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Shielding Effect of On-Chip Interconnect Inductance

Magdy A. El-Moursy and Eby G. Friedman

Abstract—Interconnect inductance introduces a shielding effect which
decreases the effective capacitance seen by the driver of a circuit, reducing
the gate delay. A model of the effective capacitance of an RLC load
driven by a CMOS inverter is presented. The interconnect inductance
decreases the gate delay and increases the time required for the signal to
propagate across an interconnect, reducing the overall delay to drive an
RLC load. Ignoring the line inductance overestimates the circuit delay,
inefficiently oversizing the circuit driver. Considering line inductance in
the design process saves gate area, reducing dynamic power dissipation.
Average reductions in power of 17% and area of 29% are achieved for
example circuits. An accurate model for a CMOS inverter and an RLC
load is used to characterize the propagation delay. The accuracy of the
delay model is within an average error of less than 9% as compared to
SPICE.

Index Terms—CMOS, gate delay, interconnect modeling, on-chip induc-
tance, propagation delay, RL C interconnects, shielding effect.

1. INTRODUCTION

With the decrease in feature size of CMOS circuits, on-chip inter-
connect dominates both circuit delay and power dissipation. Intercon-
nect resistance increases the importance of modeling the interconnect
as a distributed load. Based on different RC' models, the signal prop-
agation delay through a resistive load has been characterized [1], [2].
These models consider the delay of the passive load, ignoring the delay
of the gate which drives the load. Furthermore, the effect of the load
resistance on the gate delay is not considered. The driver gate should
also be included in the delay model for enhanced delay estimation [3],
[4]. Based on a reduced-order model of the driving point impedance
[5] the concept of an effective capacitance has been introduced in [6]
to better determine the gate delay. An iterative approach is proposed to
determine the delay of a gate driving an RC' tree. It has been shown that
the effective capacitance of a distributed load is less than the total load
capacitance, effectively reducing the gate delay. An enhanced method
has been developed to replace the iterative approach [7]. As shown in
[8], an effective capacitance improves the accuracy of the delay model.

To determine the effective capacitance seen by a driver, a reduced-
order model for the driving-point admittance is required. An efficient
model for the driving-point characteristics of resistive interconnects is
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Fig. 1. Propagation delay as a function of the line inductance.

presented in [5] and [9]. An accurate approximation is provided to es-
timate the delay of a gate driving an RC' load [6]. The inductive be-
havior of interconnect, however, can no longer be neglected, particu-
larly in long, low resistance interconnect lines [10], [11]. The inductive
interconnect increases the on-chip noise as well as the computational
complexity of the design process. Furthermore, the on-chip inductance
affects certain design techniques such as repeater insertion [12]. It is
shown in this brief that the on-chip inductance can also decrease the
signal propagation delay. The concept of an effective capacitance based
on a high-order model for the driving point admittance can be used to
determine the gate delay of an RLC' load.

The propagation delay of an inductive load has been previously
analyzed in the literature. Most of these investigations replace the
driver with a linear resistance [12]-[14]. The accuracy of these models
depends upon the ratio between the driver impedance and the load
impedance and the accuracy of the model used to represent the equiv-
alent impedance of the driver. The work described in [15] uses a more
accurate driver model, with a lumped model for the load. A more
accurate model for both the driver and the load is used in this brief to
demonstrate a new concept, the shielding effect of the load inductance.
The shielding effect of the load inductance is used to characterize
the effective capacitance of an RLC load. To determine the effective
capacitance of an RLC load, a realizable reduced-order model is used
to characterize the load [16]-[18].

As shown in this brief, the line inductance decreases the delay of
the gate driving the load, increasing the interconnect delay. The total
circuit delay may decrease with higher inductance, as shown in Fig. 1.
This result is the first to show (to the authors’ knowledge) that inter-
connect inductance can decrease the delay of a circuit. The minimum
delay occurs when the load is matched with the driver. From a noise
perspective, the line inductance should be suppressed. As described in
this brief, however, the line inductance can save power and area. Fur-
thermore, if the line is matched with the driver, any ringing effects are
eliminated in the signal waveform.

