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Effective Capacitance of Inductive Interconnects for
Short-Circuit Power Analysis

Guoging Chen and Eby G. Friedman, Fellow, IEEE

Abstract—Interconnect resistance and inductance shield part of
the load capacitance, resulting in a faster voltage transition at the
output of the driver. Ignoring this shielding effect may induce sig-
nificant error when estimating short-circuit power. In order to cap-
ture this shielding effect, an effective capacitance of a distributed
RLC load is presented for accurately estimating the short-cir-
cuit power. The proposed method has been verified with Cadence
Spectre simulations. The average error of the short-circuit power
obtained with the effective capacitance is less than 7% for the ex-
ample circuits as compared with an RLC 7 model. This effective
capacitance can be used in look-up tables or in empirical k-factor
expressions to estimate short-circuit power.

Index Terms—Interconnect, R LC | shielding effect, short-circuit
power.

1. INTRODUCTION

INCE power has become an important design criterion in
Sintegrated circuits, accurate and efficient power estimation
is required in the circuit design process. As compared with dy-
namic power which is well characterized, short-circuit power
is more difficult to model due to the complicated transient be-
havior of the short-circuit current [1].

The short-circuit power dissipation in a gate is primarily
determined by three factors: input signal transition time, load
capacitance, and size of the transistors in the gate. In [2],
Veendrick developed a closed-form expression for short-cir-
cuit power dissipation in an unloaded CMOS inverter. More
accurate device models have recently been adopted to analyze
short-circuit power [3], [4]. It is shown in [4] that short-circuit
power can be as high as 20% of the total active power in high
speed, low voltage circuits. As interconnect coupling becomes
more significant in advanced technologies, the impact of
crosstalk noise on the short-circuit power is analyzed in [5] by
introducing an effective input slew. In these analyses, a lumped
capacitor is assumed as the load. With CMOS technology
scaling, the interconnect resistance can be comparable to the
gate resistance and should be included in the load model. In
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[6], a m shaped RC model is adopted as the load. An effective
capacitance of the RC 7 structure for short-circuit power
estimation is described in [7] and [8] to maintain compatibility
with popular look-up table or k-factor based power models.
With increasing on-chip frequencies and longer interconnects,
the interconnect inductance can also no longer be ignored.
As described in [9], the interconnect inductance also exhibits
a shielding effect on the load capacitance, increasing the
short-circuit power dissipated by the driver.

In [10], an effective capacitance of an RLC' load is developed
to accurately estimate short-circuit power. This effective capac-
itance model is extended in this paper. The importance of the
inductive shielding effect is identified and the model is further
verified for gates with unaligned multiple inputs. The rest of this
paper is organized as follows. In Section II, a distributed RLC
network is reduced into a 7 model. From this 7 model, the ef-
fective capacitance is determined. In Section III, the proposed
effective capacitance model is verified by Cadence Spectre sim-
ulations for gates with single and multiple inputs. Finally, some
conclusions are offered in Section IV.

II. EFFECTIVE CAPACITANCE OF AN INDUCTIVE LOAD

Model order reduction techniques are commonly used to an-
alyze the timing and power of interconnects to improve simu-
lation efficiency. In Section II-A, a 7 model is generated from
a distributed RLC' tree through a typical model order reduc-
tion method—moment matching. In Section II-B, this 7 model
is further reduced into an effective capacitance by matching the
average charging/discharging current.

A. 7 Model Representation of RLC Interconnects

In [11], an RC network is reduced to an RC 7 model by
matching the first three moments (y1, y2, and y3) of the admit-
tance at the driving point. Similarly, an RLC network can be re-
duced to an RLC' 7 model by matching the first four moments,
as shown in Fig. 1. This reduction, however, can be unrealizable
(the value of the circuit element is not positive real). In order to
obtain a realizable RLC 7 model, a coefficient y; is introduced
in [12], which is the third order admittance moment without con-
sidering the inductance. By matching y1, 2, ys, and y3, the 7
model parameters can be obtained as [12]

Cr=v5/vs ()
Cn=y1—Cp (2)
Ry = — y2/C? 3)
Ly = (y3 —y3) /C} @)
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Fig. 1. Reduction of an RLC' interconnect network.

where C), and C¢ denote the near end and far end capacitance,
respectively.

