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ABSTRACT
The existing decoupling capacitance optimization approaches
meet constraints on input impedance for package. In this
paper, we show that using impedance as constraints leads
to large overdesign and then develop a noise driven opti-
mization algorithm for decoupling capacitors in packages for
power integrity. To solve the worst case noise in the power
delivery system, our algorithm uses the simulated annealing
algorithm to minimize the total cost of decoupling capacitors
under the constraints of a worst case noise. The key enabler
for efficient optimization is an incremental worst-case noise
computation based on FFT over incremental impedance ma-
trix evaluation. Compared to the existing impedance based
approaches, our algorithm reduces the decoupling capaci-
tor cost by 3× and is also more than 10× faster even with
explicit noise computation.

Categories and Subject Descriptors
B.7.2 [Hardware]: Integrated Circuits—Design Aids; B.8.2
[Hardware]: Performance and Reliability—Performance Analy-
sis and Design Aids

General Terms
Design, performance, reliability

Keywords
Decoupling capacitor, power distribution system, IC pack-
age, power integrity, resonance, noise, modeling

1. INTRODUCTION
Power integrity is very important for the performance of

integrated circuits. Compromising it may lead to logic errors
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and slow transition. Nowadays, chips operate at very high
frequencies and consume a large amount of power. The num-
ber of I/O’s is ever increasing. High power leads to large cur-
rent flows in the power delivery system (PDS), which causes
large IR drop and di/dt noise. High frequencies cause induc-
tive effects and may trigger resonance, which presents large
impedance in PDS. A large number of I/O’s lead to serious
simultaneous switching noise (SSN). All of these may lead
to power rail collapse and affect the operation of circuits.
Power integrity has to be guaranteed in the entire PDS from
voltage regulator module (VRM) to on-chip power grid. In
this paper, we focus on decoupling capacitor optimization
for the power integrity of IC package, especially SSN prob-
lem. However, our method can be also used for decoupling
capacitor optimization in other part of the power delivery
system.

Decoupling capacitors, which act as temporary current
sources and low passes for ac signals, are essential to reduce
the voltage fluctuation in the PDS. For package decoupling
purpose, discrete decoupling capacitors are used. These de-
coupling capacitors are not perfect. Their frequency re-
sponses can be modeled with an equivalent serial capaci-
tance (ESC), an equivalent inductance (ESL) and an equiv-
alent resistance (ESR). With different prices, different types
of decoupling capacitors have different ESC, ESL and ESR,
and therefore different effective frequency ranges. As pointed
out in [1], the expensive decoupling capacitors may not be
the best choice for electrical performance. Also the effec-
tiveness of the decoupling capacitors depends on its electri-
cal environment and therefore varies with locations. Unlike
on-chip decoupling capacitors, in-package decoupling capac-
itors can be put almost anywhere in the package. Therefore,
the types and locations of the decoupling capacitors have to
be optimized for most effective design with minimal cost.

The problem of decoupling capacitor optimization has al-
ready been presented in the literature. In [2, 3, 4, 5, 6,
7], on-chip decoupling capacitor optimization problem has
been studied for different objective functions. However, on-
chip decoupling capacitors normally have negligible ESL and
ESR and can take continuous values. Unfortunately, these
are not true for in-package decoupling capacitors.

In-package and on-board decoupling capacitor optimiza-
tion has also been studied, but majority of existing work is
trial-and-error methods, such as [8] and [9], both of which
are manual processes. Automatic optimization methods also
exist. For example, the authors of [10] use the PEEC model
and model order reduction techniques to compute the in-
put impedance and then search for the optimal locations
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(b) Noise waveform

Figure 1: Impedance and noise waveform

of the decoupling capacitors to minimize the impedance by
gradient based search. In [11] the authors use FDTD and
FFT to obtain frequency dependent Poynting vector and
decoupling capacitors are iteratively put at the port with
maximum Poynting vector. However, in both papers the
decoupling capacitor value is fixed and ESL or ESR is not
considered.

