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Abstract

Current-based gate modeling achieves a new level of ac-
curacy in nanoscale design timing and signal integrity analy-
sis. However; to generate current-based gate models requires
additional pre-characterization of the gate, e.g., in the form
of a new or an extended timing library format. We construct
current-based gate models based on the existing Liberty tim-
ing library format without further pre-characterization. We
present an inverse problem formulation, and propose to solve
the problem by quadratic polynomial regression. Our con-
structed current-based gate models find applications in tim-
ing, power, and signal integrity verifications for improved
accuracy in library-compatible flows, e.g., to include power
supply voltage drop effect in gate delay calculation without
further pre-characterization, to calculate gate supply current,
etc. Our experimental results show our constructed current-
based gate models achieve slightly less accurate results, e.g.,
within 4.6%(8.6%), than pre-characterized current-based
gate models, e.g., within 4.3%(4.4%), of SPICE results in
gate delay calculation for ideal (degraded) power supply volt-
age, and accurate gate supply current calculation.

1 Introduction

Performance is a primary VLSI design objective, and tim-
ing verification, as is crucial to VLSI design success, has
evolved through several generations as VLSI manufacturing
process technology evolves into nanoscale domain.

Traditional VLSI design timing verification is based on
k-factor lookup tables, e.g., in Liberty timing library for-
mat, which give gate delays and output signal transition times
based on gate input signal transition times and gate capacitive
loads.

In deep sub-micron VLSI designs, on-chip interconnects
need to be taken as distributed R(L)C networks. The tra-
ditional single-load-capacitor-based k-factor lookup tables
adapt to this era thanks to the technique of “effective capaci-
tance” computation [4], which translates a distributed R(L)C
load interconnect into an equivalent single lumped load ca-
pacitance for gate delay and gate output signal transition time
computation.

An effective-capacitance-based gate model includes a volt-
age source and an output resistor which are computed from
the traditional k-factor lookup tables. The voltage source out-

Proceedings of the 7th International Symposium on Quality Electronic Design (ISQED’06)
0-7695-2523-7/06 $20.00 © 2006 IEEE

puts a saturated ramp voltage, while the output resistor cap-
tures tail attenuation of the driving point waveform. Certain
assumptions in this model hold only for a limited set of VLSI
technology nodes, e.g., approximating a signal transition in
a saturated ramp, and capturing a gate output resistance as a
constant, increasingly deviate from reality as VLSI process
technology evolves. Thus effective-capacitance-based gate
models can not accurately capture signal integrity effects in
nanoscale VLSI designs.

In better accordance with transistor physics, a current-
based gate model [3, 6] includes a voltage-controlled current
source as well as a voltage-controlled capacitor. A transient
analysis at the driving point computes a time domain gate out-
put voltage waveform. Such transient analysis at gate level
provides a new level of efficient-accuracy tradeoff between
SPICE simulation and gate level timing and signal integrity
analysis. As effective-capacitance-based gate level analysis
cannot accurately capture nanoscale design phenomena, for
example, signal integrity effects which result in increasingly
complex signal transition waveforms, transient analysis be-
comes a necessity, yet efficiency advantage over SPICE sim-
ulation still remains with current-based gate models.

Industry is moving in adopting current-based gate de-
lay models, e.g., Cadence Design System’s Effective Cur-
rent Source Model (ECSM) [2], and Synopsys’ Compos-
ite Current Source (CCS) model. These models need ad-
ditional pre-characterization to be constructed, for example,
Cadence proposed an extension of the Liberty timing li-
brary format, which describes gate output voltage waveform
and gate intrinsic output capacitance for each input signal
slew rate and output net capacitance combination, to help
construct a current-based gate model [2]. A complete pre-
characterization of a gate output current needs DC simula-
tion, e.g., by sweeping the gate input and output voltages in
SPICE simulation [3].

