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Abstract 

With the rapid development of semiconductor 
technology, the working frequency of chips increases 
dramatically. Thus simultaneous switching noise (SSN) 
must be considered for robust power/ground (P/G) 
network design. In this paper, we mainly focus on the 
SSN effects for P/G network optimization. We first 
point out the drawbacks of the P/G optimization 
process without considering the SSN, by analyzing the 
optimized P/G grids. Then we propose a random walk 
based technique to consider SSN by adding decoupling 
capacitor (decap) prior to the nonlinear optimization 
process. This additional decap allocation phase 
constructs good current return path for the switching 
current caused by clock buffers and then reduces the 
dynamic voltage drop. Experiment results show that 
the proposed method achieves 2X speed up over the 
original approach without adding decaps in advance 
while the decap budget overhead is acceptable.  

1. Introduction 

Signal integrity in the power/ground (P/G) network 
is becoming a serious issue in nano-era chip design. 
The robust P/G delivery network design is considered 
as a major challenge as the manufacture technique 
advances [1]. Improper power distribution system 
design can reduce the chip reliability, or even worse, 
cause functional failures. As the chip complexity 
increases, clock switching frequency becomes higher 
and causes larger on-chip dynamic current within a 
shorter period of time. If this current propagates along 
with the power rail, the supply voltage will decrease 
significantly, especially when many macro-blocks or 
output buffers switch at the same time [2] [3]. The 
simultaneous switching noise (SSN) can cause logic 
errors and adversely affect the performances and 
reliabilities of VLSI circuits. 

Power delivery system may suffer power drops due 
to resistive and inductive impedance. In general, due to 
the higher power consumption of the VLSI chips, wire 
sizing technique is typically used to reduce the static 
IR drops [5] [6]. However dynamic voltage 
fluctuations may still occur on the P/G network even if 
the wire sizing strategy is performed. In this case, 
adding decoupling capacitors (decaps) is regarded as 
the most efficient way to reduce dynamic noises [7] [8] 
[9]. Traditionally, spare area generated in the 
placement phase can be reserved for adding decaps for 
noise reduction. However, with the increase of clock 
frequency and the number of clock buffers, if lots of 
gates switch at the same time, the overall current surge 
can generate large dynamic drops [2], and the SSN in 
VLSI circuits will become more and more significant 
[3]. Therefore, the SSN can no longer be ignored 
during the P/G network optimization. 

In this work, we first point out the drawbacks of the 
optimization process without considering the SSN. 
Second, we focus on how to optimize the SSN in the 
P/G network efficiently and propose a predecoupling 
approach based on random walks to reduce the noises 
caused by drastic current generated by clock buffers. 
In our algorithm, we use preconditioned conjugate 
gradient (PCG) method to get the transient response of 
power grid, and then we perform a random walk 
process starting from the nodes in power grid, which 
connect to the clock buffers and would have large 
impact on the performance of the power network when 
all of them switch at the same time. During this 
process, decaps are pre-added to the P/G network 
according to the current value of the clock buffers 
which is usually larger than that of the normal 
functional macro-blocks. After that, we use the 
nonlinear programming method to optimize the pre-
optimized power grids. The experimental results 
demonstrate that the predecoupling method achieves 
2X speed up over the approach which tries to directly 
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optimize the networks, while just use a little more 
budget area as penalty. 

This paper is organized as follows. Section 2 
formulates the simultaneous switching current and 
analyzes the effects of SSN; section 3 describes 
predecoupling optimization approach; section 4 gives 
out experimental results and finally, section 5 
concludes the paper. 

2. Analysis of the optimization results 
considering SSN  

In this section, we first introduce the modeling of 
P/G delivery network and nonlinear programming 
process for P/G network optimization. Then we mainly 
analyze the non-SSN-aware optimized power delivery 
network with the simultaneous switching activities, 
and give out the drawbacks of the optimization process 
which does not consider the SSN separately. 

2.1. Power delivery network modeling  

The power network is typically designed as a 
hierarchical structure in which global all the top-level 
macro-blocks and clock buffers connect to the global 
power grid while logic gates inside the top-level 
macro-blocks connect to the inner power grid which is 
located inside the global power grid. On the other side, 
power grid analysis techniques needs current 
waveform of each macro cell or buffer as input, thus, 
the normal analysis process is always divided into two 
parts. In the first part, the current waveform should be 
analyzed. Then all the current information is used to 
estimate the voltage variation waveforms in the power 
grid. And the complete power grid model can be 
considered as a mesh-like RLC network illustrated in 
Figure 1. 

Figure. 1. A general modeling of P/G network. 

2.2. Nonlinear programming optimization  

The optimization techniques presented in previous 
work [7] [8] [9] add on-chip decaps to reduce transient 
voltage drops using the dynamic power consumption 
excited by the time-varying input vectors based on 
empirical values of the switching current. 