This brief is organized as follows. In Section II, the effective capac-
itance of an RLC load as compared to an RC' load is presented. The
effect of inductive shielding on the total propagation delay is discussed
in Section III. In Section IV, a comparison between inductive shielding
and resistive shielding is described. An analytic solution for the signal
propagation delay of an inverter driving an inductive load is provided in
Section V. In Section VI, a comparison between the analytic model and
simulation is presented. Some conclusions are offered in Section VII.

1063-8210/$20.00 © 2005 IEEE
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Fig. 2. Reduced-order model for a general RLC tree. (a) Lumped model.
(b) w21 model.

II. EFFECTIVE CAPACITANCE OF R LC' INTERCONNECT

Reduced-order models are used to increase the computation effi-
ciency of the timing analysis process. A lumped model of an RLC load
which uses the first two moments of the transfer function is shown in
Fig. 2(a). The lumped model suffers from significant inaccuracy. Fur-
thermore, the shielding effect of the load inductance is not considered.
A circuit representation of a three moment reduced-order model (721
model) is shown in Fig. 2(b) [5].

An efficient technique is presented in [16] to determine the values
of R., L, Ci, and C> for a general RLC' load. If the interconnect
inductance is not considered, the o1 RLC model reduces to an w21
RC model with the same values of R, C'1, and Cs [17] and [18].

Intuitively, the effective capacitance is the equivalent capacitance
which replaces the reduced-order 721 model while producing the same
delay at the load. The effective capacitance of an RLC' load is

Cei—rro = Co +Cr ki (D

where C._rr.c is characterized in Appendix A. C»—rr.c is less than
(', reducing the total capacitance seen by the driver for the 721 model
as compared to a lumped model. C';, — r¢ is determined for an RC' load
in [6]. Cr—rrc isless than C,. — e for an inductive load. C'.— g1, de-
creases with increasing load inductance since the inductive shielding
effect increases. The gate delay is proportional to the effective capac-
itance seen at the driving point. Since the effective capacitance de-
creases for larger inductances, the gate delay decreases. The intercon-
nect inductance shields part of the load capacitance, reducing the gate

delay.
For a total load capacitance and resistance of 400 fF and 100 €2, re-
spectively, the impedance parameters of the 721 model are R, = 48 (2,

Cy = 671F, and Cy = 333 fF [17]. As shown in [17] and [18], L is
linearly dependent on the load inductance. In order to characterize the
effective capacitance for different load inductances, the ratio between
the effective capacitance of an RLC model and an RC model is deter-
mined. The ratio between the effective capacitance of the 721 RLC
and RC' models for different load inductances is shown in Fig. 3. The
effective capacitance decreases as the load inductance increases.

The shielding effect of the interconnect inductance increases the im-
portance of including the line inductance in the delay analysis [19]. Ig-
noring the inductance overestimates the circuit delay, requiring a larger
buffer to drive the load. The effect of the interconnect inductance on the
total signal propagation delay is discussed in Section III.

III. EFFECT OF LINE INDUCTANCE ON THE DELAY MODEL

The effective capacitance can be used to characterize the gate delay.
The signal propagation delay depends upon the active gate and pas-
sive interconnect components of the signal path. The gate delay is the
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Fig. 3. Ratio between the effective capacitance of an RLC and RC' load.

time required to charge the capacitance seen through the equivalent re-
sistance of the driver. The interconnect delay is the time required for
the signal to propagate along the line. These two components cannot
be separated as the driver and load represent a single system. The in-
terconnect inductance reduces both the capacitance seen by the driver
(as described in Section II) and the equivalent output resistance of the
driver by increasing the period during which the driving transistors op-
erate in saturation, reducing the overall gate delay.

