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ABSTRACT

The power characteristics of an inductive intercon-
nect lines is presented. The matching condition between
the driver and the load has an effect on the power con-
sumption since the short-circuit power dissipation may de-
crease with increasing line width and the dynamic power
increases. A tradeoff exists between the short-circuit and
dynamic power in inductive interconnects. The short-circuit
power increases with wider line widths if the line is under-
driven. As the short-circuit power is directly proportional
to the signal transition time, an analytic solution for the
transition time with an error of iess than 15% is presented.
The solution can be used in wire sizing synthesis tech-
niques to decrease the overall power dissipation.

1. INFRODUCTION

With the decrease in the feature size of CMOS cir-
cuits, on-chip interconnect now dominates circuit delay
and power dissipation. Furthermore, the inductive behav-
ior of the interconnect can not be neglected, particularly
in long interconnect lines. The interconnect inductance
increases on-chip noise as well as the computational com-
plexity of the design process. Furthermore, on-chip in-
ductance may affect certain design techniques such as re-
peater insertion [1] and wiresizing [2].

Interconnect design has, therefore, become an impor-
tant issue in high complexity, high speed integrated cir-

- cuits (IC). Many algorithms have been proposed (o deter-
mine the optimum wire size that minimizes a cost func-
tion such as delay [3] or power. As the inductance be-
comes important, specific algorithms have been enhanced
that consider RLC impedances [4, 5].

Previous research in wiresizing does not consider the
inductive impedance characteristics, which may lead to
non-optimal circuits. For example, the research described
in [2] neglects the impedance matching characteristics be-
tween the line driver and the load. In [2] wider wires are
used to reduce power dissipation. It is shown in this paper
that this technique may actually increase the total power
disstpation.

This reseasch was supported in part by the Semiconductor Rescarch
Corporation under Contract No. 2003-TJ-1068, the DARPAATQ under
AFRL Contract F29601-00-K-0182, the National Science Foundation un-
der Contact No. CCR-0304574, the Fulbright Program under Grant No.
87481764, grants from the New York State Office of Science, Technol-
ogy & Academic Research to the Center for Advanced Technology - Elec-
tronic Imaging Sy and to the Microel ics Design Center, and
by grants from Xerax Corp IBM Corporation, Intel Corporati
Lucent Technologics Corparation, and Eastman Kodak Company.

In this paper, the effect of sizing an inductive intercon-
nect line on the short-circuit powet dissipation of a driven
CMOS gate is presented. The change in the power dissipa-
tion with the interconnect width is characterized in Fig. 1.
It is shown that the impedance characteristics of an induc-
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Figure 1. Short-circuit, dynamic, and total power dissipa-
tion as a function of the interconnect line width

tive interconnect line are sensitive to changes in the line
width. As the short-circuit power depends directly on the
signal transition time, an analytic solution for the signal
transition time at the far end of an inductive interconnect
line is presented. This solution can be used in design tech-
niques such as wiresizing to optimize the overall transient
power dissipation,

The paper is organized as follows. In section 2, the
power characteristics of an inductive interconnect line are
discussed. Furthermore, the effecis of changing the line
width on the line impedance characteristics are presented.
In section 3, an analytic solution for the transition time
at the far end of an inductive interconnect is provided. A
comparison between the analytical expression and stmu-
lation is presented in section 4. Sorne conclusions are dis-
cussed in last section.

2. POWER CHARACTERISTICS OF INDUCTIVE
INTERCONNECT

The power characteristics of inductive interconnect line
are discussed In this section. As shown in Fig. 1, the
short-circuit power decreases as the interconnect width is
increased until a minimum power level is reached. If the
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interconnect width exceeds a certain size, the short-circuit
power increases. The dynamic power increases with line
width as the line capacitance increases, As shown in Fig.
1, a tradeoff exists between the dynamic and short-circuit
power in sizing inductive interconnect.