Figure. 2. Illustration of IR drop violation. 

The normal category is to obtain the optimal budget 
of decaps which provide reservoir capacitors between 
power and ground as shown in Figure 1. In previous 
work [7], the violation area at node j is expressed as 
equation (1) according to the shaded area within one 
clock cycle illustrated in Figure 2: 

1 2 min0
( , ,..., ) max( - ( ),0)

T

j n jg C C C V V t dt (1)

Recent work [8] formulates the total decap area 
using the bellowing objective function: 

2min =( ) ( )i j
i alldecapnodes j allviolaitonnodes

A C g (2)

Then objective function is minimized by traditional 
conjugate gradient (CG) method in each optimization 
iteration. The weighting factor  in equation (2) is used 
to balance the two terms, and will keep changing in 
each CG iteration. In order to get the gradient direction 
of the objective function to each decap value, 
sensitivity of the objective function respect to each 
decap value is computed by the merged adjoint 
network method and it can be calculated in only two 
transient simulations within each iteration [8]. In each 
step, a binary search is still needed for CG method to 
update decaps along the current gradient. The CG 
process stops when the constraints are satisfied. 

2.3. Drawbacks of the non-SSN-aware 
optimization results after considering SSN 

As described above, the optimization techniques  in 
previous work [7] [8] [9] add on-chip decaps to reduce 
transient voltage drops given the dynamic power 
consumption excited by the time-varying input vectors 
based on empirical values of the switching current. In 
almost previous works for P/G optimization, the SSN 
is not noticeable. When many circuit switch at the 
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same time, the current supplied by the power networks 
can change rapidly, and the voltage drop along the 
power line can cause the power supply level to go 
down. 

Here we select three P/G grids, and the transient 
current signature of each macro-block or buffer, which 
mimics the waveforms of the actual circuits, is 
acquired by the equivalent circuit inside. So the circuit 
can be replaced by the piecewise linear current, such as 
the triangular or trapezoidal current waveform [4]. 

Figure. 3. Illustration of two circuits switching. 

Firstly, the power girds are analyzed and optimized 
based on empirical values of the switching current, i.e. 
in the optimization process, the input vectors of 
switching current for different circuits usually have 
different phases, for instance, Figure 3(a) gives an 
illustration of two circuits which switch at different 
times. In this case, the potential voltage drop along the 
power line is not particularly evident and the decap 
allocation acquired from optimization process [8] may 
not be perfect. 

Then we consider some circuits including the clock 
buffers and some macro-blocks turn on simultaneously. 
As shown in Figure 3(b), the equivalent transient 
currents of two circuits, which connected to the P/G 
network switch at the same time, have the same delay 
time Td. So we use the transient analysis tool to verify 
the actual voltage drop in the P/G network that is 
optimized by the non-SSN-aware optimization process. 

Table 1 summarizes the analysis results. From the 
results, we can find that the violation node (VN) 
number is reduced to zero after adding decaps in the 
non-SSN-aware power network. However, some new 
violation nodes appear when SSN is considered, which 

may cause logic errors and affect the performances of 
the chips. 

So one observation we can have from the data is 
that it is necessary to consider SSN during the P/G 
optimization process to maintain a robust optimization. 

3. Predecoupling technique for P/G 
network optimization 

One simple way to optimize the P/G network is to 
introduce the SSN directly to the optimization method. 
In this case, optimization algorithms only try to insert 
decaps when power node voltage falls below the 
required boundary, but the features of the SSN is 
ignored. In this section, we propose the predecoupling 
technique by adding decaps prior to the nonlinear 
optimization process. The technique for P/G network 
constructs good current return path for the drastic 
switching current caused by clock buffers and reduces 
the dynamic voltage drop, which will improve the run 
time the optimization process. 

3.1. Predecoupling for the SSN of buffers 

Our main idea is based on the fact that the 
switching activity of high speed CMOS circuit may 
produce large currents or current derivatives [2]. This 
is especially true for the clock buffer which is used for 
reducing interconnect delay in the clock network. So 
the SSN due to output buffers switching current is 
larger than the SSN due to the internal switching in the 
macro-blocks. In other words, the voltage drops due to 
SSN in the P/G grid are mainly caused by the 
simultaneous switching activities of the buffers that 
connect to the P/G network. 

Usually, due to the frequency of noises in P/G 
network is high, enough decaps will provide good fast 
return paths for noise current. On the other hand, under 
a special noise frequency, we can calculate how many 
decaps are enough for the transient current of the 
buffers to provide isolation in P/G network even in 
time domain. So in order to compensate the noise 
caused by the buffers, we can try to plant a certain 
decap direct to or around each buffer to reduce the 

Table 1.  Violation node (VN) statistics about non-SSN-ware optimized P/G network when a 
number of circuits switch at the same time. 