For an ideal source driving a distributed RLC' line, however, the
signal delay is primarily due to the line delay. The line inductance in-
creases the signal propagation delay. For an ideal source driving an
RLC line, the line delay can be modeled as [12]

tpd_RLC = e 29 (Hline(o-5cline+CL)/2 v Lline(clineJrCL)) 1
X \/ Liine (Cline+C1) +0.74 R1ine (C, +0.5Cline) - (2)

C7, is the load capacitance driven by the line and Rint, Cint, and Lint
are the total line resistance, capacitance, and inductance, respectively.

The line delay increases with the line inductance as described in
[19]. As the line inductance increases, two competing effects change
the total delay of the signal, as shown in Fig. 1. The delay due to the
active transistor decreases while the delay due to the passive intercon-
nect increases.

To exemplify the effect of the line inductance on the propagation
delay, a CMOS inverter driving a long inductive interconnect with
Riine = 50 Q and Chine = 400 fF is considered. The total delay for
different driver sizes based on a 0.24 pm CMOS technology is shown
in Fig. 4. Different values of the line inductance with C';, = 50 fF are
considered. Note the general similarity to Fig. 1.

The propagation delay decreases with increasing line inductance
until a minimum delay is reached. The total delay decreases with
higher line inductance over a wide range of driver size (the NMOS
transistor size W,, ranges from 10 to 50 pm). For small drivers (i.e.,
W, < 5 pm), the line inductance has no effect on the propagation
delay since the delay is dominated by the driver output resistance.
For large drivers (i.e., W,, > 50 pm), the line inductance increases
the delay. The output resistance of these drivers is small and the
interconnect delay dominates the total delay. Large drivers are not
preferred as the decrease in signal delay is not significant, while
the required area and dissipated power are large. Furthermore, the
input gate capacitance is greater with larger drivers, increasing the
load and therefore the delay of the previous logic stage. Cascaded
buffer tapering can be used for large drivers, but the power dissipation
increases due to the additional inverters (cascaded tapered inverters
[20]) employed to reduce the delay.
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Fig. 4. Total delay for different values of line inductance and driver size of a
distributed RLC interconnect as determined by the Cadence circuit simulator.

Curve fitting is used to determine the optimum value of the line in-
ductance to achieve the minimum propagation delay. The minimum
delay is determined over a wide range of line inductance (from 0.1 to
10 nH), load capacitance (from 10 to 250 fF), inverter size (from 5 to 50
pm), line capacitance (from 100 fF to 1 pF), and line resistance (from
25 €2 to 100 €2). The minimum delay occurs when the ratio between the
equivalent output resistance of the driver ;. equals the magnitude of
the lossy characteristic impedance of the line | Zjine| or Z7 = 1

Btr
Ip = —— 3
! |Zline| ( )
V. V.
Ry = (V. d V. + = V2 (4)
,n( dd — rin) kn [2(Vdd _ th)vdd _ d2d ]
7 Rline2 + (\/—ULlinP)Q
ine| = 5
| ! | wcline ( )
where w = 2w /t., Vaa is the supply voltage, ky is the transcon-

ductance of the NMOS transistor of the driving inverter, V3, is the
threshold voltage of an NMOS transistor, « = 1.3 and models the
velocity saturation in a short-channel transistor, and #, is the signal
transition time at the output of the driving inverter. % is iteratively de-
termined based on the concept of an effective capacitance.

The total propagation delay increases if the line inductance is less
than the matched condition. Ignoring the line inductance overestimates
the delay and the size of the driver. The line inductance is considered
in Section VI in the design of an inverter driving a section of RLC
interconnect. The savings in both power and area if line inductance is
considered is noted.

Interconnect resistance also has a shielding effect on the gate delay.
However, resistive shielding has a different effect on the total propaga-
tion delay. A comparison between the shielding effect of the intercon-
nect resistance and inductance is described in Section IV.