The most comprehensive work on automatic optimization
of package decoupling capacitors is [1]. In this work, the
authors model the inductive effect of packages with suscep-
tance (inverse of inductance) instead of inductance, and ex-
tract a resistance-capacitance-susceptance(RCS) model of
the package. Based on this model a macromodel is built
with a model order reduction technique. Then based on the
macromodel a simulated annealing algorithm is developed
to search for the optimal types of decoupling capacitors at
given locations to minimize the cost under the constraint
of a target impedance at chip I/O ports. Different types of
decoupling capacitors with different ESC, ESL and ESR are
considered.

However, the approach is based on impedance metrics,
which will lead to significant overdesign. For example, in
Fig.1 we show a case where the noise bound is met but im-
pedance bound is not for a signal with effective frequency
range up to 10GHz. Fig.1(a) shows that the target im-
pedance is not met in most part of the frequency band. How-
ever, the noise bound has been met as shown in Fig.1(b). It
is clear that the target impedance can not capture the noise
accurately and may cause overdesign.

In this work, we directly use noise as the metric of SSN
and develop an efficient noise model to optimize the loca-
tion and types of decoupling capacitors. We consider a large

number of ports to search for the optimal location for de-
coupling capacitor insertion. We assume the impedance ma-
trix is given and develop an efficient model to compute the
new impedance matrix with one decoupling capacitor in-
serted or removed. The time complexity of our algorithm
is O(n2) compared to O(n3) in the state-of-the-art existing
work [12]. With impedance matrix and pre-characterized
switching current waveform, we use FFT to compute the
noise waveform and obtain the worst case noise. Based on
these models, we develop a simulated annealing algorithm to
minimize the cost subject to the maximum noise constraint.
The algorithm demonstrates good efficiency with large num-
ber of port. It finished a case with 93 ports in less than 7
minutes with 5881 iterations, which is more than 10× faster
than previous work. We also compare our approach with
impedance based approach and show that impedance is not
a good metric for noise and impedance based approach leads
to overdesign. Compared to our noise based approach, the
impedance based solution has 3× larger cost.

The rest of the paper is organized as follows: In section 2
we discuss the electrical models for the package system. In
section 3 we present the method to incrementally compute
the impedance matrix. In section 4, we discuss the noise
metric for optimization. In section 5, we use simulated an-
nealing algorithm to optimize the decoupling capacitor in-
sertion. We conclude the paper in section 6.

2. ELECTRICAL MODELS

2.1 Package model
As shown in Fig.2, packages for semiconductor chips often

consist of multiple signal layers, power planes and ground
planes with dielectric in between. Metal signal traces con-
necting the chip I/O cells to the PCB traces are routed be-
tween planes, and package planes are stapled together with
vias, and connected to PCB by balls. We assume the loca-
tions of chip I/O ports are known and the possible locations
for the decoupling capacitors are predefined. We can pre-
build the macromodel of the package with the specified ports
for I/O’s and decoupling capacitors before the optimization
process. This macromodel not only includes the power or
ground planes, but can also include vias and traces. Other
part of PDS such as on-chip power grid, PCB and VRM
can also be included. Specifically, for the macromodel we
obtain the impedance matrix Z(fk) for the specified ports
at a number of sample frequencies fk before hand. The
matrix element Zij(fk) of Z(fk) is the transfer impedance
from port j to port i at frequency fk. The frequency de-
pendent impedance Z can be obtained by various methods,
such as 3D field solvers, model reduction, or measurement,
depending on the time and accuracy requirement and design
stages. Our method can be used with any of these methods.
With the macromodel, the efficiency of following optimiza-
tion process no longer depends on the size of the original
circuits, but only depends on the number of ports defined.
This allows a very complex package to be optimized in a
very short time.

