1.1 (see the colour supplementary sheet) shows the layout of an n-well CMOS
circuit with four terminals: Req R, Req L, Ack R and Ack L. Extract and draw the
transistor-level schematic diagram.

{12 marks|

Draw the vertical cross sections of the chip along the lines AA' and BB'. Label your
diagram indicating the n-well region and the different types and levels of doping (e.g. p,
nt etc).

[8 marks]

Figure 2.1 (see the colour supplementary sheet) shows the layout of a 4 x 4 ROM array
without the address decoder and output inverting buffer circuits.

a)

Given that the value stored at address 0 is 0000, and that Out0 is the least significant bit,
what are the values stored at the other three locations?
|6 marks]

Draw the circuit schematic for this layout.
[8 marks]

Draw the transistor-level schematic diagram of the rest of the circuit (i.e. address decoder
and output buffer) to form a working 4 x 4 ROM. Explain briefly how your circuit
works.

[6 marks]
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a) Figure 3.1 shows the circuit diagram of a flip-flop. Assuming that the signals CLK and D
are as shown in Figure 3.2, draw a timing diagram showing the waveforms for CLK, D,
¥, Y and Q. Hence or otherwise, explain how this circuit works.

[10 marks]

b) State two shortcomings of this circuit.
[4 marks]

<) Modity the flip-flop circuit shown in Figure 3.1 so that the Q output also implements
embedded logic described by the following Boolean equation:

O _next = (A+ BYC + D)+ (E + FYG + H)

[6 marks]

P

z{lf

Figure 3.1

CLK

Figure 3.2
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- ar For the circuit in Figure 4.1, assume a unit delay through the register and logic blocks (i.e.,
©.= t. = 1). Assume that the registers, which are positive edge-triggered, have a set-up
time t . of 1. The delay through the multiplexer ty equals 2 t.

(1) Assuming that the clock skew is zero, determine the minimum clock period of the

circuit.
[4 marks]|

(it) What is the minimum clock period of 0 if the clock skew is § =t "o — tg =42
[4 marks]

by Ina 0.25um CMOS process, the widths of a minimum size inverter p and n transistors are
0.5pum and 0.25um respectively. The unit delay is given to be 30ps. The circuit contains two
separate clock paths P1 and P2 as shown in Figure 4.2. The total gate widths seen by the
two paths are 900um and 100pm respectively.

(i) Using the method of logical effort, or otherwise, estimate the clock skews between

the paths if the inverters shown in Figure 4.2 are minimum size.
[S marks]

(1) Determine the best number of stages of inverters (N,i and N;) to use on the two
paths in order to minimize the clock skew. For this number of stages, size the
inverter buffer circuits for each clock path so that the clock signal delay on each

path is minimized.
[7 marks]

® ©
— g o
173 1723 »
g Z >
N 04
AN A
t
clock ¢
Figure 4.1
% P1 driving gate width of
N, stages 900 pm
Clock Signal
sz stages
{>° P2 driving gate width of
100um
Figure 4.2
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Iigure 5.1 shows a 1-bit comparator circuit that compares a ; with b;. ¢; and d; are

J

inputs and ¢l and dj+1 are outputs.

a)

b)

<)

Derive the truth table that describes the function of this circuit.
[5 marks]

Design the layout of this comparator cell using a stick diagram or other form of
symbolic layout.
[7 marks]

Four such cells can be cascaded to form a 4-bit binary comparator as shown in
Figure 5.2, To what values should input signals CO and DO be set in order for the
comparator to operate correctly? How should the outputs C4 and D4 be interpreted.
Note that A0 corresponds to the most significant bit and A3, the least significant bit, of
the number A.

[4 marks]

By considering the following three cases and the values for c; and dj at all four
stages of the circuit, explain the operation of this 4-bit comparator.

