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Abstract—Average current analysis checking the impact of 

current flow is very important to guarantee the reliability of 
semiconductor systems. As semiconductor process technologies 
improve, the coupling capacitance often become bigger than self 
capacitances. In this paper, we propose an analytic technique for 
analyzing average current on interconnects in multi-conductor 
structures. The proposed technique has shown to yield the acceptable 
errors compared to HSPICE results while providing computational 
efficiency. 
 

Keywords—current moment, interconnect modeling, reliability 
analysis, worst-case switching 

I. INTRODUCTION 
S process technology for semiconductor goes beyond the 
ultra-deep submicrometer (below 45nm) regime, 

interconnect reliability on a chip has become a serious design 
concern. As process technologies improve, the distance 
between interconnects has gradually become closer. Due to this, 
the coupling capacitance between adjacent interconnects is 
getting larger than their self capacitances. In general, the 
coupling capacitance is considered to be 1~6 times the self 
capacitance in the recent processes [1]-[6]. 
 Electromigration in interconnects has been a persistent 
problem since the very early days of chips design. Power 
distribution networks have always been considered highly 
susceptible to electromigration failures due to their high 
average current densities. Thus, average current analysis at an 
early stage of design has to be done to guarantee the reliability 
of the design. 

In this paper, an analytic technique for analyzing the current 
variations on interconnect due to the influence of the current in 
two adjacent interconnects is proposed.  Although the current 
in an interconnect could be physically influenced by all 
adjacent interconnects, this paper focuses on the current 
estimation on one interconnect (Victim) with two most 
influencing interconnects (Aggressors 1 and 2). 
The worst-case switching scenario may be when the Victim is 
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switched from 0V to VDD and Aggressor 1 and 2 are switched 
from VDD to 0V(or when the Victim’s voltage is falling and the 
Aggressors’ voltage is rising), as shown in Fig. 1, since the 
current flow in the Victim reaches its maximum at this instant. 

Generally, the performance under the worst-case scenario 
should be analyzed as a guarantee of reliability and the current 
values estimated in this paper can ultimately be utilized for 
reliability analysis. Therefore, the analysis in this paper will be 
carried out by focusing on the worst-case average current value 
in the Victim. 

This paper is organized as follows. We briefly review the 
concept of the circuit moments and current moments in Section 
II, and describe the technique for analyzing average current in a 
single interconnect in Section III. In Section IV, we present our 
analytical method for computing the average current in multi 
conductors and summarize the experimental results in Section 
V. Finally, conclusions are given in section VI. 
 

 

Fig. 1 Worst-Case Switching Scenario 
 

II. BACKGROUND 

A. Concepts of Circuit Moments 
To understand higher order moments, consider a transfer 

function in the Laplace domain as (1). 
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Let )(thi be the voltage transfer function at any node i  in an 

RC or RLC circuit and )(sH i be the Laplace transform of 

)(thi . The voltage at node i  can be expressed as (2). 
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where )(sVin is the Laplace transform of the input voltage 
waveform. Expanding (1) about s=0, we can express the 
transfer function as an infinite series in powers of s  
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The time and frequency domain relationship follows from 
the Laplace transform of  )(thi  
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Expanding  ste− about s=0 in (5) yields: 
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It follows from (5) that the q-th coefficient of the impulse 
response )(thi is 
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We refer to the series coefficients in (3) and (6) as moments. 
 

B. Current Moment Calculation at Resistive Elements 
For the concept and calculation method of Circuit moments, 

refer to [7]-[9]. In this section, we show how to compute the 
moments of current waveforms though any resistive element in 
an RC tree in terms of the circuit moments [10]. Let us consider 
a generic case where we want to compute the current flowing 
through a resistive element ijR  for a rising transition )(tVin at 
the source node as shown in Fig. 2. 

 

Fig. 2 Current Flowing through a Resistive Element ijR  

 
Here, we focus on the analysis of RC circuits for given 
time-varying voltage inputs. If )(sVi  and )(sV j  represent 

the Laplace transforms of voltage waveform at nodes i and j , 

respectively, then the current ijI  through the resistance ijR  in 

the frequency domain can be expressed as  
)()()( sVsVsI jiij =                                                (7) 