In this paper, we first extract a detailed RLCK circuit
of the package, and then use a model order reduction tech-
nique to obtain the impedance matrix. For the detailed
RLCK circuit, the planes are partitioned into grids and the
traces are divided into small segments. Then, we extract
the resistance, self inductance and grounding capacitance of



each segment, the coupling inductance between each pair
of segments and the coupling capacitance between adjacent
segments.
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Figure 2: IC package

2.2 Decoupling capacitor model

ESR ESL ESC

Figure 3: Model of decoupling capacitors

As discussed in the introduction, the decoupling capaci-
tors for the package are discrete elements. Each type of de-
coupling capacitors has different frequency domain response
and can be characterized by ESC, ESL and ESR as shown
in Fig. 3. We assume there are multiple types of decoupling
capacitors and their ESC, ESL and ESR are given. For effi-
cient optimization, we pre-compute the frequency dependent
impedance of each type at the sample frequencies as

Zd(ω) = ESR +
1

jωESC
+ jωESL (1)

2.3 Model of I/O cells
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Figure 4: Switching current model

Normally each I/O cell drives a transmission line in the
package. When an I/O cell switches, it draws a large current
from the power delivery system and causes voltage fluctua-
tion (SSN noise). The electrical behavior of I/O cells can be
modeled by various models, for example, a physical model
such as the BSIM model [13] or a behavior model such as the
IBIS model [14]. With a given load, we can pre-characterize
the I/O cell and obtain the time dependent current wave-
form similar to IBIS model by simulation. We further trans-
fer the obtained time-domain waveform to frequency domain
and obtain the frequency component of the current to be

used in the following optimization process. In this work,
we model the time domain waveform as a piece-wise linear
waveform, their frequency component can be computed ana-
lytically as a sum of a series ramp functions in the following
form,

I(ω) =
X

i

bi

s2
e−sTi (2)

Similarly to [6], for simplicity we model the current wave-
form as a two-segment piece-wise linear waveform (triangu-
lar waveform) as shown in Fig.4. With the parameter de-
fined in the figure, the frequency components are computed
as,

I(ω) =
a

s2
e−sTd +

b− a

s2
e−s(Td+Tr) − b

s2
e−s(Td+Tr+Tf ) (3)

where,

ω = 2πf (4)

s = jw (5)

a =
A

Tr
(6)

b = − A

Tf
(7)

In this model, each I/O cells can have different amplitude,
rising time and falling time. Note that our methods dis-
cussed in the rest part of this paper are not limited to such
waveform but can be applied to any waveform. More accu-
rate and complex current model can be used and the fre-
quency components can be obtained either numerically or
analytically before hand without affecting the optimization
process.

3. INCREMENTAL COMPUTATION OF IM-
PEDANCE

Z Zd
Port k

Figure 5: Connection of a decoupling capacitor

With a given current injection, the noise at a port depends
on the impedance. With the insertion or removal of decou-
pling capacitors, the impedance matrix of the system will
change and affect the noise value. Therefore, the impedance
matrix has to be updated with changes of decoupling ca-
pacitor distribution. In [1], this is done by nio AC sweeps,
where the nio is the number of I/O ports. Another method is
presented in [12]. Assuming the macromodel without decou-
pling capacitors is given in terms of admittance matrix Y (ω),
the impedance with decoupling capacitors is computed as,

Z(ω) = (Y (ω) + Ỹ (ω))−1 (8)

Where Ỹ (ω) is a diagonal matrix with Ỹii equal to the ad-
mittance of the decoupling capacitor at port i at frequency



ω. Both of these methods need at least one matrix inversion,
on which the computation time of this operation mainly de-
pends. Because Y is a macromodel, it is usually a dense
matrix and the time complexity of the matrix inversion is
roughly O(n3

p), where np is the number of ports including
the I/O ports and the ports for the decoupling capacitors.

