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Learning Objectives

» Understand the tradeoffs between different methods of estimating delay

» Be able to estimate the best and worst-case delays of CMOS circuits using RC and linear
delay models

» Understand the impact of physical layout on delay of CMOS gates



I Some Definitions

tpas - Propagation (worst-case) delay when output is falling t, - Rise time of output

tpar - Propagation (worst-case) delay when outputisrising ¢ - Fall time of output

N : : trtt
tpcs - Contamination (best-case) delay when output is falling trr = rz L _Edgerate

tper - Contamination (best-case) delay when output is rising

tpa = (tpdf + t,,dr)/z —Avg. prop. delay finputmax = ﬁ - Maximum input frequency
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ftnroughputmax = - Maximum output frequency
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Timing Optimization

» Focus on reducing delay of critical path (path with max. delay)

» Optimizing critical path can change critical path
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» Critical path is A-D
e Optimizing B-C or E will not affect total delay
e If delay of Aiis reduced below B-C, then new critical path is B-C
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I Ways of Measuring Delay

Accuracy

Assume constant Differential
resistance and capacitance Equations
during switchin and SPICE
Simulation

Assume delay is

linear function of . RC Delay
fanout. Model
Linear Delay
' Model

Difficulty
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MOSFET Capacitances

» Definition: C = dQ/dV

Gate apacitances
depend on
operating region

p~ substrate l

&
» Cg — CgS + ng + Cgb b Cgb < Cp (o] o]

_ Cys o Co/2 2/3C
» CO — CoxWL - ’ ’

Cya o) Co/2 o
» Cgp and Cyy, are called diffusion capacitances Cy Co Cy 2/36o




MOSFET Capacitances

» Diffusion capacitances (C, and Cyp) are called parasitic, since they are not “intentional,”
like the gate capacitance.

» Diffusion capacitance is formed at the p-n junctions of source/drain diffusion regions and
body
e Depends on area and depth of diffusion
* Wider transistors have bigger diffusion area
e Layout also affects diffusion area:

I Y I I 61 I I3/1I
Isolated Shared Shared
contacted contacted uncontacted

diffusion diffusion diffusion



I MOSFET Capacitances

» Cgp and Cgy are Venkis b O | m" i AM.I | AM.[ I 'l'S_M.L“ _ ‘I'SA?C mm IRV U Vv
complicated functions Model I | MOSIS | MOSIS | MOSIS | MOSIS | MOSIS | M()-bIS .Tb):ll.' 111}1 CIBM gy
Feature Sizef | nm 2000 | 80 | 600 | 600 | 350 250 180 130 R\ o

of the processd v 0 Y O 000 0 20 0 20 223 e

parameters an ‘ ARV Gates ' ' '
geometriesl but we can C, (delay) ‘ fF/um | 177 1.67 [ 1.55 i 1.48 . 1.90 230 1.67 @unr 0.80
estimate that the per_ (Tg{]\'nwcr] ‘ tF/um 2.24___ _1.70 1.83 1.76 2.20 | 2,92. ‘ 2.06 | %) 1“-3‘. 07
micron capacitances bt RN U OO 00000 O 0 O Ol it il 36l I35,
. nMOoS

are approximately: C,(isolated) i |30 T3] 3 [ & [ [ 18 089 07
€, (shared) " fFlum | 162 | 143 1.41 150 [ 204 | 260 | 1.62 160 | 128

C,; (merged) 7 Ol < ™ S OO T 151 1%

Cg ~ Csp = Cygp 2 T O T O O O O | 235 | 13
Ry(eeries) | Kll-um | 221 | 695 | 628 | 859 | 401 | 340 | 200 | 181 | 113

) S O I 059 | 048 | 041 | 032 [ 032 | o

V. (linearext) | V 0.65 N T | 057 | 053 | 043 | 0A3 | G4

im0 - am || a5 773000 T YOO T Ol

2 - 2.21 145 | 657 | 563 | 939 | 1720 | 4000 | 33400

TN 'f"pmﬂm n/a wa | na | na | na | nh n/a 122 | 3620 850

2% e TN O - TN AN ¥ TN OO O O O Y
CoGhaed)||| | BEpm | 12 1ed| ] 38 | 18| 237 ]| 2= | 1@

\ 074 | 0.73
135 | 15

Colmesged) | fHpm | 152 | 123 | 135 | 143 | 133 | 240 I151‘, Ll6 118
R,(single) | kQ-pum 671 | 267 19.9__' - N T O | 547 | 287
R, (series) k) l"m_a_a _539_ 214 | 154 | 286 | 13,3+ 6.91 T Sl | 492 | 242
[Vl (const. ) |V 072 | 091 [ 090 | 090 | 083 | 046 | 043 | 033 | 035 | 03
V| Ginearext) |V 071 | 094 | _0.93___ 0.93 088 | 052 | 051 1042 [ 043 | 02
| uA/pm | 705 IS4 1053 1 90 | 18 |8 | 2% T T | it o
s O 206 | 301 | 252 [ 1330 | 2780 | 19500
- | pA/um | n/a n/a _-, n/a na | n/a | nfa | n/a | 006 | 1210 _—"‘_71




I Delay of an Inverter

» Consider a CMOS inverter driving another CMOS inverter:

