Problem 1.

(a)

Use the following hspice code to check “a inverter’” total gate capacitance.

vl vDD 0 1.8
*JPULSE Vin 0 PULSE 0 1.8 1p 0.1n 0.1n 9.9n
v2 Vin 0 0.9

MO drain 0 Vin VDD VDD p 18 w = 1.5u 1l = 0.1Bum =
Ml drain 0 Vin gnd gnd n 16 w = = 0.16um
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In *.lis file, | can check out the result as following

subckt
element 0O:m0 0:ml
model O:p 15.1 O:n 158.1
region Saturati Saturati
id -66.711%u 66.711%u
ibs 1.013e-20 -2.99%e-20
ibd 146.339%3a -50.0901a
vgs -S00.0000m S00.0000m
vds -1.3362 463.8172m
vbs 0. 0.
vth -529.5173m 477.932%m
vdsat —-381.3316m 299.8501m
vod -370.4827m 422.0671m
beta 805.001%u 973.3657u
gam eff 557.0840m 507.4537m
om 265.0277u 214.681%u
gds 10.6478u 33.9348u
gmb 84.1057u 28.3871u
cdtot 1.6788f 827.4834a
[cgtot 2.8502f 930.1441a]
cstot 4.1715% 1.4545%
cbhtot 3.4260f 1.4895%
cgs 2.1375f €55.4393a
cgd 530.1466a 187.2222a

With this information, | can compute path effort (F = GBH).

G =1 (since it’s an inverter chain)

B =1 (no branching)

H = 10p — 2645.261843
28502f+9301441a

Therefor, F = 2645.261843.
N (number of stages) = log, F =5.685




Parasitic delay of an inverter =1
If N=5,

f = 32645261843 =4.836
D

5x (4.836 + 1) =29.18
fN=7,

f= 32645261843 =3.083
D

7% (3.083 + 1) =28.58
FN=9,

f = 32645261843 =2.4

D=9% (24+ 1) =30.6
So if total stage is equal to 7, the inverter chain will have shortest propagation
delay.

3 N=Tp > & @ inverter £42 3.083 B p ¢ > #T11 A F multiple

[e]

device ratio ki + & f o #frum § - E % 3.083 - (4 Fig. 1 #77%)

@ drain_1 Vin VDD VDD p_18 w
drain_1 Vin gnd gnd n_18 w
2 drain_2
drain_2

drain_1 VDD VDD p 18 w
drain_1 gnd gnd n_18 w

drain_3 drain
drain_3 drain_

VDD VDD p 18 w
gnd gnd n_18 w

2
5

6 drain_4 drain_3 VDD VDD p 18 w
drain_4 drain_3 gnd gnd n_18 w

drain_5 drain_4 VDD VDD p_18 w
drain_5 drain_4 gnd gnd n_18 w

M10 drain_6 drain_ 5 VDD VDD p_18 w
M11 drain_6 drain_5 gnd gnd n_18 w

M12 Vout drain_6 VDD VDD p_18 w
M13 Vout drain 6 gnd gnd n_18 w

Fig. 1 My design of the inverter chain
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Fig. 2 Delay of each inverter output (compared with the first input of a first inverter) when the first input of

first inverter is rising.
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Fig. 3 Delay of each inverter output (compared with the first input of a first inverter) when the first input of
first inverter is falling



Fig. 4 My design of an inverter chain and some analysis

My estimation:

[2515 x 3.78f + 10p) x 1.8% X 50M = 3.16mW

(d)

Use the following hspice code to measure average power of a period.

25,000 temp= 25.000
to= 20.5000n

Discussion: The estimated power (3.16mW) is less than measured power (3.39mW).

3.16—3.39

The error rate is “Sae 6.78%. | think the difference comes from static power. To be

specific, when performing hand analysis, | didn’t take static power into consideration,
including subthreshold leakage, gate leakage, etc. However, hspice simulation will consider
static power, which leads to the difference between hand analysis and hspice simulation.



Problem 2.