  Let us remind (2), and if )(sH i and )(sH j  represent the 

voltage transfer functions at node i  and j respectively, then 
the current expression from (7) can be rewritten as  
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The impulse responses )(sH i  and )(sH j for nodes i and  

j  can be expressed in terms of corresponding circuit as shown 
in (3). Expression (8) can now be written in terms of the 
differences in the circuit moments. 
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where Each )( j
q

i
q

ij
q mmm −=Δ represents the difference 

between the q-th circuit moments of the nodes i and j .  
The finite rising ramp input show in Fig. 2 can be expressed in 

the time domain as  
[ ] )0()()()()()( ≥−−−= tTtUTtttUTVtv rrrddin  (10) 

where  rT  is the rise time, ddV is the supply voltage and 

)(tU denotes the step function. The finite ramp in the 
transform domain is  

)1)(1()()( 2 rsT
rddin esTVsV −−⋅=                            (11) 

Next, (11) can be expanded in a Maclaurin series as follows: 
)24621()()( 3322 L+−+−⋅= rrrddin TsTssTsVsV  (12) 

Expression (9) can now be rewritten by substituting 
)(sVin and collecting the coefficients of the s-terms in the 

resulting expresstion.  
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We define the coefficients of the s-terms in the above 
expression (13) as current moments with ij

qm being the q-th 
moment of the current waveform through the resistive element 
between nodes  i and j  

L+++= 2
210)( smsmmsI ijijij

ij                               (14) 

Finally, the first three current moments through an element 

ijR in the RC circuit can be computed by matching (13) and 

(14) 
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III. AVERAGE CURRENT ESTIMATION IN SINGLE 
INTERCONNECTS 

From the definition of the Laplace transform, we know that 
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Comparing (14) and (16), we can obtain the following 
information about the current waveform in terms of the first 
three current moments.  
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The first expression in (17) represents the total area 

underneath the )(tI ij  curve indicating that the zero order 

current moment represents the total charge through a resistive 
element during a switching event. The average current through 
resistance ijR can therefore be easily expressed as  

( ) ( )∫ ∫
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c
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where cT is the input duration time.                                 

IV. WORST-CASE AVERAGE CURRENT ESTIMATION 

A. Superposition Principle for Current Estimation 
If the superposition principle is applied to current estimation, 

it is possible that the current waveform in each resistive 
element in the Victim can be expressed as the summation of the 
waveform of )(tIvictim , )(1 tIaggressor , )(2 tIaggressor shown in 

Fig. 3. The Current in each resistive element is defined after it is 
subjected to the following three steps; the final average current 
value is calculated by summing up the current values at each 
step. 

 
 Step 1 
After it is assumed that Aggressor 1 and 2 are quiet (without 

switching), and only the Victim is switched from 0V to VDD 
( or from VDD to 0V), the average current when only the 
Victim is switched as shown in Fig. 3, can be estimated by 
calculating the current moment for each resistive element in the 

Victim and applying that moment to the current estimation 
technique on a single interconnect.  

 
Fig. 3 Scenario When Only the Victim is Switching 

 
 Step 2 
After it is assumed that Victim and Aggressor 2 are quiet 

(without switching), and only the Aggressor 1 is switched from 
VDD to 0V(or from 0V to VDD), the average current when 
only the Aggressor 1 is switched as shown in Fig. 4, can be 
estimated by calculating the current moment for each resistive 
element in the Victim and applying that moment to the current 
estimation technique on a single interconnect.  

 
Fig. 4 Scenario When Only the Aggressor 1 is Switching 

 
 Step 3 
After it is assumed that Victim and Aggressor 1 are quiet 

(without switching), and only the Aggressor 2 is switched from 
VDD to 0V(or from 0V to VDD), the average current when 
only the Aggressor 2 is switched as shown in Fig. 5, can be 
estimated by calculating the current moment for each resistive 
element in the Victim and applying that moment to the current 
estimation technique on a single interconnect.  
 

 

Fig. 5 Scenario When Only the Aggressor 2 is Switching 
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  In Step 1, the total capacitance of the Victim is vC , the total 

capacitance of Aggressor 1 is 1aC , and the total capacitance of 

Aggressor 2 is 2aC . The coupling capacitance between the 

Victim and Aggressor 1 is 1cC , the coupling capacitance 

between the Victim and Aggressor 2 is 2cC , and the final total 

capacitance )(vCtotal (when Victim only switching) from the 
standpoint of the voltage source of the Victim is expressed as 
the following expression (19) by using the topology in Fig. 6. 
The capacitance calculation procedures of the other steps are 
similar.  
 