AL o 1 —

I |4

Vin . out . V
Vin Ii out

4{ CdbnT_ Cwire__ o—{ l T Cout

» Lout — Cdbpl + Capn1 T+ Cyire + Cgspz + Cgsnz



Delay of an Inverter

» Let’s consider t, ;¢ of the inverter

e Timet =0, V,,: = 0andV;, changesfrom1too

* PMOS is cutoff, NMOS on, initially in saturation

~dv dv
Q=VC - l=EC - dt:TC = g

Vaa/?2

C
_ f out av,...

ldsni

» But, i45n1 dependsonV,,;
e Initially in saturation, then linear mode, then cutoff
e Messy non-linear differential equation, has to be solved numerically
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RC Delay Model

» Idea: Model transistor as resistor that captures its average V;, vs. I 45 slope

1 L
» Recall R « E = WiCor! Cg X WL, Cg =~ CSb ~ Cdb

» For NMOS and PMOS with k times the unit transistor widths and u,, = 2u,:
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RC Delay Model

» Equivalent circuit for a fanout-of-1 inverter:

Nonswitching
capacitances:
R irrelevant

Output
capacitances

<+

6C
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RC Delay Model

» 3-input NAND gate equivalent RC circuits:

> <k b —IF
Rk ek e
3 L 3 T 9C
E Al 3 Tac
3 VA Esc
% ;;50 %
(@) (c)
2c] == | l2C| == | [2C] =
b 2% "HE 2% Hp 2
—2C —2C 2C y Y
J—_._sc R/?é Jec
3C§ ﬁ . Worst-case
R T3¢ R3S Jac rising
3CT —
3c§ 33 °° R/3i Jac
v b—sc
< Falling
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RC Delay Model

» We can get the time constant from the equivalent T RC circuit and use it to estimate the
delay:

» The In 2 factor is often ignored
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RC Delay Model

» |Inverter with fanout-of-1:

I

Nonswitching
2C |'\‘“‘j capacitances:
R [ irrelevant

L J I A

' |
7fé\ Output
V@/ capacitances
(b)

» Falling propagation delay: Vy,; = Vppe t/6RC > 7 = 6RC > t,q = 6RCIn?2
» Absorb the In 2 factorinto R: t,,; = 6RC
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RC Delay Model

)

v

Fanout-of-4 delay (FO4) is a common figure of merit

)

v

For the inverter in the previous slide, the FO4 delay is
tpd — 15RC

It's often convenient to define 7’ as the delay of a fanout-of-1 inverter with no parasitic
capacitances

)

v

)

v

Usually, we use T’ = 3RC

» Now we can define delays independent of RC:

d=2% =5
=
d=h+1 (FO4 inverter)

(fanout-of-h inverter)



Elmore Delay Model

» Calculating the time constant for a first-order RC circuit is easy
» Most circuits are more complicated

» Elmore delay approximates the time constant of an RC tree as

T~ z RiSCi
[

where R is the shared resistance from switching source to node i

» Related to “zero-value time constant”
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Elmore Delay Model

» Example of simple RC circuit:

C, = G, Cs

» When V;,, switches, we first have to charge C;
* Ty =R(

» Then, C,
* T, = (R +RG,

—

» Then, Cg — | T= RC; + (Ry + Ry)C; + (R + Ry, + R3)C5

o T3 —_ (Rl + R2 + R3)Cg




I Elmore Delay Model

» Example: Estimate the rising and falling propagation (worst-case) delays for a 3-input
NAND gate with fanout of h

Rising Delay

S Falling Delay Equivalent Circuit

Equivalent Circuit
A 23451(;4%
]
3

Y
R/3£ — (9 + 5h)C

A_
] = (9 4+ 5h)C
B e
-3 R/3 % — 3C
clr 3 = 3C
<+ R/3 % == 3C
tpar = E3c + 2—R3c 4+ R(9 +5h)C = (12 + 5h)RC tpar = R(9+ 5h)C + R3C + R3C = (15 + 5h)RC

3 3
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I Elmore Delay Model

» Estimate the rising and falling contamination (best-case) delay for a 3-input NAND gate

with fanout of h

A4 23451(;4%
Al 3
Bl 3
cHl 3

Falling Delay Rising Delay
Equivalent Circuit Equivalent Circuit
Y
R/3 % == (9 + 5h)C
L R$ R: R
R/3 3 v
(9 +5h)C—

R /3j —

R R R R 5
Lear = §+§+§ (9+5h)C = (9+5h)RC tedr = § (9+5h)C = 3+§h RC
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Elmore Delay Model

» Note that we can write the delays as
d=f+p=gh+p

f is the “effort” delay

p is the “parasitic” delay associated with charging a gate’s own internal parasitic capacitances
g is called the “logical effort” and represents the complexity of the gate being driven

h is the fanout or “electrical effort”

» Forthe 3-input NAND gate, the worst-case delay was t,,4,- = (15 + 5h)RC, so
thar 5
d="="h+5
T’ 3
e Thelogical effort is 5/3, and the parasitic delay is 5
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I Elmore Delay Model

» Diffusion (parasitic) capacitance depends on the layout and how diffusions are shared:

| Vaa
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§ Tqﬁ l ]
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» A and B PMOS drains are shared, so only count diffusion capacitance once, so
capacitance at Y is (7 + 5h)C instead of (9 + 5h)C

» Sometimes uncontacted diffusion is counted as only (12)C
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