IV. INDUCTIVE SHIELDING VERSUS RESISTIVE SHIELDING

The shielding effect, which reduces the effective capacitance seen by
adriver, exists in both RC and R LC loads. The interconnect resistance
and/or inductance impedes the propagation of the signal along the line,
shielding part of the total line capacitance. The effective capacitance
for both RC' and RLC lines is less than the total line capacitance,
reducing the gate delay. For RC interconnects, the line delay is linearly
proportional to the line resistance. The increase in the line delay is
greater than the reduction in the gate delay. The total signal propagation
delay increases with interconnect resistance, as shown in Fig. 5. The
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Fig. 5. Total delay for different values of line resistance and driver size for a
distributed RLC interconnect (Cadence circuit simulator).
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Fig. 6. Total delay for different values of line resistance and inductance of a
distributed RLC interconnect (Cadence circuit simulator).

propagation delay of a CMOS inverter driving a distributed RLC' line
with Lijne = 2 nH is determined for the line parameters mentioned in
Section III. Unlike the line inductance, the propagation delay increases
with line resistance for different driver sizes.

For highly inductive lines, the line resistance does not signifi-
cantly affect the signal propagation delay. The propagation delay is
X v/ L1ineClhine in lossless lines. This limiting case provides intuition
describing the sublinear dependence between the line delay and the
line inductance. The line delay is sublinearly proportional to the line
inductance in RLC' lines. The reduction in gate delay, with an increase
in line inductance, decreases the total propagation delay of the signal
as described in Section III.

As technology advances, new materials are used to reduce the line re-
sistance and therefore the signal delay. These lower resistive materials
increase the importance of considering the line inductance. As inter-
connect resistance decreases, the interconnect inductance has a greater
effect on the signal characteristics. As shown in Fig. 6, the propagation
delay decreases as the line resistance decreases. The reduction in the
propagation delay is shown for different values of line inductance. The
propagation delay decreases more rapidly for those lines with a larger
inductance. A greater reduction in propagation delay can be achieved
if low resistive materials are used in highly inductive lines.

For an inductive load, more sophisticated models are required to cap-
ture the effects of the interconnect inductance on the signal character-
istics. An analytic solution characterizing the signal propagation delay
of an inverter driving a reduced-order 721 model of a distributed RLC'
line is presented in Section V.
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Fig. 7.
resistance [12]. (b) Lumped with nonlinear transistor model. [15] (c) 721 with
nonlinear transistor model.

Interconnect and driver models. (a) Distributed with constant source

V. PROPAGATION DELAY OF CMOS INVERTER
DRIVING AN INDUCTIVE LOAD

Different models have been developed to determine the propagation
delay of a CMOS gate (inverter) driving an RLC load. The propaga-
tion delay is used to refer to the total delay from the input of the gate
to the load. Simple models are used in [12], [15] to simplify the circuit
analysis process. A linear model of the driver transistor is not suffi-
ciently accurate to characterize the propagation delay. The distributed
model described in [12] is shown in Fig. 7(a). This model replaces the
driver of an RLC' interconnect with an equivalent resistance. The accu-
racy of the model depends upon the accuracy of modeling the nonlinear
element (inverter) with a constant resistance. The lumped model used
to determine the delay expression in [15] is shown in Fig. 7(b). This
model suffers from inaccuracy since the shielding effect of the load in-
ductance is not considered.

More accurate expressions to calculate the propagation delay of a
CMOS inverter driving an RLC load based on the 731 model, which
is shown in Fig. 7(c), are provided in Appendix B. As described in
Section II, the interconnect inductance reduces the effective capac-
itance seen by the driver, reducing the gate delay. Furthermore, the
inductance decreases the effective resistance of the driving gate, fur-
ther reducing the gate delay. The load inductance impedes the flow of
the current to the interconnect load, delaying when the driving tran-
sistor enters the saturation region. The reduction in the gate delay
contributes to a reduction in the total propagation delay. A com-
parison between the three models for different load parameters is
presented in Section VI.