Power Gird Cell/Circuit 
Num

Power 
Node Num

Eliminated 
VN Num 

Added
Decaps(nf)

Circuit Switch 
Simultaneously 

Newly VN 
Num

1 15 26 0 0 3 4 
2 744 806 139 0.101960 148 157 
3 3492 4032 952 0.443672 982 681 
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path length. And we can calculate the capacitor size Ci
as follows:  

( )i i i iC U Q I t dt (3)

In the equation above, ( )iI t  is the switching current 
of buffer i, and iU  is the voltage. 

The planted decap will provide the return path for 
each buffer in isolation, and each of them can be taken 
into consideration independently. And we call this 
predecoupling technique for the buffers. 

After adding decaps in advance, we still introduce 
the nonlinear optimization process to the P/G network, 
which continues to reduce other noises until the power 
grid is robust. And an efficient and novel approach is 
given out in next part to describe how to plant the 
definite decap for a buffer. 

3.2. Random walk based decap planting 
strategy  

In this part, decaps are planted during a modified 
random walk process. Random walk [10], a classical 
stochastic technique, is widely used to solve many 
engineering problems. For example, random walk is 
adopted for circuit simulation such as the power grid 
verification [11], the analysis of the circuit with the 
resistor and power supply can be transformed into a 
random walk on the circuit network via using walking 
probability determined by the electrical parameters on 
one path. No solving of matrix equation is needed, but 
the performance of random walk is poor when the grid 
has few Vdd pads or the grid is too large, and it is also 
difficult to use random walks to simulate a whole P/G 
gird or solve the transient analysis problem [12]. 

Our decap planting approach is mainly refer to the 
previous work [11], and take the advantage of random 
walks. 

Figure. 4. A representative part of P/G 
networks.  

First, we treat the power nodes in the network that 
directly connects the buffers as the starting nodes in 
the random walk process. 

Then the modified walking process is performed 
according to the probability mainly decided by the 

resistors and power supplies. For a part of P/G network 
shown in Figure 4 following formula can be written 
according to Kirchoff current law and nodal equation. 

x i i i sV g g V I (4)

Equation (4) can be reformulated as follows: 

i s
x i

i i

g IV V
g g (5)

The coefficient i i/g g  can be treated as the 
probability of walking from node x to node i. The 
constant /s iI g , which is treated as the fee at node 
x and accumulated at each walking step to calculate the 
voltage of the starting node in the random walk 
simulation, can be ignored in our process. But 
differently, the walking process doesn’t need to 
terminate at pad nodes [11], instead, the termination 
condition of the walks is controlled by the parameter 
which affects the scope in the network for adding 
decaps to provide the fast return path for the buffer. 

Finally, we can carry out the modified walking 
process several times from the node that connects the 
buffer, and the accessed times for the visited nodes are 
gained during the walks. For a specific buffer i, the 
decap Ci is divided, and planted at several nodes 
according to the visited times of them in the walks. 
The capacitance of a visited node j of buffer i can be 
formulated as following: 

( )
( )

( )     
i

ji
j ii

j
j

Count
C C j all visited nodes of buffer i

Count (6)

where Ci, ( )i
jC  are total decap size for the buffer and 

decap size for the visited node j. ( )i
jCount  is the visited 

times of node j during the walking processes starting 
from the node connecting to the buffer i. Thus, 

( ) ( )/i i
j j

j
Count Count can be treated as the probability 

that node j is hinted in the modified walking process. 
In general, for each buffer, decaps are planted 

according to the probability in random walks 
independently, where the decap size for a buffer is 

Table 2.  Analysis results of P/G network after 
adding decaps based on random walks. 
Power
Gird #Circuit Power 

Node
VN

Num
Pre-added 
Decaps(nf) 

VN Num after
Adding Decaps

1 15 26 4 0.576113 0 
2 744 806 277 0.093449 175 
3 3492 4032 1411 0.181388 1236 
4 32112 32952 9988 1.802553 3791 
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estimated according to that given in equation (3). 
Table 2 analyzes the P/G network before and after the 
predecoupling considering the SSN. The column 4 5 6 
represent the violation node number in the original 
network, the total predecoupling capacitor size and the 
violation node number after the predecoupling. From 
the results we can observe that the violation node 
number decreases significantly after random walk 
based predecoupling strategy on the buffer when 
considering SSN. 

According to the characteristics of the SSN in P/G 
network, the definite decap for each buffer to 
compensate the drastic changes in the currents. So 
after the decap planting for each buffer, nonlinear 
programming optimization process is still performed to 
optimize the pretreated power gird if necessary. 
Compared to the direct nonlinear programming 
approach for P/G network, our proposed method has 
an advantage in running time occurring only a little 
more decaps, and we will also discuss why random 
walk is used for decap planting during the 
predecoupling strategy via the experimental results in 
next section. 

