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Abstract. Interconnect resistance dissipates a portion of the total transient power in CMOS circuits. Conduction
losses increase with larger interconnect resistance. It is shown in this paper that these losses do not add to the
total power dissipation of a CMOS circuit through 72 R losses. Interconnect resistance can, however, increase the

short-circuit power of both the driver and load gates.
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1. Introduction

Power dissipation has become a primary design con-
straint in modern CMOS integrated circuits. Several
methods have been introduced to estimate the transient
power dissipation where the circuit load is modeled
as a single lumped capacitor [1-3]. This interconnect
model, however, neglects interconnect resistance and
inductance. As the feature size is scaled, the effects of
interconnect resistance and, more recently, inductance
have increased.

Various components of power dissipation have been
studied for different line models [4-9]. As the resis-
tance of the interconnect has become significant, a por-
tion of the total transient power dissipation is consumed
as conduction loss within the line. The results described
in [8] show that conduction losses can reach 54% of the
total transient power dissipation. A closed form expres-
sion for the resistive power dissipation of a CMOS in-
verter driving a resistive-capacitive load is presented in
[5]. Confusion, however, exists as to whether and how
to consider resistive /> R power losses within the inter-
connect line. Conduction losses have been incorrectly
represented as an additional transient power component
[5, 10]. It is shown here that this conclusion is incor-
rect. Conduction losses do not add to the total transient
power dissipation of a CMOS circuit. Regardless of
the magnitude of the line resistance, the conduction
loss does not change the total transient power dissi-
pation of a CMOS circuit. This conclusion is appli-
cable to any interconnect line whether modeled as a

resistive-capacitive line or as alossy R L C transmission
line.

The effects of interconnect line resistance on the pri-
mary components of the transient power dissipation
are described in Section 2. In Section 3, some simu-
lation results are provided. The paper is concluded in
Section 4.

2. Effect of Interconnect Resistance on the
Transient Power Dissipation

The effect of interconnect resistance on the tran-
sient power dissipation is discussed in this section.
Transient power dissipation has two primary compo-
nents, dynamic and short-circuit power. It is shown in
Section 2.1 that conduction losses within the intercon-
nect line are already included in the dynamic power
dissipation of a circuit. Furthermore, increasing the line
resistance may reduce the dynamic power dissipation
of the line driver under specific conditions. Greater line
resistance can also increase the short-circuit power dis-
sipation of the driver and the load gate. These topics
are described in Section 2.2.

2.1. Conduction Losses in Resistive Interconnect

To determine the process in which conduction losses
are included in the transient power dissipation, the
CVﬁGl f dynamic power dissipation of an inverter
driving a capacitive load is first considered, where



6 El-Moursy and Friedman

short-circuit power is neglected. In order to properly
evaluate the circuit, the PMOS and NMOS transistors
are replaced with an equivalent variable resistance R),
and R, respectively.

To charge the load, an energy e drawn from the power

supply is
T/2
e= / Vaa I dt = Vaa O, ey
0

where [ is the charging current and Q is the charge
placed on the load capacitor, where O = Cioaq Vaa [11].
The energy drawn from the supply is Cioaa Vg and the
dynamic power dissipation is Cigaq ded f, where f =
1/T is the switching frequency.

As the load capacitor is charged from 0 to Vyq, the
energy stored in the capacitor is %Cload ded. From con-
servation of energy, the remaining half of the energy
is dissipated in R,. During the period the load is dis-
charged, the energy stored in Cjoyq is dissipated in R,,.
Note that the dynamic power dissipation does not de-
pend upon the magnitude of R, and R, (which are
dependent upon the size of the driver transistors). Note
also that the power is dissipated in the resistors, R, and
R,.

If a line resistance is included in the interconnect
model, the equivalent circuit for both switching polari-
ties is shown in Figs. 1(a) and 1(b). The total resistances
are

Reqp = Rp ~+ Riine, (2)
Reqn = Ry + Riine- (3)
vdd
RP
Rline Vo
R]ine Vo
R, Cload
Cload
(@) (b)

Fig. 1. Equivalent circuit model including line resistance during
(a) charging and (b) discharging.