The input admittance of a distributed R LC' interconnect with
a load admittance Y; is [13]

Z.Y; + tanh §
Y() = 2 0 £ 2. tanb 0) )

where 0 = \/(R; + sL;)sCy and Z,. = 0/(Cys). Ry, Cy, and
L, are the total resistance, capacitance, and inductance of the in-
terconnect, respectively. By expanding Y (s) into a Taylor series
of s around zero, the moments at the input of the RLC' intercon-
nect can be obtained as

v =y,1+Cy (6)
1

Yo =Yi2— Ry <y,21 +y1C + gctz> N

ys =13 — Re(Quiayi2 + 11,2C)

2 2
—yz,1Cf + 1—50t?)>

4
+ R} (y?,l + 010 + 3

3
2 L
— Ly <y1’1 + yz,1C’t + 50,) (8)
Y3 =yis — Re(2ui1y12 + y12Ct)

4 2 2
R (yi) + —yl1Ce + ZyiaCF + —C} ).
+ Iy (yl,l + 3Yi1 t+ 31t + 5 ©
The input admittance moments of a distributed RLC tree can
be determined by recursively applying (6)—(9). From these mo-
ments and (1)-(4), the corresponding 7 structure can be ob-
tained.

B. Effective Capacitance for Short-Circuit Power

Although a 7 model is highly accurate, four coefficients are
required in this model, making it incompatible with k-factor
expressions or look-up table based power models. An effective
capacitance greatly simplifies the model with little penalty in
accuracy, as shown in Fig. 1.

The shielding effect of the interconnect resistance is well
known and the effective capacitance of RC' interconnects has
been developed for estimating delay and short-circuit power in
[71, [14]. The interconnect inductance however also exhibits a
shielding effect [9]. This inductive shielding effect is illustrated
with an example, as shown in Fig. 2. In Fig. 2, a distributed RLC'
tree is driven by a 0.18-pum CMOS inverter. Since the shielding
effect of the interconnect is only significant in interconnect loads
with a high impedance which are generally driven by large gates,
a large inverter is considered with transistor sizes, W,, = 10 ym
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Fig. 2. Example of a distributed RLC tree.
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Fig. 3. Effect of inductance on short-circuit current. t,, = 0.5 ns.

and W, = 25 pum. The impedance parameters of the intercon-
nect are Riyy = 12.23 mQ/pm and Cjpy = 0.245 fF/um.
These impedance values are extracted from a typical top layer
wire structure in a 0.18-pm CMOS technology. The wire width
is 2 pum and wire thickness is 1 pum. The load capacitance is
Cr = 0.1 pF. The short-circuit current in the inverter is illus-
trated in Fig. 3 for different values of interconnect inductance.
When the interconnect inductance becomes larger, a greater far
end capacitance is shielded. Less effective capacitance is there-
fore seen at the inverter output, permitting the output voltage to
change faster at the beginning of the signal transition, thereby
producing a larger short-circuit current. The currents are mea-
sured at the source of the pMOS transistor with a rising edge
input as shown in Fig. 4. The discontinuity of the waveform
is due to the discontinuity of the transistor capacitance model
used in the simulation. Strictly speaking, the currents shown in
Fig. 3 include two non-short-circuit current components. The
first component is the current flowing through the capacitance
Cys, as shown in Fig. 4. This component can be determined as
I, = C4sVaa/t, and is independent of the load. The second
component is the current I, flowing from the output to V4 due
to the overshoot at the output at the beginning of the signal tran-
sition. I, returns a small amount of charge stored in the output
node back to Vygq, slightly reducing the dynamic power.

In [14], the output waveform of a CMOS gate is approximated
by a quadratic function followed by a linear function. In this



28 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 55, NO. 1, JANUARY 2008

Fig. 4. Current components in a CMOS inverter.

paper, the output waveform of a gate is modeled as a quadratic
function during the input transition. Assuming the output wave-
formis v(t) = at? for arising edge, the current drawn from the
gate by an RLC  structure is

2a Cys
Ii(s) = =
()= <1 + RpCps + LyCys?

