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@ One of the most fundamental EDA problems

@ Two components of delay modeling
o Gate delay

@ Interconnect delay

@ Different levels of accuracy and abstraction
@ Analytical formula: simple and intuitive to guide optimization
@ Table look-up based

@ Simulation-based, e.g., SPICE

@ This work is on gate delay modeling



@ Table-look up

@ Closed-form formula: Sakurai-Newton (SN) model [1990]
@ Widely used due to its simplicity and reasonable accuracy
@ However, it does not work well at low voltages [Taur and Ning, 1998]
@ Contribution of this work
@ We provide a new Elmore-perspective of the SN model, which is
the centroid of the current

@ We propose a new closed-form gate delay model based on the
centroid of the power dissipated by the gate

@ This new model is robust (across wide ranges) with very high fidelity
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@ Gate delay can be approximated as
Vbp At = 4Q
Ip
where
—4 @ AQ: change in charge at load
VGs | capacitor C
@ Ip: drain current
_| CL :|:VD

S ® The 50% gate delay is

()
tdetay = T

o = = = 9Dae
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@ SN current equation (saturation-mode) I = 'g(sz — V)%

@ o is velocity saturation index, « ~ 1 for nm regimes
@ Assume a step input, vgs = Vpp u(t)

@ SN assumes that the transistor is in saturation region till VDTD
CLVDD
tdelay = 2

C¥ge
Ip
@ But discharge under step input has two regions

X(Vobp — Vq)«
@ Saturation: Vpp > vps > Vbp — V1

@ Linear: Vpp — Vr > vps > 0

@ Thus SN delay formula is obtained through approximation

@ We show that it is in fact EImore delay of gate i
=} = E = A
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Elmore delay is defined as the centroid of the impulse response h(t)

@ The centroid of a function f(x) is defined as C[f(x)]

TSO%

_ [, xf(x) dx
@ Since [ h(t)dt = 1 for monotonic

tetmore = JO th(t)dt

-

median mean

(centroid)

@ Note that EImore delay is Mean of
impulse reponse

@ Real dealy is given by Median

@ Mean is an upperbound of Median
for RC circuits




Vbbb
@ Model inverter as an RC circuit
_CI @ R: nonlinear resistor
VGs | @ Laplace transform of h(t) (H(s))
CL==vVps Vps(s Vps(s
_| H(s) = Ds(s) _ D.1S( ) — $Vps(s)
Vas(s) 3
- - @ Translate to time domain
dng ]
= =—1 I
h(t) = =32 = o0 o 1)

R }
ves () c I(t)

@ Centroid of I(t) instead of h(t)




@ Thus Elmore delay is

The Elmore delay of a CMOS gate under step input is the centroid of
the current dissipated by it during switching

. jg%h tdt [ It dt
elmore — J-O d‘t J-O
J.tsat tlDSAT dt + .ft
= tsat
0

tIDLIN dt
ipg,y dt + Itsat ipgy dt
@ The unknowns in the above equation are

® tgq¢: Transition point from saturation to linear

® ipg../ip,,n: Currentin the saturation/linear region of operation &
o [ = = DA



@ The transistor under step input switches from saturation to linear
when vps = Vpp — V1

@ tsq¢: time taken to change
AN from saturation to linear
R
VGs () CL —‘—VDS

@ tq¢ IS Obtained by applying
KCL at C

L __ v
ST K(Vop — V)*




Ry

C @ Constant current in saturation
D L VDS

. k
IDSAT = E (VDD - VT)OC

@ Currentin linear region is

vps = (Vbp—VT1)e R u(t—tsat)

vGs, vps . VDs VDS
Voo GS DLIN ( DD T) VDD . VT R
Vop —Vr |- . .
! @ vpg is given by
oo —(t—tsqt)

Ups




centroid of I(t)), we have

@ Putting tsq¢ and ip, ,,/ip,,, back to the EImore delay (the

¢ ~ CLVpp
elmore — k(VDD — VT)[X

@ It is exactly the same as the Sakurai-Newton formula

under the following conditions:

The Sakurai-Newton formula is the EImore delay of the CMOS gate
(i) A step input is applied;

(i) The CMOS gate is modeled as an RC circuit.
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@ Data of 65nm inverter with C; = 20fF and Vyy = 0.22V

@ Under nominal voltages (Vpp > 0.9V), delay varies over small
range [150, 180]ps
e Empirically delay o —, captured well by SN
@ Under low voltages (VDD < 0.9V), delay varies over wide range

[200, 800]ps lj
@ Need higher order terms to capture this spread whlch SN Iacks ;
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1
0.8
Voo

@ SN metric fails to track delay under low voltages where delay

@ A natural idea is to use centroid of power instead of current to
track this quadratic term since power « (current)?

@ This results in EImore-like closed form expression
@ Centroid-of-power delay (t.p) is defined as

- J-go tvpsipdt
cp

B J-go vps ip dt
tcp =

CL(3VEp +3VALpVr —3VppVZ+ V3)

6kV3 (Voo — V1)
o = = = A
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@ We empirically found that 97
in the denominator

vy tracks delay better than

@ Have not found the rigid theory behind yet
@ Modified centroid of power based delay metric

2
VD D

tepm X

CL(3V3p +3VApVr —3Vpp V4 + V3)
(Vbp — V1)(Vop — V1)

voltage ranges

&
@ This modification on t.,, leads to near perfect correlation across all
@ Possible reasons why it works

@ Gate overdrive is proportional to (Vpp — V7)
® When Vpp varies i

compared with

1
' Voo vz has a faster rate of change
—] 5
VB s
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@ Data of 65nm inverter with C; = 20fF and Vyy = 0.22V
@ Observe that CPM can track delay across all voltages

@ Higher order terms of CPM help track delay in low voltages



Experimental Results

Comparison across Different Technologies and Gates

Gate 45mm 65nm 100nm
SN [ CP |[CPM || SN | CP [CPM| SN | CP | CPM
INV 076 | 0.81 | 0.99 || 0.76 [ 0.82 | 0.99 [ 0.90 | 0.94 | 0.98

NAND2 || 0.72 | 0.76 | 0.99 || 0.73 | 0.77 | 0.992 || 0.83 | 0.87 | 1.00
NOR2 0.73 1078 | 099 0.75 | 0.80 | 0.992 || 0.90 | 0.93 | 0.99
XOR2 071 | 0.76 | 0.99 || 0.71 | 0.76 | 0.98 || 0.90 | 0.93 | 1.00

@ Correlation indices for each delay model/gate/technology
@ Data obtained by varying Vpp, V1o, Cr

@ HSPICE delay of a gate is measured for its worst case input
combination

@ Modified Centroid of Power (CPM) has correlation > 0.98

consistently ﬁ
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@ Provide theoretic proof that the classic Sakurai-Newton delay
model is indeed Elmore delay

@ We propose a new closed form delay model based on the
modified centroid of power (modify the EImore)

@ Our proposed metric has very high correlation (> 0.98) compared
to HSPICE simulations

@ We expect this simple, accurate and robust gate delay model be
used
@ in low power, low voltage circuit designs
@ in inner optimization loop of physical design tools where it is
necessary to obtain quick and accurate delay estimates
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