4. Experimental results  

Our predecoupling optimization algorithm is 
implemented using C++ language. All test cases are 
generated randomly according to real industry 
standard-cell circuits, and buffers are inserted during 
the macro-blocks.  

4.1. Two factors affecting the predecoupling  

The efficiency of our proposed algorithm depends 
on two factors in the predecoupling stage. First one is 
the amount of the decap we add for each drastic 
current, the other one is the terminal parameter k of 
random walks introduced above. Figure 5 shows the 
optimization results of different amounts of pre-added 
decaps, where the decap size from the equation (3) is 
considered as one on the x-axis and the markers are 
relative errors for different pre-added decaps. The 
results shown in Figure 5 demonstrate that the pre-
decap calculated in the equation is sufficient, and if the 
amount increases, the over-head of the optimization 
results may be too large, or if the pre-added decap size 

is very small, it will take more time to carry out the 
nonlinear programming but  the decrease of the errors 
isn’t obvious. 

To demonstrate the efficiency of the terminal 
parameter in random walk based predecoupling stage, 
none predecoupling strategy, directly adding 
predecoupling capacitors on the equivalent drastic 
currents of buffers, and random walk based 
predecoupling technique are all performed to optimize 
a same P/G delivery network considering the SSN. 

Figure 5. Relative errors of different pre-added 
decap amounts. 

Table 3 summarizes the comparison of the decap 
amount of the optimization results, where the decap 
amount acquired without adding predecoupling 
capacitors can be considered as the exact result. From 
the results, we can observe that the relative error of 
random walk based predecoupling optimization 
increases when the terminal parameter increases, but 
the optimization results getting from random walk 
based method may be better than that acquired from 
directly adding decaps at the drastic currents, when the 
parameter k isn’t too large. Because the random walk 
based approach takes the advantage of the Kirchoff 
law and it can find the more sensitive nodes to plant 
decaps, but the sensitivity may be poor if the scope of 
the random walks is too large. 

4.2. Acceleration using predecoupling strategy  

We apply our random walk based predecoupling 
optimization approach for the test cases with different 
sizes. As shown in Table 4, comparisons are made 
between the non pre-added optimization method and 
our proposed approach considering the SSN. Columns 

Table 3.  The optimization results comparison with different parameters on the same testcase. 
 Random Walk based Predecoupling with Different kNone

Predecoupling 
Direct 

Predecoupling 2 3 5 8 10 
Added Decap (nf) 0.229297 0.231994 0.229394 0.233949 0.235260 0.237079 0.240833

Relative Error -- 1.18% 0.04% 2.03% 2.60% 3.39% 5.03% 
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1, 2, 3, 4 represent the power grid, the node of the test 
case, total number of macro-blocks and the number of 
clock buffers connecting to the power network 
respectively. The budget of the non pre-added method 
can be considered as the optimal solution for P/G 
network optimization. The results show that our 
proposed approach only has approximate 2% decap 
area overhead in average, and it may get better budget 
with the same tolerance in the CG iteration. 

On the other hand, the time complexity of the CG 
optimization process [8] [9] for P/G network which has 
been introduced in section 2 can be expressed as 

1.5( (2 ))iO n ml r , where n is the power node count, 1.5n
is the typical time complexity for solving sparse 
matrices [9], m is the number of time points in time-
domain, and l is optimization iteration number. Here 2
denotes two times transient simulations for calculating 
the sensitivity and ir  is the complexity of binary 
search at iteration i. The random walk based 
predecoupling approach achieves a 2x speed up over 
none pre-added approach because our proposed 
method reduces the number of the CG iterations after 
pre-adding decoupling capacitors. Generally, the steps 
of binary search in each iteration may also be reduced 
after the predecoupling strategy. Thus the faster 
convergence in conjugate gradient leads to less 
computation cost and the run time reduction.  

5. Conclusion  

In this paper, in order to clearly show the influence 
of the SSN, we first analyze the P/G grids optimized 
without considering SSN to show the impacts when 
many circuits turn on simultaneously. Then, we 
propose a random walk based predecoupling approach 
for P/G optimization. The approach relies on the fact 
that the equivalent switching current of clock buffer is 
more drastic than that of normal macro-block. Thus we 
add decaps prior to the optimization process for 
reducing the dynamic voltage drops caused by clock 
buffers. According to the experimental results, our 
proposed approach has a faster convergence in 
conjugate gradient compared with the method that 
carries out the optimization process without adding 

decaps in advance. And the decap area overhead in our 
proposed approach is acceptable. 
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