We propose to construct current-based gate models based
on existing Liberty timing libraries without any additional
pre-characterization. The constructed current-based gate
models find applications in existing library-compatible flows
for accuracy improvement in timing, power, and signal in-
tegrity verifications, e.g., to include supply voltage variation
effect in gate delay calculation. This leads to better data ef-
ficiency and accuracy than other models, e.g., Scalable Poly-
nomial Delay Model (SPDM), which includes additional co-
efficients to characterize timing for discrete supply voltages.

We observe that constructing a current-based gate model
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Figure 1. A CMOS inverter and a single load
capacitor. Gate output current /,, input volt-
age V;, and output voltage V, are given by
PMOS/NMOS transistor current, port voltages
Ves and Vpg, respectively.

from an existing timing library is an inverse problem, e.g.,
relating gate output current time domain integral and load ca-
pacitance gives an inhomogeneous Fredholm integral equa-
tion system of the first kind [9]. Inverse problem solutions
are usually extremely sensitive to variation of input data, and
their accuracy and smoothness are difficult to obtain. How-
ever, we approximate a gate output current by a quadratic
polynomial of gate input and output voltages, and propose
to apply a standard least mean square nonlinear regression
method for the best approximation of gate output current.

Our experimental results show that our constructed
current-based gate models compute gate delays within
4.6%(8.6%) of SPICE results, while pre-characterized
current-based gate models compute gate delay with
4.3%(4.4%) of SPICE results, for ideal (degraded) power
supply voltage. Our constructed current-based gate models
also give accurate gate supply current calculation. In general,
our constructed current-based gate models find applications
in existing library-compatible flows for accuracy improve-
ment in timing, power, and signal integrity verifications, with
slightly less accurate results than pre-characterized current-
based gate models.

The rest of the paper is organized as follows. We introduce
current-based gate modeling in Section 2, and present an in-
verse problem formulation in Section 3. We propose to find
polynomial regression of a gate output current in Section 4,
and apply our constructed model for gate delay with supply
voltage variation and supply current calculation in Section 5.
We present our experimental results in Section 6 and conclude
in Section 7.

2 Current-Based Gate Model

A MOSFET model is typically current-based, for example,
the alpha-power law MOSFET model is as follows [11].

0 Vis < Vr
Ips = L;f 1 (Vos—Vr)*? Vps <Py(Vas—Vr)* (1)
T Pe(Vas = Vr)® Vps > Py(Vgs — Vr)®

where Ipg is the source-drain current, Vpg the source-drain
voltage, Vs the gate-source voltage, V7 the threshold voltage,
W the channel width, L the channel length, Pc and Py are pa-
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Figure 2. (a) Voltage-based gate model which
consists of a voltage source and a resistor; and
(b) current-based gate model which consists of
a current source and a capacitor.

rameters, o is typically between 1 and 2 to capture nanometer
transistor effects.

For a simple inverter (Fig. 1), such a transistor model gives
a current-based gate model. For a complex gate, an equivalent
inverter marcomodel can be constructed for each input com-
bination [7], and gives a similar current-based gate model,
e.g., for the worst case input combination for static timing
analysis. Such current-based gate models better capture tran-
sistor physics and provide significant accuracy improvement
compared with voltage-based gate models.

A current-based gate model includes a 2-D lookup table
I,(V;,V,) which gives gate output current for a pair of gate
input and output voltages, and a voltage-controlled capacitor
at the gate output (Fig. 2). A transient analysis is applied to
compute the gate output voltage, e.g., at each time step, the
gate output current is given by the 2-D lookup table, and the
gate output voltage variation is computed, e.g., by a nonlin-
ear solver which applies Newton-Raphson or secant iteration
[3]. Algorithm 1 describes the transient analysis process for
a current-based gate model.