For the circuit shown in Fig. 2, a long interconnect
line between two CMOS gates is modeled as a lossy trans-
mission line. The short-circuit power dissipation within
the load gate P, is directly proportional to the input sig-
nal transition time, which is the transition time at the far
end of an interconnect line. Regardless of the load char-
acleristics, the short-circuit power P, can be represented
as

Py = G(Vye, Vi, K,CL) 10 fatr, [4)]

where 19 is the transition time of the input signal at the
load gate, f.x is the transition frequency, and G is a func-
tion of the supply voltage Vg, threshold voltage Vi and
transconductance K of the load gate, and the capacitive
load Cr. Different techniques have been developed w0
characterize ¢ under different load models. The generat
form of (1} is valid whether the load is modeled as a ca-
pacitive load [6], a lossless transmission line [7], or a lossy
transmission line [8]. G may alse be a function of 7v;
however, the dependence of G or 7o is small.

RLC Imerconnect

Figure 2. CMOS gates connected by an RLC intercon-
nect line

At small interconnect widths, the characteristic line
impedance Zioqay is large as compared to the equivalent
output resistance of the transistor K. Thus, the line is
overdriven (the underdamped condition). Zi,,,, decreases
with increasing line width. The line remains underdamped
until Z,,,, equals R-. A further increase in the line
width underdrives the line as Ziaasy becomes less than
Ry, As the line width is increased, the line driving con-
dition changes from overdriven to matched to underdriven
I5].

To characterize this behavior, an analytic solution for
the signat transition time is presented in section 3. For an
overdriven line, the short-circuit power dissipation changes
with line width as shown in section 4. For an underdriven
line, however, an increase in the line width increases the
short-circuit power.

3. ANALYTIC SOLUTION FOR THE
TRANSITION TIME

As described in section 2, short-circuit power is di-
rectly proportional to the signal transition time. Hence, an
analytic expression for the signal transition time character-
izes the short-circuit power of the load gate. To determine
an analytic solution for the transition time of the signal at
the far end of an inductive interconnect, a lumped RLC

model of the interconnect impedance is assumed. The to-
tal line resistance, capacitance, and inductance are Ry =
Ri,C: = Cl, and L; = LI, respectively, where ! is the
ling length. Adding the gate capacitance Cj to the line
capacitance, the total load capacitance is Cp = C: + C,.
The input ramp signal is

%Vdd for0< ¢t < 7™y
Vin(?) —{ Via fort > 7,

where 7, is the transition time of the input signal. The line
is assumed to be driven by a CMOS inverter.

When Vi, changes from low-to-high, the PMOS tran-
sistor initially operates in the triode region, then enters the
saturation region. When the input reaches Vag — |Vip|, the
PMOS transistor tums off, and the charge on the capac-
itive load discharges through the NMOS transistor. The
NMOS transistor initially operates in the saturation re-
gion, then moves into the triode region. For a comparable
transition speed of the input and cutput signal of a CMOS
inverter, the operation can be divided into four regions as
listed in Table 1.

The PMOS and NMOS transistors are modeled by
equivalent resistances By = 1/ and Ra = 1/7n, 1e-
spectively. According to the ngp-power law MOSFET
model, ¥p,n is

Yon = 0p,n Kpn (|Vgspn — Vip,al)""", 3

@

where Ky n and mp , control the triode region character-
istics of the transistor, ap,y is a constant between one and
two, representing the dependency of the MOSFET equiv-
alent resistance on the drain-to-source voltage drop Vy,,
and Vj, is the gate-to-source voltage of the transistor.

In region I, after Vi, exceeds the NMOS transistor
threshold voltage V., the saturation current of the NMOS
transistor is

Ini{t) = Bp(Vin(t) — Vin)™" fort > mhon, (4

where Bn and 1, determine the saturation region char-
acteristics of the NMOS transistor and 7,0~ is given by
Vin de';' At the output node of the driver, KCL and KVL
equations are
Ip + II = In, (5)
Vo=Vc—Vo =V, (6)
respectively, where V, is the voltage at the output node
and V;, Vi, and V; are the voltage across the resistance,
inductance, and capacitance, given by (7), (8), and (9),
respectively. I, I, and I; are the current through the
PMOS transistor, the NMOS transistor, and the load ca-
pacitor, respectively,