The approach above is good for computing impedance
when simultaneously inserting or removing a large number
of decoupling capacitors. However, in iterative optimization
process such as the one to be presented later in this paper,
we normally add or remove one or a small number of decou-
pling capacitors each time. In this case, matrix inversion is
not necessary for impedance computation. We propose to
incrementally compute the impedance matrix.

Z Zd
Port k

Zth
Zd

Vth

Port i

Port j

Figure 6: Thevenin equivalent circuit

Assuming at a certain frequency the impedance matrix
before inserting the decoupling capacitor is Z and we in-
sert one decoupling capacitor at port k as shown in Fig.5,
we need to solve the new impedance Ẑ. Ẑij , which is the
transfer impedance from port j to port i, is equal to the
voltage at i when applying an 1A current source at port j.
Because the system is linear, we can replace the rest of the
package except the decoupling capacitor with a Thevenin
equivalent circuit as shown in Fig.6. The voltage source
is equal to Zkj and the source impedance is equal to Zkk.
Therefore the current running through the decoupling ca-
pacitor is Zkj/(Zkk +Zd), where Zd is the impedance of the
decoupling capacitor. Replacing the capacitor with a cur-
rent source of the same current as shown in Fig. 7 will not
change the voltage or current in the rest part of the circuit.
According to the superposition principle the change of Zij

is equal to −ZikZkj/(Zkk + Zd) and

Ẑij = Zij − ZikZkj

Zkk + Zd
(9)

where Zij is the transfer impedance from port j to port i
before inserting the decoupling capacitor. We can see that
the change of Zij only depends on Zik, Zjk, Zkk and Zd.
Therefore, the overall impedance matrix with the decoupling
capacitor added at port k at a given frequency is

Ẑ = Z − bkak

Zkk + Zd
(10)

where ak is the kth row of Z and bk is the kth column of Z.
The computation time of this process is mainly determined
by computing bkak which is an O(n2

p) process. Removing a
decoupling capacitor from port k is equivalent to adding a
negative admittance of the same value at port k. Therefore,
the overall impedance matrix with the decoupling capacitor
removed from port k at a given frequency is

Ẑ = Z − bkak

Zkk − Zd
(11)

Z Zd
Port k

Vth

Port i

Z

Port i

Port j
Port j

Port k

Figure 7: Equivalent current source

Compared to (8), this method is obviously more efficient
and scalable with the number of ports, when only one de-
coupling capacitor is added or removed. This is especially
suitable for iterative optimization process or trial-and-error
process, in which one or a small number of decoupling ca-
pacitors are changed and the impedance matrix is needed to
be reevaluated in each iteration. Another advantage of this
method is that to obtain certain ports’ impedance we only
need to selectively compute them with (9) without comput-
ing the impedance of other ports. This again is good for
try and error method. For example, in simulated annealing
method, we can first only compute the impedance of I/O
ports. If the solution has been accepted, we further compute
the impedance of other ports. Otherwise, we can move to
the next iteration without any further computation. Since
I/O ports are only a fraction of the total ports, we can save
significant computation time.

If n decoupling capacitors are changed, the computation
in (10) needs to be repeated for n times. When n << np, it
will still be more efficient than (8). The worst case is that
n = np, which means the distribution of decoupling capac-
itors changes at all the ports, and the complexity becomes
O(n3

p) same as [12]. Fortunately, this case will never happen
in one iteration.

4. NOISE METRIC

4.1 Impedance metric
Traditionally, for the integrity of power delivery system,

the impedance at given ports is required to be lower than
a computed target impedance in the entire frequency band-
width of interest. According to [15], the target impedance
can be computed as follows,

Zt =
δV dd

I
(12)

where, δ is tolerable variation of Vdd and I is the switching
current at the given ports. In [1], authors also proposed a
weighted combined impedance to consider the coupling be-
tween ports. However, the impedance is not directly propor-
tional to the noise and this kind of approaches is pessimistic.
Physically, it actually assumes that all the frequency com-
ponents have the same impedance with the same phase, and
add up to the total noise.