Algorithm 1: Transient Analysis with a Current-Based Gate
Model

Input: Piece-wise linear input V;, lookup table I,(V;,V,)
Output: Piece-wise linear output V,,

1. Reduce load network, e.g., to a Pi-model
2. For each time step ¢

3. Find V;(¢) and V, ()

4. Find 1,(V;,V,) by table lookup

5. Compute V,(r+1)

Additional pre-characterization is needed by existing ap-
proaches to construct a current-based gate model. In Cadence
ECSM, current-based gate models are computed based on
gate output voltage waveforms for each input signal transi-
tion time and load capacitance configuration. In Blade and
Razor [3], the current table is constructed by DC simula-
tion, e.g., by sweeping the gate input and output voltages and
performing DC analysis in SPICE simulation. In the next
section, we present to construct a current-based gate model
based on existing Liberty timing library without additional
pre-characterization.
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Figure 3. Contour of the output current 1,(V;,V,)
of a 4x inverter in 90nm technology.

3 Inverse Problem

We study the following problem.
Problem 1 Given
1. By = signal slew lower threshold (e.g., 0.2),
2. By = signal delay threshold (e.g., 0.5),
3. B3 = signal slew upper threshold (e.g., 0.3),
4. Ty—in = input slew rate (from 0% to 100%V ),
5. Cr = output load capacitance,
6. Dy = gate delay, and
7. Tr—ow = output signal slew rate (from B1Vyy to B3Vya),

Find a current-based gate model of a 2-D lookup table
1,(Vi,V,) and a single intrinsic gate output capacitance Cg.l

This is an inverse problem, i.e., to find an un-
known/underlying physical process by a set of measurements
[9]. For this problem, the time domain integral of the gate
output current, or the gate output charge, is given by the load
capacitance times output voltage swing.

0= /.Idt =CAV 2)

This gives us inhomogeneous Fredholm integral equations of
the first kind (i.e., the unknown function appears only in the
integral) [9] for each gate delay or output slew rate in the
timing library lookup tables as follows.

Dy +0.5T,_in
/ L,(Vi,V,)dt =
0

/-Dg 05T in+0.5Tr—our

B2(Cg+ Cr)Vaa
L(Vi,Vo)dt = (B3 —P1)(Ce+CpL)Vau

3

Dg+0.5T,_in—0.5Ty—ous

Straightforwardly, the above integral equations can be
translated into differential equations, which are nothing dif-
ferent than normal linear equations. Numerical integration

'More accurate gate models include multiple and/or non-constant intrin-
sic capacitors [2].
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Figure 4. 3-D surface map of the output current
1,(V;,V,) of a 4x inverter in 90nm technology.

methods, e.g., forward Euler, give accurate results for suf-
ficiently small time steps.> At each time step, linear inter-
polation represents a gate current by a finite number of gate
currents in a lookup table. Solving the linear equation sys-
tem gives the lookup table of gate current I,(V;,V,). How-
ever, such solutions are very sensitive to small variations of
input data. Small variations do exist as we approximate the
gate input and output signal transition waveforms by satu-
rated ramps. This results in extremely poor smoothness of
the solutions.

In general, an inverse problem is solved by optimization
of an objective A 4+ oB, where A is an accuracy measurement,
B is a smoothness measurement, and o provides a tradeoff
between accuracy and smoothness of the solution [9].

4 Regression of Gate Output Current

Achieving quality solutions of an inverse problem often
requires a priori information. For this, let us look at the con-
tour and the 3-D surface map of the output current of a 4x
inverter in 90nm technology (Fig. 3 and Fig. 4).

We approximate a gate output current in a quadratic poly-
nomial of the gate input and output voltages, e.g., for a rising
signal transition, as follows.

L(Vi,V,) = aoo+aoVs+apV?
+  awVi+anViV, +anViv?
+ a0V +an VAV, +anViv? “)

The following observations hold for the output current of a
gate.

1,(0,0) >

0
,(0,Vyy) = O
I,(V4q,0) = 0

2Qther numerical integration methods, e.g., trapezoidal, involves solving
a nonlinear equation, e.g., by Newton-Raphson or secant method, which do
not have a closed form solution, and achieve only negligible accuracy im-
provement for sufficiently small time steps.

3We observe similar contour and 3-D surface map for the output current
of a complex gate, which can be macromodeled as an inverter for each input
combination [7], except that a complex gate of a non-inverting logic function
needs to substitute V; by V4 — V.
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I (Vaa,Vaa) < 0
al,(Vi,V,)
_— 0ovv.,v,
v, = ’
oL, (Vi,V,)
FolVir Vo) -V,
Vo < 0VV,V, 5)

We have the following constraints for the polynomial coeffi-
cients in (4).