VI. SIMULATION RESULTS

Three different models are used to illustrate the importance of an
accurate model to represent both the driver and the interconnect. In
Table I, a comparison between the model described in [12], a lumped
RLC model [15], and the w21 model (described in Appendix B) is
listed. The 721 model achieves high accuracy, determining the delay
with an average error of less than 9% for different line parameters.

The line inductance reduces the total signal propagation delay as dis-
cussed in previous sections of this brief. Including the inductance in the
interconnect model is important in the design of a line driver. Excluding
the inductance overestimates the delay of the circuit and underestimates
the current sourced by the driver. Including the line inductance can re-
duce the driver size, saving both area and power.

A 0.24 pm CMOS technology is used to demonstrate the effect
of including the line inductance in the design of a line driver. An

TABLE 1
PROPAGATION DELAY WITH DIFFERENT MODELS FOR DIFFERENT
LINE INDUCTANCES

Wy = 20 pm, Rjin. = 50 Q

Liine Cline = 400 fF
nH Cadence [ Ismail/Friedman [12] | Tang/Friedman [15] | o1
(psec) psec Error psec Error psec | Error
0.0 7 35.2 -54.2% 59.5 -22.7% 68.2 | -11.3%
1.0 74 35.7 -51.7% 62.2 -15.8% 70.0 | -5.4%
2.0 67 38.1 -43.0% 66.6 -0.5% 64.7 | -3.4%
3.0 68 41.4 -39.0% 97.8 43.8% 63.3 | -6.8%
4.0 70 45.0 -35.6% 101.8 45.5% 72.6 3.8%
5.0 73 48.6 -33.4% 105.2 44.1% 80.3 10.0%
Maximum -54.27% -45.95% -11.35%
Average 41.51% 30.75% 6.11%
Liine Cline = 1 pF
nH Cadence | Ismail/Friedman [12] | Tang/Friedman [15] | o1
(psec) | psec Error psec Error psec | Error
0.0 148 86.3 -41.6% 97.8 -33.8% 130.1 | -12.0%
1.0 147 86.4 -41.2% 93.3 -36.5% 129.6 | -11.7%
2.0 153 87.0 -43.0% 86.5 -43.4% 131.5 | -14.0%
3.0 145 88.7 -38.7% 81.1 -44.0% 134.2 | -7.3%
4.0 132 91.1 -30.9% 76.6 -41.9% 1225 | -7.1%
5.0 118 94.0 -20.2% 96.8 -17.8% 117.1 | -0.7%
Maximum -43.00% -45.64% -14.00%
Average 36.23% 38.69% 8.91%
interconnect line with Rine = 10 Q/mm, Ciine = 105 {F/mm,

and Lijne = 650 pH/mm is assumed to determine the reduction in
the size of the line driver if inductance is considered. A symmetric
CMOS inverter is used to drive a line loaded by a capacitive load
of 50 fF to achieve a target delay. The target delay and the driver
size that achieves this delay are listed in Table II. A reduction in
power dissipation of 5% and in gate area of 13% is achieved if line
inductance is considered. As technology advances, different dielectric
and line materials will be used to reduce the interconnect delay. Low-x
dielectric materials and copper interconnect will reduce both the line
capacitance and resistance, increasing the effect of inductance on
the signal behavior. A 17% reduction in power dissipation and 29%
reduction in gate area is demonstrated for a low-x copper interconnect
example circuit.

VII. CONCLUSIONS

The shielding effect of interconnect inductance is introduced. The
effective capacitance of an RLC' load decreases with increasing line
inductance, reducing the gate delay of a driver. Furthermore, the line in-
ductance reduces the equivalent output resistance of a driver, reducing
the total propagation delay. Resistive shielding, however, does not re-
duce the propagation delay since the increase in the line delay is typi-
cally greater than any reduction in the gate delay.