In fact, the current is not uniformly distributed in the
entire frequency band, and impedance can be different at
different frequency. Also, different frequency components
have different amplitude and phase, and may cancel each
other. The impedance also varies with the frequency and
needs not to be very small in the entire frequency band. In
Fig.8 we show an excitation current waveform and its spec-
trum up to 10GHz. It is a triangular waveform with rising
and falling time both equal to 100ps and the amplitude is
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Figure 8: Transient current waveform and its spec-
trum

50mA. We can see that the current is mostly distributed
from 0 to 10GHz, but the amplitude of the frequency com-
ponent gradually decreases with the frequency increasing.
The time domain noise is the convolution of current and im-
pedance in frequency domain. Therefore, a large impedance
at a lower frequency may cause large time domain noise, but
may not cause problem at a higher frequency. One case has
been shown in Fig.1.

4.2 Time domain metric
In this paper, we directly consider the noise in the power

delivery system at each port of interest. We can easily com-
pute the impedance at different sampling frequencies and
also pre-computed the spectrum of the switching current of
each port. For the noise at port i induced by the switching
activity at port j, the noise component at the kth frequency
sampling point can be easily computed as,

Vij(fk) = Zij(fk)Ij(fk) (13)

We then use Fast Fourier Transform (FFT) to compute the
time domain waveform which is the noise waveform induced
by port j at port i. The time complexity of FFT is O(n log n)
where n is the number of the sampling points. For the signal
shown in Fig.8, 512 sampling points from 0 to 50GHz are
used. For a signal with shorter rising time or falling time,
more sampling points in higher frequency are needed.

At a given port, we consider both the noise induced by
the I/O cells connected to the port and the noise induced by
the switching activity of other I/O cells connected at other
ports. Because the switching of the I/O cells are random and
the system is linear, the worst case noise at one port is the
sum of the maximum noises induced by all the cells. Each

Table 1: Decoupling capacitors [1]
Type 1 2 3 4
ESC(nF) 50 100 50 100
ESR(Ω) 0.06 0.06 0.03 0.03
ESL(pH) 100 100 40 40
Price 1 2 2 4

of the maximum noises can be computed with the proposed
method.

5. NOISE DRIVEN OPTIMIZATION OF DE-
COUPLING CAPACITORS

5.1 Settings

Chip

I/O Ring Package

Voltage
domainDecoupling

capacitors

Cut

Figure 9: An IC package

In this section, we use the developed impedance and noise
models to minimize the cost of the decoupling capacitors in
a package under the constraint of noise in the power de-
livery system. Fig.9 shows a sketch of the IC package we
considered with I/O cells located on a ring structure along
the chip boundary and decoupling capacitors located around
the chip. The package is often cut into different domains for
different supply voltages. Each voltage domain can be op-
timized separately. As an example, in this paper we only
consider one side of the package, which can be considered as
one voltage domain of the package.

Similar to [1], we also try to minimize the total decoupling
capacitor cost. We consider different types of decoupling
capacitors with different prices. We assume the same set
of decoupling capacitors as in [1], which are summarized in
table 1.

However, different from [1], we do not apply the target
impedance constraint. Instead, we directly require the worst
case noise less than the given noise bound. We assume that
the Vdd is 2.5V and require the noise to be less than 15%
of Vdd, which is 0.35V at each port.

5.2 Algorithm
We use the simulated annealing algorithm to optimize the

types and locations of the decoupling capacitors so that the
total cost is minimized and the noise in the power/ground
plane is smaller than a given bound. The objective function
is defined as

F (pi, cj) = α
X
i∈IO

pi + β
X

j

cj (14)

where α and β are weights for the noise and cost respec-
tively. α is chosen to be much larger than β so that the



noise constraint can be achieved. pi is the penalty function
for violation of the noise constraint and is defined as

pi =

¡
0 (Vi < V̄ )

Vi − V̄ (Vi > V̄ )
(15)

where V̄ is the noise upper bound and Vi is the worst case
noise at port i, which is computed by the method proposed
in section 4.2.