+ Cns> . (10)

Applying an inverse Laplace transformation to (10), the current
in the time domain is

ir = 2aC5(—RrCp + t + k1€”" + koe®") + 2aC,t  (11)

where

~R,+,/R2 — L=
s T Cf
= (12)

1.2 = 2L
1
k1 == (13)
81(81 — SQ)Lﬂ—Of
ky = ! (14)

$3(s2 — s1)L.Cy"

The current drawn from the gate by an effective capacitance is

ieeft = 2aCegt. (15)

Equating the average of ¢, and ¢..g during a period from O to
an evaluation time ¢.,, Cog can be obtained as

OR.Cy 2k, .,
Cup = C, + Cp |1 = 2728 L 2P (psiter _
fr + f[ . tgvsl(e )
%y .,
22 ester _ )| (16
t§v82(e )| ao

Similarly, Ceg for an RC' 7 structure is

2R,.C; 2R2C%

1—
tev tZ\,

Cet = Cn + C <1 _eﬂféf>
a7
As expected, Ceg is between C,, and C;, + C¢. From (16), Cegt
is a function of t., as shown in Fig. 5. The 7 model parameters
are obtained from the tree structure as shown in Fig. 2 with an
inductance per unit length L;,,; = 0.74 pH/pm. With increasing
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Fig. 5. Effective capacitance as a function of ... C,, = 120.1 {fF, Cy =
965.9 fF, R, = 15.9Q, and L, = 0.96 nH.

tev, Ceg increases from Cy, and approaches C, +C'¢. In[14], ty
is the time when the driver output achieves 50% of V34, which
is the objective and is not known a priori. Several iterations are
therefore required to determine Ceg. In [7], tey is determined as
the end point of the short-circuit period. Since the short-circuit
current exists when the input is between Viy,y, and Vigq+Vinp, the
appropriate evaluation time ¢, is in the range from 0 to ¢,.(1 —
(IVenpl/Vaa) — (Vinn/Vaa)). Note that ¢ = 0 corresponds to
the time when the input reaches Vi, for a rising edge (Vaq +
Vinp for a falling edge). As shown in Fig. 5, for the time period
0 < t < t,, the effective capacitance is overestimated and the
short-circuit current is underestimated. For the period ¢, < t <
tr(1 = (|Vinpl/Vaa) — (Vinn/Vaa)), the effective capacitance
is underestimated and the short-circuit current is overestimated.
By properly adjusting t,., the estimation error of the short-circuit
current in different time regions can be canceled. By comparing
Spectre simulations, a fitting parameter is adopted to determine
(28

(18)

t, = 0.46t, (1 _ Wanpl _ V“‘“) :
Vaa Vaa

The short-circuit current waveforms in an inverter with dif-
ferent load models are compared in Fig. 6. For this inverter,
Vinn = 0.5 V and Vi, = —0.5 V. As shown in Fig. 6, the ™
model can accurately characterize a tree structure. The wave-
form obtained with a = model is indistinguishable from the
waveform with the original RLC tree (shown in Fig. 2). Using
the total capacitance Cor = C), + Cy as the load, however,
significantly underestimates the short-circuit current. As previ-
ously mentioned, the short-circuit current with the effective ca-
pacitance is first underestimated and then overestimated. No it-
erations are required to determine Ceg. Since an RLC 7 model
is commonly required in timing analysis, the additional compu-
tational expense required to determine Ceg is small. Note that
unlike Cog for estimating the delay [14], Ceg for short-circuit
power estimation is independent of the transistor size.

III. MODEL VERIFICATION

The proposed effective capacitance model is verified with
gates with a single input (inverter), multiple inputs, and un-
aligned multiple inputs in Section III-A-C, respectively.
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Fig. 8. Effect of inductance on the effective capacitance.

TABLE I

SHORT-CIRCUIT ENERGY DISSIPATION DURING A FULL SIGNAL SWITCH IN A

NAND GATE
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Fig. 6. Short-circuit current with different output loads.
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Fig. 7. Short-circuit energy with different loads. Lin; = 0.74 pH/pm.
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A. Gate With Single Input

For the example circuit shown in Fig. 2, the short-circuit en-
ergy dissipated over a full signal transition with different loads is
compared in Fig. 7. As shown in Fig. 7, the total capacitance al-
ways underestimates the short-circuit energy as compared with
adistributed RLC tree. For example, the error for ¢, = 0.5 ns is
28.1%. More accurate estimations can be obtained with Ceg_rc
(only considering the resistive shielding effect) and Ceg (con-
sidering both resistive and inductive shielding effects).

The inductive shielding effect is most important for this ex-
ample in the range from ¢, = 0.2 ns to ¢, = 0.8 ns. The in-
ductive shielding effect can be evaluated by the ratio of Cog
to Cogr_rc- In Fig. 8, this ratio is plotted with different input
transition times and wire inductances for the example circuit
shown in Fig. 2. As shown in Fig. 8, C.g decreases with in-
creasing interconnect inductance. The ratio of Ceg to Cegr_rc
can be smaller than 0.3. When ¢, approaches zero, the driver
only sees the near-end capacitance, both Cegt and Cegr_rc ap-
proach C,,, and the ratio Cer/Cosr_rc approaches one. When
t, is sufficiently large, the driver has sufficient time to charge
and discharge the far end capacitance, both Ceg and Ceg_grc
approach C.¢, and the ratio also approaches one.