Vi (8) = I(t) Ry, 7

Vi(t) = L %}Et—), 8
=1

velt) = f I{t) ©®

in region I, I, I;, and V; are given by (10), (11), and
{12}, respectively,

Tor (8} = yp (Vaa — Vo), (10}
In(t) = A+ Bt 4 Dye ™  y Dye 272t (11)
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Table 1. Different regions of operation for a CMOS inverter with a ramp input signal

Region Condition NMOS PMOS
I Vid — [Vipl > Vin 2 Vin | Vo > Vin + [Vip| | Saturation | Triode
! V, > Vin - Vin | Saturation | Saturation
I Vo € Vin - Vin Triode | Sawration
v Vin 2 Vag — [Vasl Triode Cut-off
1 tz —aplt
Ver(t) = VM—Ci[At+B§+D1(1—e w17y
F — —
+Ds (1 — ™22 )], a2) Verv(t) = Ve(mporr)e anzlt=TporF) (15)

where A, B, Dy, Dy, atp1, and crp2 are constants given by

A = _(DI+D2)1
B = qCﬂLh
1
Dy = g5GF——,
R R Cp——
LRevp 4 (1+Rz'vg)2_ 4
Livp Ly LiCyp
Qpl,2 = 2 s

where 8 = IVL:’:ﬁ.q = (nn)!(!r'fj‘ mn,

Region II starts when V; () reaches Vin + |Vip|. In
this region, the PMOS transistor is saturated. The out-
put voltage in this region is determined using a Newton-
Raphson iteration. Vo{Tpsat) is determined by (12), where
Tpeat is the initial time of this region.

Since both transistors have the same drain voltage, the
second region of operation in which both transistors are
saturated is quite short, allowing the change in V; during
that region to be neglected.

During region [T, the NMOS transistor operates in the
triode region, and the PMOS transistor is saturated. Ex-
pressions for I;(t) and V,.(#) are obtained in the same way
as discussed in region 1, and are given by (13} and (14),
respectively.

Tup(ty=A1+Bit+ By et | Breon2t (13)

t
Ver1i(€) = Ve(Tpaat) — CL f I (t)dt, (14)
s

where A1, By, £y, and E, are constants given by

A= Dirr(Tpeat) — (BiTpsat + Ere” *n17ree
+E2€_a"2.rp’”),
B= 20,2,
Tn

_aﬂ.l.Zz(’)'n‘[oI.’I (Tpsat) — a®b) — 26 — 2abony,y

E,,
an1,2%(n2,1 — @n1,2) el

whered = B,,(‘%‘)"",a = (ﬁg-;d—vjﬂ)ﬁ, By andng are
parameters that determine the characteristics of the satu-
ration region of a PMOS transistor, and o, is similar to
ap for an NMOS transistor.

As Vi, reaches Vg —|Vip, the PMOS transistor turns
off, initiating region IV. The time at which this region be-
£ins is Tporr = wﬁ%“:‘ﬁt, where V,(rporr) is ob-
tained from {6). After the PMOS transistor turns off, the
NMOS tranststor continues to operate in the triode region.
An expression for V(£) in this region is

The transition time 70 is 9 = (t—‘u‘}ﬁm-) where
t10% and tgos are the times at which the far end voltage
reaches 10% and 90% of the output voltage, respectively.
These expressions can be obtained from (15) by substitut-
ing ‘/:;(tlg%) with O.IVdd and Vc(tgo%) with U.QVM.

4. SIMULATION RESULTS

In order to verify the analytical expressions derived in
section 3, the line resistance is expressedby R = W—”;T’—T,
where p, T, and Wi are the line resistivity, thickness,
and width, respectively.