The power supply charges the load capacitance Cigyg to
the supply voltage Vyq. The amount of charge Q drawn
from the source is

Charge (Q) = Capacitance (Cjpaq)

- Voltage across capacitance (Vgq). (4)
The energy drawn from the source is the same as (1),
Energy (e) = Voltage supply (Vyq) - Charge (Q). (5)

The capacitive-resistive line, therefore, dissipates the
same dynamic power Cjg,qg ded f as a capacitive line.
When the voltage across the load capacitor reaches
the supply voltage Vg4, the energy stored in the load
capacitor is independent of the resistance, current, or
time. The energy stored in the load capacitor is half the
energy drawn from the supply and is
1 2
Ec = Ecload Vdd' (6)
From conservation of energy, the energy dissipated in
the equivalent resistance Reqp is the remaining half and
is
1 2
E Regp — Ecload Vdd' )
During the discharge phase, the charge on the capac-
itor is moved to ground. Regardless of the resistance,
current, and time, the energy dissipated in Regy is
1 2
EReqn - Ecload vdd- (8)
The total dynamic power dissipation is twice the energy
dissipated in one of the resistances %C load ded per clock
period, leading to

PDynamic = Cioad ded f (9)

The conduction losses are, therefore, included in
the dynamic power component and should not be con-
sidered separately [12]. In both of the capacitive and
capacitive-resistive interconnect models, the power is
dissipated in the resistances. In a simple capacitive
interconnect model, the dynamic power is dissipated
in the transistors. In a capacitive-resistive interconnect
model, the dynamic power is divided between the in-
terconnect resistance and the transistors, but the sum
remains Coaq ded f.



Once the voltage across the load capacitor reaches
the supply voltage, the dynamic power does not
change with the line resistance. The interconnect re-
sistance reduces the charging (discharging) currents,
increasing the time required to charge (discharge) the
load.

A second observation can be noted. The intercon-
nect resistance can actually reduce the dynamic power
dissipation. If the final voltage Vjy,a across the load ca-
pacitor does not reach the supply voltage (i.e., 90% of
Vaq) due to the interconnect resistance, while the cir-
cuit continues to function properly, the dynamic power
dissipation of the driver decreases with increasing line
resistance. The energy drawn from the power supply,
therefore, decreases with increasing line resistance.
The difference in energy A E between these two cases
is proportional to the difference between the square of
the final voltage at the load and the supply voltage,

AE = Cload (ded - Vﬁnalz)‘ (10)

The energy drawn from the source is divided equally,
each half is dissipated in one of the two switching re-
sistances. Although an increase in the interconnect re-
sistance may cause a reduction in the dynamic power
dissipation, a degradation in the signal increases the
sensitivity of the signal to noise. An increase in the
signal transition time with greater line resistance in-
creases the short-circuit power within the load gate as
well as the signal delay along the line. Furthermore,
increasing the line resistance will likely increase the
short-circuit power dissipated by the driver as discussed
in Section 2.2.

2.2. Effect of Line Resistance on Short-Circuit
Power within the Driver Gate

The line resistance can increase the short-circuit cur-
rent within the line driver. The short-circuit power Py
depends upon the period during which both of the driver
transistors are simultaneously on and the value of the
short-circuit current I,

Psc: Vddf/lscdt- (11)

The period during which both of the driver transistors
are simultaneously on depends upon the input signal
transition time and is independent of the load at the
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Fig.2. Equivalentcircuitincluding short-circuit current for an input
signal transitioning from high-to-low.

output of the gate. The short-circuit power changes with
the load characteristics due to the change in the voltage
drop across the driving transistors which changes the
short-circuit current.

In Fig. 2, different current components are shown
for an input signal transitioning from high to low. The
short-circuit current is illustrated in the equivalent cir-
cuit shown in Fig. 2. The source current is divided into
two components, the charging current Ieharging and the
short-circuit current /.. For increasing line resistance,
the charging (and discharging) current decreases. A
more highly resistive line increases the portion of the
source current that flows through the NMOS transis-
tor to ground, thereby increasing the short-circuit cur-
rent and, consequently, the short-circuit power dissi-
pated within the driver gate. An increase in short-circuit
power is due to a limited increase in the short-circuit
current with higher load resistance as demonstrated in
Section 3.

The interconnect inductance of a lossy RLC inter-
connect is a lossless element, and, therefore, does not
contribute to the transient power dissipation of a line.
As described in [7], the dynamic power dissipated by
a lossless transmission line equals the dynamic power
dissipated by the total line capacitance. As described
in Section 2.1, the dynamic power of a lossy transmis-
sion line equals the dynamic power of a lossless line
with the same line capacitance. Similar to the previ-
ous discussion, the resistance of a lossy transmission
line may also increase the short-circuit power dissi-
pation of both the driver and the load as presented in
Section 3.
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Table 1. Power components for a resistive-capacitive line.