(a) Same as problem 1 (c), | assume capacitance looking from an inverter (with PMOS
and NMOS (W/L) are 1.5u/0.18u and 0.5u/0.18u respectively) output and input is all

3.78fF
n=1,

Vir™
Dﬁ_ —L ¢, = 200pF
C, ZB78fF L

P = Ciprqy X VDD? X f = (C; + C;) X 1.82 X 50M = (3.78f+200p) % 1.82 X
50M =32.4mW

C, = 200pF

By the calculation in problem 2_(b), inv2 size is 230X inv1 (f=230)
Thus, C, = (1+ 230) x 3.78f = 873.18fF
C, = 230 X 3.78f = 869.4fF

P = Cyprq1 X VDD2 X f = (C, + C, + C;) X 1.82 x 50M = (873.18f + 869.4f+200p) X 1.8% x
50M =32.68 mW

C, =553pF C3 =5.386pF 1~ Cu = 200pF
By the calculation in problem 2_(b), inv2 size is 38X inv1, inv3 size is 1425X inv1l
Thus, C; = (1 +38) x3.78f = 147.42fF
C, = (38 + 1425) x 3.78f = 5.53pF
C; = 1425 x 3.78f = 5.386pF
P = Ciotqs X VDD? X f = (C; + C, + C5 + C;) X 1.82 X 50M = (0.147p + 5.53p +
5.38p+200p)x 1.82 X 50M =34.19 mW



By the calculation in problem 2_(b), inv2 size is 15X inv1 (f=15.17), inv3 size is 228X invl (15X
15.17 = 228), inv4 size is 3459X inv1 (228% 15.17 = 3459)
Thus, C; = (1+ 15) x 3.78f = 60.48fF,
C, = (15 + 228) x 3.78f = 0.9185pF
C; = (228 + 3459) x 3.78f = 13.94pF
C, = (3459) x 3.78f = 13.075pF

P = Crotqr X VDD? X f = (C; + C, + C3 + C4 + C) x 1.8%2 X 50M = (0.0648p + 0.9185p +
13.94p+13.075p+200p)X 1.8% X 50M =36.94 mW

Vin
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2 _— == Cp =200pF
C,£03326pF Cs =2:9025pF  C,=B57455pF Cs =0.9185pF =

C

By the calculation in problem 2_(b), inv2 size is 9X inv1l (f=8.8), inv3 size is 79X invl (9% 8.8 =
79.2), inv4 size is 695X invl (79X 8.8 = 695.2), inv5 size is 6116X invl (695X 8.8 = 6116)
Thus, C; = (14+9) x 3.78f = 37.8fF
C, = (9+79) x3.78f = 0.3326pF
Cs; = (79 + 695) x 3.78f = 2.9025pF
C, = (695 + 6116) x 3.78f = 25.7455pF
Cs = 6116 x 3.78f = 23.1184pF

P = Crorqs X VDD X f = (C; + Cy + C5 + C4 + Cs + C) X 1.82 x 50M = (0.0378p +
0.3326p + 2.9025p+25.7455p+23.1184p+200p)Xx 1.82 X 50M =40.85 mW

== C, =200pF
Co 2.32.232pF —

By the calculation in problem 2_(b), inv2 size is 6X inv1l (f=6.13), inv3 size is 37X invl (6% 6.13 =
36.78), inv4 size is 227X inv1 (37X 6.13 = 226.81), inv5 size is 1391X invl (227X 6.13 =



n=_§,

1391.51), inv6 size is 8527X inv1 (1391x 6.13 = 8526.83)
Thus, C, = (1 + 6) X 3.78f = 26.46fF
C, = (6 + 37) X 3.78f = 0.16254pF
Cs = (37 + 227) X 3.78f = 0.99792pF
C, = (227 + 1391) X 3.78f = 6.11604pF
Cs = (1391 + 8527) x 3.78f = 37.49004pF
Ce = 8527 X 3.78f = 32.23206pF

P = Crorqt X VDD X f = (C; + Cy + C3 + C4 + C5 + Co + C,) X 1.82 x 50M = (0.02646p +
0.16254p + 0.99792p+6.11604p+37.49004p+32.23206p+200p)x 1.8% X 50M=44.88mW