(y A=1011, B=0011,

(i) A=0111, B=1011,

(i1)) A=1001, B=1001,
[4 marks]

CJ ’ 4 Q CJ+1
d L
o ﬂ; !'.":.:JY%LIZ,'
Figure 5.1
A, B, A, B, A, B, A, B,
€0 — Co 2 C, ¢, c Cy c c,f— C4

D0 — do d, d, d, d, d, d d,— D4

Figure 5.2
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@) Deduce the Boolean equation for the circuit shown in Figure 6.1.
[2 marks]

b} Determine the optimal sizes of all transistors in this circuit assuming that 0.25um
technology is used and the mobility of n-transistors is twice that of p-transistors. Justify
your answer.

[4 marks])

¢) By applying either the path sensitisation or the Boolean differences method, find all the
test vectors that will detect stuck-at faults at the node B.

[7 marks]

d) By adding a suitable flip-flop circuit and by implementing suitable drivers for A, B C and
D inputs to the circuit shown in Figure 6.1, design a transistor-level circuit of a single-bit
scan-path register.

{7 marks]

Figure 6.1
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Colour Supplementary Sheet

req R

ack_R

|
A!
Figure 1.1 Layout of a full-custom cell for Question I

wordline_3

wordline_2
wordiine_1 1
wordline_0

Figure 2.1 Layout of a 4 x 4 ROM érray j;(;r Q’ue;ﬁbn 2 |
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Solution to Question 1

a) This question tests student’s ability to understand a full custom layout. This is a special cell for

asynchronous systems, known as the Muller-C element with an extra inverter. Students do not need
to know the circuit in order to answer this question.