Power (uW)
Line resistance (£2) Short-circuit Total Dynamic Conduction loss Ratio of conduction
loss to the total (%)
0.25 18.66 34.28 15.62 0.0038 0.01
2.5 18.66 34.28 15.62 0.0381 0.11
25 18.76 34.38 15.62 0.3759 1.09
250 19.52 35.14 15.62 3.36 9.29
2500 21.79 37.41 15.62 12.24 32.74
20000 22.71 38.33 15.62 15.21 39.69

3. Simulation Results

To verify the observations presented in Section 2, a
CMOS inverter driving either a capacitive-resistive line
or a lossy transmission line has been investigated.
A 0.24 um CMOS inverter is loaded by a lumped
RC impedance with an equivalent line capacitance of
Cint = 501F, and an equivalent line resistance is varied
from 0.25 Q2 to 20 K2. The magnitude of each of the
power components is determined by SPICE and listed
in Table 1.

As the line resistance increases, the conduction loss
also becomes larger but does not increase the total tran-

sient power dissipation. Any increase in the total tran-
sient power is due to an increase in the short-circuit
power. For all values of load resistance, the dynamic
power dissipationis 15.62 uW. The ratio of the conduc-
tion loss to the total power dissipation increases from
0.02% to about 40% for an increase in load resistance
from 0.25 € to 20 K€2. More power is dissipated in the
load resistance as compared to the power dissipated in
the charging (or discharging) transistor.

For a resistive-capacitive load, the short-circuit cur-
rent for interconnect line resistances Ryt = 0.25 €,
250 2, and 20 K€2 is shown in Fig. 3. As shown in the
figure, the short-circuit current increases as the load

A
1.0 9
5 R, =0250
X Ry, =250 Q
08 //{ o Ry,=20 KQ
I. 06
(mA) %
0.4
0.2
0.0 ks L, ey
0.0 50 100 150 200 250 300 350 400 450 500 550 600
Time
(p sec)

Fig. 3. Short-circuit current waveform for different load resistances of a resistive-capacitive load.
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Table 2. Power components for a lossy transmission line.

Power (uW)
. . .. . R Ratio of conduction
Line resistance (2)  Short-circuit ~ Total =~ Dynamic  Conduction loss
loss to the total (%)
0.25 19.57 35.19 15.62 0.0067 0.02
2.5 19.55 35.17 15.62 0.0649 0.18
25 19.62 35.24 15.62 0.6016 1.71
250 20.17 35.79 15.62 4.08 11.41
2500 21.89 37.51 15.62 12.48 33.29
20000 22.71 38.33 15.62 15.22 39.71
A
)
1.0 o Rjje=025Q
X Ry,=250 Q
0 Rj,.=20 KQ
0.8 / f
I, o6
(mA) /
0.4
0.2
0.0 4

0.0 50 100 150 200 250 300 350 400 450 500 550 600
Time
(p sec)

Fig. 4. Short-circuit current waveform for different load resistances of a lossy transmission line.

resistance increases. The maximum short-circuit cur-
rent increases by around 33% for about a five order of
magnitude increase in the line resistance. The increase
in short-circuit and total power dissipation is about 21%
and 12%, respectively.

The lossy transmission line is modeled by adding
a lumped inductance of 10 nH in series with the line
resistance. The same power components are listed in
Table 2. Since the inductance is a lossless element, the
dynamic power remains the same. For a lossy trans-
mission line, the short-circuit current for interconnect
line resistances Ryt = 0.25 €2, 250 2, and 20 KQ is
shown in Fig. 4. The load resistance has the same effect
on the short-circuit current and, consequently, on the
short-circuit power. Note from the data listed in Table 2

that the addition of a resistance in the lossy transmis-
sion line also does not change the total transient power
other than producing a small increase in short-circuit
power.

4. Conclusions

The effects of interconnect line resistance on the total
transient power dissipation of CMOS circuits are dis-
cussed in this paper. As the line resistance is increased,
the conduction loss becomes a larger portion of the to-
tal transient power dissipation. The conduction loss of
an interconnect line should, therefore, not be consid-
ered separately in estimating the total transient power
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dissipation. Conduction losses are included as part of
the dynamic power dissipation. The magnitude of the
dynamic power dissipation of a circuit is independent
of the resistance of the interconnect line. A small in-
crease in the short-circuit power dissipation within the
driver gate occurs with a several orders of magnitude
increase in the interconnect resistance. The increase in
short-circuit and total power dissipation, for a five times
magnitude increase in the load resistance, is about 21%
and 12%, respectively. The line resistance has the same
effect on the conduction loss of an interconnect line
whether the line is modeled as a resistive-capacitive
line or as a lossy transmission line.
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