\%

aoo, a20

A

ap1,ao2,4d10
apo +aor +ap2 =
apot+ajptaxy =
ao1 a1 +az

oS O O O o O

ajptai+a
aoo +ao1 + aoz
ajp+air+an

AN+ + A A

ax +az1 +axn 0 (6)

Now, we have reduced the inverse problem to finding a
small number of polynomial coefficients, and these coeffi-
cients are in limited ranges, e.g., ago is the gate output current
1,(0,0) with zero gate input and output voltages, which upper
bounds the absolute values of agi, ags, aig, and apy. These
enable us to apply a simple “try and trial” method to find the
coefficients which give the most accurate estimates of gate
delay and output signal transition time.

For better efficiency, we apply a standard Least Mean
Square (LMS) regression method [5], to explore the solution
space of coefficient combinations. We perturb the coefficients
in a rotation, and approximate gradients by computing differ-
entiates of the coefficient combinations, e.g., as follows. For
each tentative coefficient combination, we realize a I,(V;, V,)
table, and compute gate delay for each input signal transition
time and load capacitance configuration as in the timing li-
brary lookup table. We compare the computed gate delays
with the entries in the timing library lookup tables, and com-
pute the sum of square of the gate delay mismatches. If a per-
turbation of a coefficient reduces the sum of square of gate
delay mismatch, we commit the perturbation; otherwise, we
perturb the coefficient in the opposite direction. The perturba-
tion process is in an iteration, where the step of perturbation
is gradually reduced, until the coefficients are converged.

Algorithm 2 describes this nonlinear regression process.

5 Applications

A current-based gate model finds its application in a wide
range of nanoscale VLSI analysis problems, where signal
transition waveforms are becoming increasingly complex,
traditional ramp approximation deviates from reality, and
transient analysis becomes a necessity. For example, complex
signal transition waveforms appear with (1) a weak driver of
a long interconnect, (2) crosstalk coupling, (3) noise propa-
gation, etc. We present two direct applications of a current-
based gate model as follows.
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Algorithm 2: Construct a Current-Based Gate Model from a
Liberty Timing Library

Input: Bla B2v B3a {Tr—in}, {CL}» {Dg}» and {Trfnut}
Output: [,(V;,V,), Ceo

Start with initial polynomial coefficients

For each iteration
Perturb a coefficient @} = a; +
Compute sum of square of gate delay mismatch €
If € reduces, commit perturbation a; = a; + 8
Otherwise, go opposite direction a; = a; — 3
Stop if no improvement is available

Reduce step 3, go to another iteration

I - O

. Compute 1, (V;,V,) and Cy, from the coefficients

5.1 Gate Delay Calculation with Supply Voltage
Variation

With a current-based gate model, a direct application is to
include power/ground supply voltage variation effect in gate
delay calculation in a library-compatible flow.

For example, consider an inverter (or an equivalent inverter
macromodel for a complex gate [7]) (Fig. 1), for a falling in-
put signal transition which turns on the PMOS transistor, a
supply voltage degradation AV reduces both Vpg and Vs of
the PMOS transistor by AV (while the gate input and out-
put voltages V; and V,, swing between the ground voltage and
the degraded power supply voltage V;; — AV). Therefore, the
gate input and output voltages need to be increased by AV,
respectively, in gate output current table lookup.

L = 1LV,
V! = VitAV
V. = Vo+AV 7

For a rising input signal transition which turns on the NMOS
transistor, the gate input and output voltages V; and V,, do not
need to be adjusted in gate output current table lookup, be-
cause the AV supply voltage degradation does not apply to
the NMOS transistor when the PMOS transistor is off (while
Vi and V,, swing between 0 and V5 — AV).