Since the dynamic power is usually determined as
af Vd2d010ad (where « is the switching factor), the reduc-
tion in dynamic power P,.q due to I, is considered part of the
short-circuit power such that the summation of the two power
components (dynamic and short-circuit) can represent the

Average % Error

[— [ 3.7 [26.7] —] 35 [303] — ] 62 [36.7

total transient power. With fast inputs, P,.q can dominate the
short-circuit power, producing a negative short-circuit power,
as shown in Fig. 7. Since P,.q cannot be characterized by Ceg,
the error of the power estimation is greater for fast inputs. With
very slow inputs, although the output voltage waveform devi-
ates from a quadratic behavior, the proposed method remains
accurate as shown in Fig. 7. In these cases, the shielding effects
are small, and the effective capacitance approaches Clot. This
behavior is well captured by (16).

B. Gate With Multiple Inputs

The effective capacitance concept can also be applied to other
logic gates with multiple inputs, such as NAND and NOR gates.
The short-circuit energy consumed by a two input NAND gate
during a full signal transition is listed in Table I for different
input transition times and interconnect loads. The two inputs
of the NAND gate are denoted as the upper input and the lower
input according to the relative position of the input terminal.
Three switching patterns are considered: only the upper input is
switched (the lower input is tied to V44), only the lower input is
switched, and both of the two inputs are connected and simul-
taneously switched. The size of the transistors in the NAND gate
is W,, = 10 um and W,, = 25 um. The rows starting with an
“+’ are obtained with a 45-nm [15] CMOS NAND gate, and the
transistor sizes are W,, = 4 pm and W), = 10 ym. As listed
in Table I, the effective capacitance can accurately capture the
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Fig. 9. Short-circuit energy with multiple switching inputs. C,, = 0.1 pF,
Cy; =0.8pF, R, =200, and L, = 3 nH.

shielding effect of the resistance and inductance in determining
the short-circuit power. The average error of the short-circuit
power is less than 7% as compared with the 7 model. The av-
erage error with the total capacitance, however, is more than
26% for these examples. Note that for a 45-nm CMOS tech-
nology, a new fitting parameter can be determined to further im-
prove the accuracy of the model.

C. Gate With Unaligned Multiple Inputs

For multiple switching inputs with offsets in delay (non-si-
multaneous input signals), an equivalent input signal has been
developed in [16] for estimating the short-circuit power. From
this equivalent input signal, an effective capacitance can be ob-
tained from (16) and (18). The short-circuit energy dissipated
in a NAND gate is shown in Fig. 9 for different skew between
the two inputs. The transition time of the upper input and lower
input is 1 and 2 ns, respectively. The skew is determined as
tupper — tlowers Where typper and tiower are the starting time of
the transition at the upper input and lower input, respectively.
From Fig. 9, it can be seen that the effective capacitance model
is also valid for multiple switching inputs with delay offsets.

Look-up tables or k-factor expressions are commonly used
to model short-circuit power as a function of ¢,. and C,. The
total transient power in a CMOS gate driving an interconnect
network, therefore, can be represented as

Ptotal = I)S(‘(t’l’7 Ceff) + afcload Vd2d (19)
where Cl,q includes the total interconnect capacitance and the
parasitic capacitance of the transistors. If glitches occur at the
output, both dynamic power and short-circuit power depend
upon the transient voltage waveform at the output. Expression
(19) is no longer valid in this case and a more complicated anal-
ysis is required.

IV. CONCLUSIONS

As CMOS technology is scaled, the interconnects not only
dominate the overall circuit delay, but also greatly affect the

power dissipation. The dynamic switching power of a circuit
is directly related to the total interconnect capacitance. Using
the total interconnect capacitance to estimate the short-circuit
power, however, can lead to significant error due to the shielding
effect of the interconnect impedance. In this paper, an effective
capacitance of a distributed RLC' load is developed to accu-
rately estimate the short-circuit power. The average error of the
short-circuit power obtained with Clg is less than 7% as com-
pared with an RLC' 7 model. This effective capacitance can be
used in look-up tables or in empirical k-factor expressions to es-
timate short-circuit power as well as in analytic models to sim-
plify the interconnect analysis process.
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