Inv3

23

C,Z22.68F ,20.1058p C; £05103F

By the calculation in problem 2_(b), inv2 size is 5X inv1 (f=4.73), inv3 size is 23X invl (5% 4.73 =
23.65), inv4 size is 112X inv1 (23.65%X 4.73 = 111.86), inv5 size is 530X invl (112X 4.73 =
529.76), inv6 size is 2507X invl (530X 4.73 = 2506.9), inv7 size is 11858X inv1 (2507% 4.73 =
11858.11)
Thus, C; = (1+5) x 3.78f = 22.68fF
C, = (5+ 23) x3.78f = 0.10584pF
C; = (23 +112) x 3.78f = 0.5103pF
C, = (112 + 530) x 3.78f = 2.42676pF
Cs = (530 + 2507) x 3.78f = 11.479pF
Ce¢ = (2507 + 11858) x 3.78f = 54.299pF
C, = 11858 x 3.78f = 44.823pF

P = Crotar XVDD? X f = (C;+ C, +C3+ C4 + Cs+ C4+ C; + C) X 1.82 x 50M =
(0.02268p + 0.10584p + 0.5103p+2.42676p+11.479p+54.299p+44.823p+200p)x 1.8% X
50M=50.814 mW

borPor—PorPorPorPorPorPor——
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By the calculation in problem 2_(b), inv2 size is 4X invl (f=3.89), inv3 size is 15X invl (4% 3.89 =
15.56), inv4 size is 58X inv1 (15X 3.89 = 58.35), inv5 size is 226X inv1 (58 3.89 = 225.62),
inv6 size is 879X invl (226X 3.89 = 879.14), inv7 size is 3420X inv1 (879 3.89 = 3419.31),
inv8 size is 13304X inv1 (3420x 3.89 = 13303.8)
Thus,
C; = (1+4)x3.78f = 18.9fF,
C, = (4+ 15) x 3.78f = 71.82fF
C; = (154 58) x 3.78f = 0.2759pF
C, = (58 + 226) x 3.78f = 1.073pF
Cs = (226 + 879) x 3.78f = 4.176pF
Ce = (2003 +9474) x 3.78f = 16.25pF
C, = (3420 + 13304) x 3.78f = 63.216pF
Cg = 13304 x 3.78f = 50.289pF

P=Ct0talXVDD2><f=(C1+C2+C3+C4+C5+C6+C7+CS+CL)X1.82X50M=
(0.0189p + 0.07182p + 0.2759p+1.073p+4.176p+16.25p+63.216p+50.289p+200p) X 1.82 X
50M=54.33 mW

Inv9
1
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By the calculation in problem 2_(b), inv2 size is 3X inv1 (f=3.35), inv3 size is 10X invl (3% 3.35 =
10.05), inv4 size is 34X inv1 (10x 3.35 = 33.5), inv5 size is 114X inv1 (34X 3.35 = 113.9), inv6
size is 382X inv1 (114x 3.35 = 381.9), inv7 size is 1280X inv1 (382% 3.35 = 1297.7), inv8 size is
4288X invl1 (1280x 3.35 = 4288), inv9 size is 14365X inv1 (4288x% 3.35 = 14364.8)
Thus, C; = (1+3) x 3.78f = 15.12fF
C, = (3+10) x 3.78f = 49.14f
C3; = (10 + 34) x 3.78f = 0.1663pF
C, = (34 +114) x 3.78f = 0.559pF
Cs = (114 + 382) x 3.78f = 1.874pF
Ce = (382 + 1280) x 3.78f = 6.282pF
C, = (1280 + 4288) x 3.78f = 21.047pF
Cg = (4288 + 14365) x 3.78f = 70.508pF