There are two types of moves in our simulated annealing
(SA) scheme: (1) adding a decoupling capacitor of a random
type at a randomly picked port. (2) removing a decoupling
capacitor. At most one decoupling capacitor is allowed at
one port. After each move, we compute the new impedance
according to (10) and the noise according to (13). We start
the SA with initial temperature of 20 and terminate it at
0.001. The temperature is decreased by a factor of 0.95 and
the number of moves at a particular temperature is 100.

5.3 Results

5.3.1 Case 1

Chip I/O Cells

Figure 10: A sample package.

Our model and algorithm can be applied to any package
configurations with any number of layers. In this case, we
assume 1cm×2cm rectangular planes with a power plane and
a ground plane as shown in Fig.10 . I/O cells are located at
one edge of the structure. We assume that there are 30 I/O
cells. Each of them will draw the current shown in Fig.8.
Since cells close to each other have similar impedance and
strongly couple to each other, we partition the 30 I/O cells
into 3 groups and define 3 I/O ports. Each cell is connected
to the closest I/O port and each of the ports is connected
with 10 I/O cells. Note for higher accuracy, more ports can
be defined if necessary. We allow the decoupling capacitors
to be distributed across the plane, and therefore define 90
uniformly distributed ports on the package. Totally, there
are 93 ports in our macromodel.

Our noise based algorithm found a valid solution where all
the ports meet the noise constraint. The worst case noise of
each port is listed in table 2. The total cost of the decoupling
capacitors is 20. In Fig.11, we show the distribution of the
decoupling capacitors in a uniform grid. In this figure, the
numbers stand for the type of decoupling capacitor, and
’0’ means no decoupling capacitor. We can see that the
decoupling capacitors are concentrated along the I/O rings
and located in two rings around the chip, which shows that
in this simple structure the decoupling capacitors should be
placed as close as possible to the I/O cells to minimize the
noise at the I/O cells.

We further compare our results with an impedance based
approach. In this approach, for the objective function we
substitute the noise with the maximum impedance and re-
place the noise bound with the target impedance. Because

Table 2: Worst-case noise at ports
port 1 2 3

before optimization 2.52V 2.49V 2.48V
after optimization 0.344V 0.343V 0.344V

     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     1     0     0     0     0     0     0     0
     0     1     0     0     0     3     0     0     0     0     3
     1     0     0     1     0     4     0     2     3     0     1
     0     0     0     0     0     0     0     0     0     0     0

Chip

Figure 11: Optimal distribution of decoupling ca-
pacitors from noise driven approach

we require the noise less than 0.35V and the total peak cur-
rent of 10 I/Os connected to one port is 500mA, the target
impedance for each port is calculated to be 0.7. The distrib-
ution of the decoupling capacitors in the best solution given
by the impedance approach is shown in Fig. 12. We can
see that though the decoupling capacitors still concentrate
around the chip but spread more across the planes than noise
driven approach. The total cost is 72, which is more than
3× larger than the results of noise driven approach. In table
3, we show the maximum impedance and the noise at each
port. We can see the target impedance can not be reached
but the noise is already well below the noise bound. This
shows using impedance as a noise metric will lead to large
overdesign.