In case that there is a ground voltage bounce AV, V; and V,,
need to be decreased by AV in gate current table lookup for a
rising input signal transition; and do not need to be adjusted in
gate current table lookup for a falling input signal transition.

5.2 Supply Current Calculation

Another application of a current-based gate model is to
calculate supply current of the gate. Supply current can be
approximated based on a Liberty library, e.g., by approximat-
ing a gate supply current in a triangle waveform, and finding
the width of the triangle as the signal transition time, and the
area of the triangle as the gate power consumption given in a
Liberty library. Closed form formulas [8, 10, 12] have been
proposed to calculate gate supply current based on a simple
device model, e.g., the alpha-power law transistor model [11].
Applying a current-based gate model achieves better accuracy
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of supply current estimation, since it avoids the simplifica-
tions and the assumptions made in closed-form formulas and
does not rely on a closed-form device model [1]. With our
constructed current-based gate models, we can directly com-
pute supply current of a gate for improved accuracy.

6 Experiments

We apply our proposed current-based gate model con-
struction and gate delay calculation to a list of library
cells with different input slew rate and load configurations
in 70nm technology from Berkeley Predictive Technology
Model (BPTM). For each library cell, we generate Liberty
timing library lookup tables by running SPICE simulation.
We then construct a current-based model based on the Liberty
timing library lookup tables by Algorithm 2, and compute the
gate output waveforms by applying transient analysis.

6.1 Regression of Gate Output Current

We compare three gate output current regression pro-
cesses: (1) gate output current regression in our constructed
gate models for least mean square gate delay mismatch, (2)
quadratic and (3) cubic polynomial regressions by a commer-
cial regression solver R of the pre-characterized gate output
currents given by SPICE simulation (Table 1). The means and
the standard deviations of gate delay mismatch are computed
for 90nm technology cell instances with 1.0V supply volt-
age, 20fF, 50fF, 100fF, or 1000fF load capacitance, and
10ps, 100ps, 200ps, or 500ps input signal transition time.
We observe that (1) quadratic and cubic polynomial regres-
sions give comparable results in matching a pre-characterized
current-based gate model, which supports our choice of order
of polynomial regression, and (2) we achieve better gate delay
regression by matching gate delays directly than the commer-
cial regression solver which matches gate output current.

6.2 Gate Delay with Supply Voltage Variation

We compare gate delay calculation by (1) our constructed
current-based gate models, (2) pre-characterized current-
based gate models (without gate output current regression),
and (3) SPICE simulation for cell instances in 90nm tech-
nology (Table 2). In most of the cases, our constructed gate
models are slightly less accurate (and even more accurate in
some cases) than the pre-characterized gate models. The pre-
characterized current-based gate models compute gate delay
within 4.3% of SPICE results, our constructed gate mod-
els compute gate delay within 4.6% of SPICE results. In
the presence of power supply voltage variation, we adjust
gate output current by applying (7). The constructed and the
pre-characterized models compute gate delay variation within
8.6% and 4.4% of SPICE simulation results, respectively.*

6.3 Supply Current

We apply our constructed current-based gate models to
supply current calculation, and compare with results from

4We expect accuracy improvement with implementation of voltage-
controlled intrinsic gate output capacitances.
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Table 1. The means (%) and the standard de-
viations (ps) of gate delay mismatch based
on (1) gate output current regression in our
constructed current-based gate models for
least mean square gate delay mismatch, (2)
quadratic, and (3) cubic polynomial regres-
sions of the pre-characterized gate output cur-
rents for 90nm technology cell instances.

Cell Our Constructed | Quadratic Pre-Char. | Cubic Pre-Char.
name u(%)  o(ps) | u(%) G (ps) u(%) o (ps)
Inv-x4 1.25 5.7 9.73 452 11.12 37.8
Inv-x8 1.85 16.9 12.93 27.2 14.67 27.8
Inv-x16 3.36 19.3 17.63 20.6 10.63 25.0
Nand2-x8 1.34 13.2 8.22 24.0 9.59 224
Nor2-x4 0.46 4.8 7.06 152.7 591 56.5

pre-characterized current-based gate models and SPICE sim-
ulation. Fig. 5 shows the supply current of a 4x inverter
in 90nm technology with 10ps input signal transition time
and 20pF load capacitance. Our constructed current-based
gate models give accurate supply current estimation which
closely resembles estimates from pre-characterized current-
based gate models and SPICE simulation.