Co = 14365 x 3.78f = 54.299pF

P:CtotalXVDszf:(Cl+Cz+Cg+C4+CS+C6+C7+68+CQ+CL)X1.82X50M:
(0.01512p + 0.04914p + 0.1663p+0.559p+1.874p+6.282p+21.047p+70.508p+54.299p+200p) X
1.8%2 x 50M=57.47 mW

n =10,
inv1 Inv2 inv3 invd .nvg inv9 inv10
Vin T @O PC “ﬁo Tﬁ%{‘
C, = 4%6}‘ L Cy= # é 513pF 0%70 016pF (éoo
pF
¢, = 1542/ L ¢ =hisepr CS = 202p L —1'5 61pF C, = 592pF

By the calculation in problem 2_(b), inv2 size is 3X inv1l (f=2.97), inv3 size is 9X invl (3% 2.97 =
8.91), inv4 size is 27X invl (9% 2.97 = 26.73), inv5 size is 80X invl (27X 2.97 = 80.19), inv6 size
is 238X inv1 (80X 2.97 = 237.6), inv7 size is 707X inv1 (238% 2.97 = 706.86), inv8 size is 2100X
invl (707x 2.97 = 2099.79), inv9 size is 6237X invl (2100X 2.97 = 6237), inv10 size is 18523X
invl (6237x 2.97 = 18523.89)
Thus, C; = (1+3) x 3.78f = 15.12fF
C, = (34+9) x3.78f = 45.36fF
C3 =(9+27) x3.78f = 0.136pF
C, = (27 4+ 80) x 3.78f = 0.404pF
Cs = (80 + 238) x 3.78f = 1.202pF
Ce = (238 + 707) x 3.78f = 3.572pF
C, = (707 + 2100) x 3.78f = 10.61pF
Cg = (2100 + 6237) x 3.78f = 31.513pF
Cy = (6237 + 18523) x 3.78f = 93.592pF
Cio = 18523 x 3.78f = 70.016pF

P = Ciotas XVDD?* X f = (C;+ C,+ C3+ C4, +Cs+Co+ Cy+ Cg+ Co + Cyo + C) X 1.82 X

50M = (0.01512p +
0.04536p+0.136p+0.404p+1.202p+3.572p+10.61p+31.513p+93.592+70.016p+200p) X 1.8% X
50M=66.59mW



(b) Same as problem 1 (c), | assume capacitance looking from an inverter (with PMOS
and NMOS (W/L) are 1.5u/0.18u and 0.5u/0.18u respectively) output and input is all
3.78fF. And assume parasitic delay = 1 for an inverter
n=1,

2008 _ 59910

F=GBH=1X1X =
3.78fF

A

f =52910

D =52910+1=52911
n=2,

F=52910

f =+/52910 = 230

D =2(230+1) =462

C—LC =200
3.::E L pf

F=52910

f =13/52910 = 37.5

D = 3(37.5+1) = 115.5

Forinv2,
PMOS W/L = (1.5ux 37.5)/0.18u (w = 1.5u | = 0.18u m = 38 in hspice )
NMOS W/L = (0.5ux 37.5)/0.18u (w =0.5ul=0.18u m = 38 in hspice)

For inv3,
PMOS W/L = (1.5ux 38 x 37.5)/0.18u (w = 1.5u | =0.18u m = 1425 in
hspice)
NMOS W/L = (0.5ux 38 x 37.5)/0.18u (w =0.5ul=0.18u m =1425in
hspice )
n=4,
F=52910

f =4352910 = 15.17
D = 4(15.17+1) = 64.7



F =52910

f =3/52910 = 8.8

D =5(8.8+1) =49

=6,

F =52910

f =4%/52910 = 6.127118695

D = 6(6.127118695+1) = 42.76271217
=7,

F=52910

f =/52910 = 4.729237328

D = 7(4.729237328+1) = 40.10466129
=8,

F=52910

f =43/52910 = 3.89

D = 8(3.89+1) = 39.16

=9,

F =52910

= 3/52910 = 3.35
D =9(3.35+1) = 39.15

n =10,
F=52910
f = '3/52910 = 2.97
D =10(2.97+1) = 39.7



(c)

Combined results from (a), (b). | made a table and graph as the following!