The values of R, C, and L are determined based on
the following physical parameters, p = 2.5 ufem and
[ = 5mm. A 024 ym CMOS inverter with W, =
15um and W, = 30 pm is assumed. As listed in Ta-
ble 2, the transition time is determined from the analyti-
cal equation described by (15) and compared with SPICE.
The line width is varied from 0.1 wm to 20 ym. The max-
imum error in the analytical expression as compared t©
SPICE is less than 15% and is typically around 8%. The
transition time based on this analytical expression is com-
pared to SPICE in Fig. 3. Itis shown in the figure that
the transition time decreases with increasing interconnect
width if the line is overdriven. After exceeding the line
width at which the line is matched with the driver, the
transition time increases as the line is underdriven. The
short-circuit power has the same behavior as measured by
SPICE and shown in Fig, 4.

T
Transition
Fime
Lo
SPICE —Nyg— Analytic

Underériven ],
w

|

?D:.— ----- 1‘7' l‘““

o
Intercpmnect Widih

Figure 3. Analytical solution of the transition time as
compared with SPICE for different !ine widths.
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Table 2. Simulation and analytical transition times of the signal at the end of a long interconnect line

7o
Winr(pm) || B: () | Ly (H) | C;p (F) Spice | Analytic || Error (%)
0.1 1250 9.62 628.1 2386.25 | 2510.71 522
0.2 625.0 8.53 65202 1349.13 1431.8 6.13
0.3 416.67 945 670.56 999,88 1050.92 5.11
0.4 312.5 9.37 686.80 826.25 870.73 538
0.5 250.0 9.30 701.72 725.0 761.57 5.04
0.6 208.33 9.24 715.80 637.50 688.53 4.72
0.7 178.57 9,18 729.27 614.0 636.50 3.66
0.8 156.25 9.12 74230 582.44 597.86 2.65
0.9 138.89 5.07 754.98 559.66 568.38 1.56
1 125.0 6.02 767.38 543.03 545.54 (.46
2 62.5 8.61 883.13 507.73 460.45 -9.31
3 41.67 8.32 991.97 537.98 465.83 -1341
4 31.25 8.10 1097.83 581.59 49743 -14.47
5 25.00 7.92 1202.00 629.75 538.98 -14.41
10 12.50 1.31 1711.30 886.04 781.18 -11.83
20 6.25 6.67 2709.85 i| 1411.56 | 1273.64 -9.77
HW, 6. REFERENCES
i) {11 Y. L Ismail, E. G. Friedman, and J. L. Neves, "Effects of
Inductance on the Propagation Delay and Repeater Inser-
% tion in VLS! Circuits,” IEEE Transactions on Very Large
Scale Integration (VLSI} Systems, Vol. 8, No. 2, pp. 195-
[ 206, April 2000. N
Short-cirpuit [2] Y. 1 lsmail, E. G. Friedman, and J. L. Neves, "Exploiting
Power ™ On-Chip Inductance in }ixgh Speed Clock Distribution Net-
works,"” IEEE Transactions on Very Large Scale Integration
- (VLS{) Systems, Vol. 9, No, 6, pp. 963 - 973, December
Underdziveg 2001, .
al [3]1 L J. Cong, K. Lel_mg. and D, Zhou,_"P.erformance-Dnven
Meatched Interconnect Design Based on Distributed RC Delay
Mode\," IEEE Transactions on Computer-Aided Design of
" o ®  pm Integrated Circuits and Systems, Vol. 14, No. 3, pp. 321-
Interconnect Width 336, March 1995.

Figure 4. Short-circuit power of the driven gate.

5. CONCLUSIONS

It is shown in this paper that the short-circuit power
within a load gate driven by an inductive interconnect line
is dependent upon the impedance characteristics of the
line. The maiching condition between the driver and the

load is shown to have an important effect on the line impedance

characteristics. If the line is overdriven, the short-circuit
power decreases with increasing line width. When the line
exceeds the matched condition, the short-circuit power in-
creases with increasing signal transition time.

An analytic solution of the signal transition time at the
far end of an inductive interconnect line is presented. The
solution can be used to estimate the transition time at the
far end of an inductive interconnect and exhibits an error
of less than 15%. The analytic solution can be used to
both estimate and optimize the power dissipation within
high speed CMOS circuits.
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