6.4 Runtime

The runtime for constructing each current-based gate
model (which is independent on cell complexity) takes an av-
erage of 28.3 seconds in an i686 Linux system with a 2.8GHz
P4 processor and 512MB memory; applying a current-based
gate model takes an average of 0.13 second for 1000 transient
analysis time steps (including program initialization time).

Our current-based gate model construction can be
smoothly integrated into an existing library-compatible tim-
ing verification flow for improved analysis accuracy, e.g., to
include power/ground supply voltage variation effect in gate
delay calculation, to calculate gate supply current, etc. In
such a flow, the model construction process needs to take
place only once for each library cell, and the subsequent anal-
ysis runs will be able to apply the constructed current-based
gate models for accuracy improvement.

7 Conclusion

Existing current-based gate modeling requires additional
pre-characterization in the form of a new or an extended tim-
ing library format. We propose to construct current-based
gate models from the existing Liberty timing library format
without need of additional pre-characterization, for any com-
plex gate based on an inverter macromodel. The constructed
current-based gate models enables accuracy improvement in
existing library-compatible flows for timing, power, and sig-
nal integrity verifications.

We present an inverse problem formulation, and propose
to approximate gate output current as a function of gate in-
put and output voltages by quadratic polynomial regression
for least mean square of gate delay mismatch. Our experi-
mental results show that our constructed current-based gate
models achieve slightly less accurate results, e.g., within
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Table 2. Gate delay calculation with ideal and
degraded power supply voltages by (1) our
constructed current-based gate model, (2) pre-
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Figure 5. Supply current of an 4x inverter in
90nm technology with 10ps input signal transi-

o . 3
tion time and 20pF load capacitance by (1) our faile X‘jd) (Jf;) (pS)D 5(D % (ps)D 5(2) %) Lz;(s))
constructed current-based gate model, (2) pre- Ivxd | 10 200 | 547 930 | 538 1000 | 588
characterized current-based gate model, and Inv-x4 L0 500 | 1354 974 | 1372 987 | 139.0
(3) SPICE simulation. Inv-x4 1.0 100.0 270.1 99.0 271.0 99.3 272.9

Inv-x4 | 1.0 1000.0 | 2693.0 101.0 | 26703 100.0 | 2666.9
i Invx4 | 09 200 | 743 1020 | 743 1021 | 72.8

4.6%(8.6%), than pre-characterized current-based gate mod- mvxd | 09 500 1815 1054 | 171.8 998 | 1722

els, e.g., within 4.3%(4.4%), of SPICE results in gate delay Inv-x4 09 1000 | 360.1 1067 | 333.1  98.7 | 3376

calculation for ideal (degraded) power supply voltage, and ac- Inv-x4 | 09 10000 | 3578.0 108.6 | 3252.7 98.8 | 3293.0

Inv-x8 1.0 20.0 313 97.8 32.8 102.5 32.0

curate gate supply current calculation. Inv-x8 10 500 8.3 4.9 7.9 012 | 722

Accuracy improvement of current-based gate model con- Inv-x8 1.0 1000 | 1340 957 | 1400 100.6 | 139.1
struction includes implementation of more powerful regres- Inv-x8 1.0 1000.0 | 13164  98.0 | 1343.0 100.0 | 1342.8
sion solvers, more sophisticated gate models, e.g., with mul- Inv-x8 | 09 200 402 1012 | 400 1008 | 39.7

Inv-x8 0.9 50.0 95.5 106.8 89.0 99.6 89.4
Inv-x8 0.9 100.0 187.0 108.6 170.0 98.7 172.2
Inv-x8 0.9 1000.0 | 17759 106.9 | 1625.7 97.9 1661.0

tiple non-constant intrinsic capacitors and resistors.
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