( )
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CCCC
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                         (19) 

 

 

Fig. 6 Circuit Topology to Calculate )(vCtotal in Multiple 
Interconnects 

 

B. Average Current Estimation in Multiple Conductors 
By applying the superposition principle, the total area of the 

current waveforms excited at a particular resistor A of the 
Victim when the Victim and two Aggressors are switched in 
opposite directions can be approximated by the algebraic sum 
of the areas of the current waveforms excited at resistor A by 
the voltage sources of the Victim, Aggressor 1, and Aggressor 
2. Therefore, the equation for determining the worst-case 
average current when the Victim and two Aggressors are 
switched in opposite directions can be simply represented as 
shown below. 

2_1__ aggressoravgaggressoravgvictimavgavg IIII ++=              (20) 

V.  EXPERIMENTS AND RESULTS 
We have experimented with slightly different characteristics 

for each interconnect to check the  results of our experiment 
under diverse conditions. For a wide range of interconnect 
characteristic, samples of per-unit-length resistance and 
capacitance were chosen based on ITRS 2007 data [11]. 

For each case, the coupling capacitance was modeled as 2, 4, 
and 6 times the ground capacitance (ground capacitance is 
defined as the average of the totalC values for the Victim and 
Aggressor 1 or the Victim and Aggressor 2). In addition, for 
each case, three different values were used for rT . More details 

on the environment of the experiment are given in Table I and 
Table II. 

TABLE I 
EXPERIMENTAL ENVIRONMENT OF MULTIPLE INTERCONNECTS FOR 

COMPARING CURRENT ESTIMATION ACCURACY (1) 

 Role totalR  
totalC  N  

)(ns
Tc  

)( ps
Tc 1−  

)(
2

ps
Tc −  

)(
3

ps
Tc −  

Case 1 
A1 3.500E+01 1.6000E-15 10 20 25 300 800 

V 1.720E+02 1.5913E-14 10 20 50 400 900 
A2 3.770E+02 9.7778E-15 10 20 100 500 100 

Case 2 
A1 5.820E+02 3.6444E-15 10 20 20 300 800 
V 3.500E+02 9.9600E-14 10 20 50 400 900 
A2 1.425E+03 6.8233E-14 10 20 100 500 1000 

Case 3 
A1 2.500E+03 3.6889E-14 10 20 20 300 800 
V 3.217E+03 1.1000E-13 10 20 50 400 900 
A2 2.433E+03 1.6300E-13 10 20 100 500 100 

 
TABLE II 

EXPERIMENTAL ENVIRONMENT OF MULTIPLE INTERCONNECTS FOR 
COMPARING CURRENT ESTIMATION ACCURACY (2) 

 Role totalR  
totalC  

×2
)(FCc
 

×4
)(FCc

×6
)(FCc

Case 1 

A1 3.500E+01 1.6000E-15 1.7513E-14 3.5026E-14 5.2539E-14 
V 1.720E+02 1.5913E-14 

2.5691E-14 5.1382E-14 7.7072E-14 A2 3.770E+02 9.7778E-15 

Case 2 

A1 5.820E+02 3.6444E-15 1.0324E-13 2.0649E-13 3.0973E-13 
V 3.500E+02 9.9600E-14 

1.6783E-13 3.3567E-13 5.0350E-13 A2 1.425E+03 6.8233E-14 

Case 3 

A1 2.500E+03 3.6889E-14 1.4689E-13 2.937E-13 4.4067E-13 
V 3.217E+03 1.1000E-13 

2.7300E-13 5.4600E-13 8.1900E-13 A2 2.433E+03 1.6300E-13 

 
In order to verify the accuracy, each case has been 

experimented using the proposed technique. We have set 
HSPICE result as reference standard values and measured the 
error ratio. Fig. 7 has shown that the average relative error of 
the average currents for all resistive elements in all cases was 
found to be approximately 0.674%. This shows the very high 
degree of accuracy of the proposed technique throughout the 
entire class of interconnects.  

 

 
Fig. 7 (a) Relative Errors in Average Current Estimation for Multiple 

Interconnects: Case I  
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Fig. 7 (b) Relative Errors in Average Current Estimation for Multiple 
Interconnects: Case II 

 

 

Fig. 7 (c) Relative Errors in Average Current Estimation for Multiple 
Interconnects: Case III  

VI. CONCLUSION 
In this paper, we have proposed the technique for worst case 

average current estimation of multiple interconnects using a 
closed-form equation. The accuracy of the proposed technique 
has been validated in terms of a wide range of interconnect 
characteristics and a realistic interconnect geometry by 
experiments. The average relative error of the average currents 

for all resistive elements in all cases for a wide range of 
interconnect characteristics has been found to be approximately 
0.674%. Also, the average relative error of the average current 
for all resistive elements in all cases for realistic interconnect 
geometry has been found to be approximately 0.076%.  
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