B ——— B
A!
Ack_L< o ~ Req_R
%
| ;
|
T A3
+ ~~~~~~~~~~ 4 5 a
T2 + I
' 5 L |14
Req_L T4 T2 \> Ack_R
[12 marks]
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h) This part of the question tests student’s ability to relate the layout to the physical process and
different layers on the chip.

oxide "T'y ”‘e\'a”
.. 0
7 %
A-A [4]
U G, / // /// ///////
B-B
(4]
|8 marks]



Confidential Introduction to Digital IC Design
2005 Examination Solutions

Solution to Question 2

a)
Address ROM Content
0 0000
1 1111
2 1010
3 010t
|6 marks]
b)
. . . oy - . . {T:'OUT2
i ’ I - : < ouT
o ‘
. i B <> ouTo
w3 Wi2 Wi WLO (8 marks]
)
b ST
i ' } 5
i . e s 4x4
¢ —_— o ROM
o .. Array
& /\i
|6 marks]
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Solution to Question 3

(4) When clock CLK is low, the flip-flop is in the precharge phase. Node X is precharged to the level of the
power supply, and node Q holds its previous value. On the rising edge of the clock, the flip-flop enters
the evaluation phase. Here two periods are distinguished. In the first period when CLK is high, but Y is
also high, it corresponds to an active clock pulse to the circuit and the circuit is in the sampling (or
transparent) mode. The value of output Q is determined by the value of input D. Once the internal node
X is discharged, due to its precharge nature, it will stay low until the next clock cycle. In the second
period, the pulse is inactive. The sampling of D is disabled, so X and Q will retain the values they
acquired during the sampling period. Notice that any subsequent change at D after the sampling period
will have no effect on Q.

CLK
> l i
Y
L] L
a ] |
< Evaluate | Precharge | Evaluate | Precharge |  Evaluate | Precharge
Effective
Clock Pulse Ton

[10 marks]|

{b)  The shortcoming of this circuit are (any two of the three here will do):

. Internal node X is a dynamic node and therefore this circuit will not work at low
frequency.
Output Q is in high impedance when the clock signal CLK is low.
The timing of the sampling window Ton is critical: too short a Ton could lead to
metastablility or functional failure because the sampling window is too short to correctly
evaluate the input. Too long a Ton may cause poor performance by imposing a long hold

W b2

time.
|4 marks]
(<)
CLK('\‘,......._‘..__._...._" - g A +—<>Q—nen
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[6 marks]
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Solution to Question 4

a)
ﬁ/_F’Z__\
] &ﬂj: J
g 28— ~
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* o | —J —J —
clock @ \— P3
(1) Out of the 4 paths shown in the figure, pl is the critical one and determines the lower bound on
the clock period. Using T > tieg + tiggic T tsewp — 0, We get Tmin = 1+7+1=9.
|4 marks]
(ii) As the clock skew increases, the most significant path changes. Repeating the calculations in part
(1) we get : Tmin(pl) =9 - 4 =5, Tmin(p2) = 6, Tmin(p3) = 7, Tmin(p4) = 7 - 4 = 3. (Note that
the clock skew is 0 for paths p2 and p3). Therefore the minimum clock period is Tmin = 7.
|4 marks]
by (i) Gate width of minimum size inverter is 0.75 um. ty= 30ns. Therefore, the Electrical Effort

(and total effort F) for the two paths are:
Fpr =900 /0.75 = 1200; Fp, =100/0.75 = 133;

Delay estimates of the two paths are: D py = 1200 *ty=36ns; Dp; =133 *ty=4ns

P1-P2 skew = 1067 * t; = 32 ns.
|5 marks]

Total effort F for P1 = 1200, P2 = 133. Best number of stages (from notes) is given by:
Nbest = log (F)/ log (3.59). Np; = 5.5, Np; ~ 3.8 . P1 should be buffered by 6 inverter stages,

P2 also by 4 stages. Therefore
For P1, each stage should increase in size by ¢V 1200 = 3.26,

for P2, each stage should increase in size by * V133 =34.

Solution — increase sizes of p-trans and n-trans by these factors for each of the stages:

Stage 1 2 3 4 5 6
Pl: x 1 x3 x 10 x 35 x 113 x368
P2: x| X3 x 12 x 39

Pl delay = (3/1 + 10/3 +35/10 + 113/35 + 368/113 + 1200/368) * t4 =22.5t4
P2 delay =~ (3/1 + 12/3 +39/12 + 133/39) * t4= 13.7 t4

Clock skew ~ 8.8* ty
|7 marks]
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a b; Cj+1 di1
0 0 ¢ di
0 1 ¢ ¢
1 0 d, d;
1 1 C di

[5 marks]

b1 Design of the layout depends on student. Marks will be deducted if the layout is inefficient or

contains excessive unnecessary crossovers.

¢, = (a;>by), andd;=(a;=b;)

[7 marks]

C0O=-0", DO = ‘1" indicating that we assume A=B to start.
C4 = (A>B), D4 = (A=B).

di (1)
j 1o 1[{2]3
Al1L]0}1]1
B|0jO|1]]!1
Cl|o|1 |11
D|I1]0]0]|0
(ii)
j 10111213
AlO|T]1T11
B|1[|0]1]1
C{0]0]0]0
D|1]0]0]|0
(iii)
j1o0j1 213
Al1]0]0]1
B|{1]0]0]1
Cli10]010]0
DilL|1j1]1

[4 marks]

[4 marks]
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Solution to Question 6

a)
Y = NOT (A*B + C*D)

|4 marks]
b) A=0.25u Then all lengths are | A. In order to ensure worst case rise and fall time to be roughly
the same, all n-trans use 4 A width, and all p-trans 8 A width.

[4 marks]

<) Use Boolean difference method:

Y (B=0) = Y (A,0,C,D) = NOT (C*D)
Y (B=1)=Y (A,1,C,D) = NOT (A + C*D)

Therefore Boolean difference is:

dY/dB = Y(B=0) XOR Y(B=1)
= NOT (C*D) XOR NOT(A + C*D)
= A* NOT(C) + A*NOT(D)

To test for stuck-at-0 fault at B,
test input = B*(dY/dB),
= A*B*NOT(C) + A*B*NOT(D) = 1

Therefore the test vector for B stuck-at-0 = 110x and 11x0, i.e. (1100, 1101, 1110)
To test for stuck-at-1 fault at B,
test input =NOT(B)*(dY/dB),
= A*NOT(B)*NOT(C) + A* NOT(B)*NOT(D) = 1

Therefore the test vector for B stuck-at-1 = 100x and 10x0, i.e. (1000, 1001, 1010)
|5 marks]

d) 1f B=NOT(C), then we can use the cell as a MUX between A and D inputs.
|7 marks]

CLK

—

data A
B o scan
scan i v 1 {>QL L] {>O————> data
sel c out
scan D }———
data in

CLK