     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     4     0     0     0     0     0     0
     0     0     0     0     0     0     0     4     0     0     0
     0     0     0     0     0     0     0     4     0     0     0
     1     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     0     1     0     4     1
     0     0     0     0     0     2     0     0     2     3     4
     0     0     2     4     1     2     0     4     2     2     1
     2     4     3     3     1     1     0     1     4     1     4
     0     0     0     0     0     0     0     0     0     0     0

Chip

Figure 12: Optimal distribution of decoupling ca-
pacitors from impedance driven approach

5.3.2 Case 2
In case 2, we assume a domain on one side of the chip as

shown in Figure 13. The package is assumed to have four
layers of power or ground planes. All the planes are sta-

Table 3: Impedance and noise at ports
port 1 2 3 bound

maximum impedance 5.31Ω 5.59Ω 7.12Ω 0.7Ω
worst-case noise 0.256V 0.302V 0.284V 0.35V



Chip

Figure 13: One package domain

pled together with uniformly distributed vias and the bot-
tom power/ground plane are grounded at several locations
in the plane. We defined 70 ports for the decoupling ca-
pacitors and 3 ports for noise optimization. The capacitor
distribution of the best solution is shown in Fig.14. We can
see that the capacitor is distributed around the chip and also
across the planes. This is because the vias and grounding
connections change the electrical environment at different
locations. The best location for decoupling capacitors may
not be just closest to the chip.

     0     0     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     0     0     0     0     2     3     0
     0     0     0     0     0     0     1     0     0     0     1     0     0
     0     0     3     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     1     0     0     0     0     2     0
     0     2     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     0     0     0     4     0     3     0     0     1     0
     0     0     0     0     0     0     0     0     0     0     0     0     0
     0     0     0     2     2     0     1     2     1     0     2     2     1
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Figure 14: Optimal distribution of decoupling ca-
pacitors from noise driven approach

5.4 Runtime
We implement the algorithms in Matlab and conduct ex-

periments on a 2.8GHz Xeon system. For comparison, we
also implemented the method of (8). The runtime of case
1 for different methods listed in table 4 is shown in table
51. In the table, method 1 is the proposed method using
the proposed incremental impedance computation and FFT
for noise computation. Method 2 uses the impedance com-
putation method from [12] and FFT for noise computation.
Method 3 is from [1]. By comparing method 1 and 2, we
can see that the incremental computation of impedance is
11× faster than the matrix inversion based approach. Com-
paring method 1 and 3, our method is significantly faster
than method 3 even considering the speed difference of the
computing platforms and with more ports. As we pointed
out earlier, after obtaining the macromodel the runtime only

1The runtime of method 3 in table 5 is taken from [1]. The
computation platform is 1GHz Pentium 3, and the comput-
ing language is unknown.

Table 4: Approaches
1 incremental impedance + noise objective
2 matrix inversion [12]+ noise objective
3 ref. [1]

Table 5: Runtime.
approach 1 2 3

ports 93 93 20
iterations 5881 5403 1920

run time(s) 389.5 4156.1 2916.0
avg. run time(s) 0.0662 0.7692 1.519

depends on the number of ports. For packages, the number
of I/O ports and possible locations for decoupling capacitors
are often less than a few hundred. From the results, we can
see that the models and algorithm can handle such large
number of ports and can be readily used for optimization of
decoupling capacitors in real designs.

6. CONCLUSION
In this paper, we studied the optimization of decoupling

capacitors for package power integrity. Different from tra-
ditional frequency domain impedance based approach, we
directly used time domain noise as the metric to guide the
optimization. To do this, we developed an efficient worst
case noise model. We first developed an efficient method to
compute the port impedance incrementally with changes in
decoupling capacitor configuration. The complexity of the
method is only O(n2) compared to previous work’s O(n3)
complexity. Based on the impedance we then computed the
noise with FFT. We further developed a simulated anneal-
ing algorithm to minimize the cost of the decoupling ca-
pacitors under the constraints of worst-case noise. Exper-
iments showed that our algorithm demonstrates good effi-
ciency with large number of ports. Compared to previous
work, we gained more than 10× speedup. We also showed
that impedance based approach leads to large overdesign.
The cost of the solution from our noise based approach is
3× smaller than the cost from the solution of the impedance
based approach.
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