A parameter Z, the ratio between the output driver resistance and
the magnitude of the lossy characteristic impedance of the line, is in-
troduced to characterize the signal propagation delay of a CMOS in-
verter driving an RLC' interconnect. The minimum propagation delay
is achieved when Z7 = 1, where the driver is matched with the lossy
characteristic impedance of the line.

The line inductance can significantly affect the resulting circuit per-
formance. A smaller line driver can be used to drive an interconnect
line if the line inductance is considered, more accurately achieving the
target delay than if the line inductance is ignored. Furthermore, the per
cent savings in both area and power dissipation is expected to increase
as technology advances. A reduction of 17% in power dissipation and
29% in gate area is achieved for an example circuit.

An accurate model of the propagation delay of a CMOS inverter
driving an RLC load is provided. An error of less than 9% as compared
to dynamic circuit simulation is exhibited.
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REDUCTION IN AREA AND POWER DISSIPATION WHEN CONSIDERING LINE INDUCTANCE FOR DIFFERENT DIELECTRIC AND LINE MATERIALS
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Dielectric material | Resistivity | Target delay Wy, (pm) Per cent reduction | Per cent reduction
(psec) RC | RLC || in power dissipation in area
SiO, Aluminum 100 19 16.5 5% 13%
Copper 100 17.8 | 15.2 6% 15%
Low-x Aluminum 60 23 19 9% 17%
Copper 60 21 15 17% 29%
R, L.
e e A X R N as—
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i © Iy I i © Cc2 7—7[ [1] W. C. Elmore, “The transient response of damped linear networks,” J.
Appl. Phys., vol. 19, pp. 55-63, Jan. 1948.

Fig. 8. Discharge currents for the 753 RLC model.

APPENDIX A
EFFECTIVE CAPACITANCE OF AN RLC LOAD

In order to compare the effective capacitance of RC' and RLC' delay
models, the signal transition time at the output of a driving inverter V5,
is assumed equal for both models. The waveform used in [6] is assumed
to compare the effective capacitance of an R LC' model with the model

described in [6].
7 — 2
Va(t) = Vaa — ct®, for0 <t <t,
a+b(t—t,), fort, <t<tp

where b = —0.8(V4a/tr) and t., tp, a, and c are constants that char-
acterize the waveform of V. t, is the transition time of V, which is
obtained iteratively after determining the effective capacitance. The
waveform of a signal propagating along an RLC' line may be distorted
by the inductance. However, the effect of this distortion on the effec-
tive capacitance is not significant. The effective capacitance of the 72
model is the capacitance which draws a current equal to the average
current drawn from both Cy and C5 in the w2, model [6]. The average
currents, I.i —q, and Iea— 4., discharge (for an output high-to-low tran-
sition) the capacitances C'; and C', respectively, as shown in Fig. 8.
Laplace transforms are used to obtain an expression for I.1 —q. [19].

Equalizing the average current required to drive an effective capac-
itance Icefr—.y With the summation of I¢:1 40 and Ico 4., the effec-
tive capacitance Cer— 1, can be expressed as

(A1)

tp

2cty (tp — L&) (A2)

Iclfav-

Cei—rrc = C2 +

APPENDIX B
PROPAGATION DELAY BASED ON 721 REDUCED-ORDER MODEL

As shown in [2], the signal waveform shape is important for accu-
rately estimating the delay. A ramp input signal is assumed to deter-
mine the propagation delay of a CMOS inverter driving a w21 model
for an RLC load. To determine an analytic solution for the propaga-
tion delay assuming the w21 model shown in Fig. 7(c), an expression
for the signal waveform across C' during a high-to-low transition V..(t)
is determined [19].

The propagation delay can be determined by numerically solving the
nonlinear equation (B.1) to determine #54q,

v
Ve(tson) — % =0. (B.1)
The propagation delay is
tV' T
tpa = tsog, — 5 (B.2)

where .7, is the transition time of the input signal of the driving gate.
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