N Delay Power consumption (mW) [Product
1| 52910 32.4/1714284
2 462 32.68|15098.16
3 115.5 34.19|3948.945
4 64.7 36.94/2390.018
5 49 40.85| 2001.65
6| 42.763 44.88|1919.203
7| 40.105 50.81|2037.735
8 39.16 54.33(2127.563
9 39.15 57.47|2249.951
10 39.7 66.59(2643.623
n=1~10
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When n =1, the delay is too large to observe the difference between other stages’ delay. So,

| drew another figure whichisn=3~n =10 below!



n=3"~10
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When n = 6, Power X delay has smallest value.

In Q2_b, when n =9, it has the shortest propagation delay. So, ‘n” is smaller when

Power X delay has smallest value compared to n that caused the shortest propagation
delay.

Discussion:

5% delay — B € SEF sl dem T > 15 K & 5 Bl 4
parasitic delay € 3 *r » delay ¥ @ B 4>+ = (in this problem, aftern>10) - % *
power — F_€ S ¥ & i 4 0 & B node capacitance ‘v fhAz k g AR K Ax F 5 A1y
1295 2 3% Power = Cpyqy X VDD* X f > power € A& kA% 5 o 4r¥% n =] delay § = = > n
i~ power ¢ = < o #7127 & Power X delay #-] » BBRIEE ¥ B 3 (exin=
4,5,6,7) o “TI0F %5 Ik Power X delay &/ %8 (n=6) ¢ /| ** delay & ] e

&k (n=9).



(d)

Fig. 5 Part of my layout (version 1)

Fig. 6 Part of my layout (version_2)

Layout consideration: # %= 4 7 2 ff layout > & Bix A1 £ X & gate 2 A g 4

;¢ o Fig. 5 #_i# * polysilicon ift £ gate > Fig. 6 %¥_i# * Metal 2 if £+ gate - d %
Polysilicon (R FE = + » #f1 ML fie b m BIRE PG > LR iPdE > § 424
didelay > £ 2 % 3% & 1400 % B unitinverter shpF i » S5 { Bed o Flpb A%
i#* Fig. 6%z > @ * Metal 2:3# 4 gate > F] 5 Metal 2 4p $23% polysilicon 07 FE

B ‘]"r‘

Jfd > TG s AL B B o ¥ 4 ,T%{#ﬂ contact 2 £+ mERT & 2
i# ey 3| diffusion region e B3 > o B 5 £ & layout c1pw ik E_¥-4p A% MOS 73 source

godrain = % > U MG fF o FILEREFLTE o



For the following problem, | used Fig. 6 layout to measure!
Propagation delays for both the rising and falling inputs as well as the power consumption:

Pre-layout simulation:

Delay:

I0 10n 20n 30n 40n 50r
1.8(lin) : : L - ! 1 ' ! 1 ! L 1 L 1 ! ' L L L "
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Fig. 7 Delay simulation for each node before post-simulation

Power:

*¥¥kkk* transient analysis tnom= 25.000 temp= 25.000 *

power= |35.4541m | from= 500.0000p to= 20.5000n
L]

Fig. 8 Power simulation before post-simulation




After post-layout simulation:

Delay:
I0 10n ZEIm 3(l)n 40n 50n
UCMATTE " 1.8-(lin
1.6
1.4
1.2 1
1 l\ Input
0.6
0.4 .
o2 Delay when Delay when input
18 input is rising is falli \
. is fallin .
H g 1% inverter output
0.8 | Delay.449p i \Llpelaysize
0.4
0.2
§1.8-im)
I
1.2 L Delay952p .
1 4 nd
i — 2" invefter output
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".l 0 FrT—
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'3 < ; Third inverter outout
13 Delay5.94n
11 L. Delay:6.03n |
0.5
TIME(sec) (lin) I() ' ' ' ' ltl)n ' ' ' ' 2(I)n ' ' ' ' 3(I)n ' ' ' I 46!’1 ' I ' ' S(I)n
Fig. 9 Delay simulation for each node before post-simulation
Power:

x*xxxx transient analysis tnom= 25.000 temp= 25.000 ***¥*x*

power= 13.9138m |from= 500.0000p to= 20.5000n

Fig. 10 Power simulation after post-simulation

Discussion:
Delay:
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