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Abstract—This paper proposes a non-random exploration
based method to optimize the response of power delivery network
(PDN) using the minimum number of capacitors. Unlike previous
optimization methods which are based on either full search or
random exploration (machine learning etc), the present method
requires few simulations to converge to the minimum decoupling
capacitor solution. The results show that the proposed method is
more robust based on comparisons.

Keywords—Decoupling capacitor, target impedance, power deliv-
ery network (PDN).

I. INTRODUCTION

Designing a robust power delivery network (PDN) has
become challenging with the increase in operating frequency
and current load in ICs that have low voltage requirements.
A typical technique to minimize impedance of PDNs is by
using decoupling capacitors (decaps). The level of voltage
fluctuation below the threshold level at the IC port can be
guaranteed by assigning proper decaps that reduce the self-
impedance below the target impedance in the frequency range
of interest. However, as system sizes continue to shrink, using
a minimum number of decoupling capacitors in the PDN to
meet the target impedance is becoming critical due to space
constraints. We therefore discuss a method in this paper to
meet this objective.

Numerous methods have been proposed to optimize decap
design in PDNs. Stochastic optimization methods such as
genetic algorithm and particle swarm optimization have been
utilized for the selection and placement optimization of decaps
[L]I, [2]]. In [3]], [4], a reinforcement machine learning technique
is proposed to obtain optimal decap designs. However, these
methods are based on random exploration; therefore, a large
number of PDN simulations are required to find the optimal
design especially when the target impedance is difficult to
achieve.

In this paper, we propose a method to optimize PDNs
with the minimum number of capacitors. During the iterative
process, the decaps are chosen through several steps, thereby
optimizing the PDN to meet the target impedance in the
frequency range of interest. Compared to full search, machine
learning (ML), and commercial tools available, the method
discussed in this paper provides for fast convergence with
significantly fewer PDN simulations.
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Fig. 1. Flowchart of the proposed decoupling capacitor optimization method

II. PROPOSED METHOD

A. Details of the Technique

The proposed method is based on an iterative process with
three steps per cycle, as shown in Fig. [I] In each cycle,
decaps are chosen from a decap library and assigned to the
PDN. The lowest frequency at which the self-impedance at
the IC port is greater than the target impedance is set as the
target frequency, fiqrget Where this parameter is updated after
a decap is assigned in each cycle. For PDN analysis in this
section, we use the PDN equivalent circuit shown in Fig. [2]
Here, the decap is represented using a capacitor with equivalent
series resistance (ESR), inductance (ESL), and surface mount
inductance.

In step 1, the number of each decap required to decrease
self-impedance below the target impedance at fiq,qe: is deter-
mined using the equation:

ey

Ndecap _ |:|Zdecap(ftarget)|:|

Ztarget

where Zgjecap(ftarger) is the impedance of each decap at
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Fig. 2. Equivalent circuit model of the PDN

(Faegee = 10.91 MH7)

Value (ID) | Min. Ny, Next fioger

0.33uF (6) 1 7.999 MHZ (Anti-resonance peak)
Value (ID) | #of cap 0.47uF (7) 1 7.517 MHZ (Anti-resonance peak)
330uF (79) 1 1uF (8) 1 28.315 MHz (Selected)
330uF (79) 1 + 0.22uF (10) 1 PDN 8.337 MHz (Anti-resonance peak)
4.7uF (19) 1 0.47uF (11) 1 7.064 MHZ (Anti-resonance peak)
1.0uF (17) 1 1uF (12) 1 18.324 MHz

[Previously d decaps] 0.22uF (15) 1 15.850 MHz
0.22uF (30) 1 15.525 MHz
[Decap candidates in this cycle]
Fig. 3. Example of how to select the decap at fiqrget in step 2

ftarger given by:

Zdecap(ftarget) :RESR + jwtarget(LESL + Lmount)
1 (2)
jwtargetc

where Rrpsr, LEsr, Limount, and C are the ESR, ESL, surface
mount inductance, and capacitance of decaps, respectively.
The decaps with minimum Ngecq, value are considered the
preferred ones to be selected for figrget.

In step 2, among the decaps with the minimum Ngecqp
value, we select the decap that can maximize the next fiurget
without causing an anti-resonance peak exceeding the target
impedance when assigned to the PDN, as shown in Fig.
If none of the decaps with the minimum Nge.qp satisfy these
conditions, the decaps with the next greater Nge.qp become
candidates. This process continues until decaps satisfying the
required conditions are found.

The PDN can be optimized with selected decaps using these
two steps. However, to minimize the number of decaps in
the final decap solution, we need exploration steps to search
for combinations of different types of decaps that lead to the
minimum. This is implemented in step 3. The value of Ngecqp
of the selected decap in step 2 can be 2 or greater. In this
case, if fiarger can be increased by using a smaller number of
the selected decaps than Ngecqp, a smaller number of decaps
needs to be assigned in this step. Then, other types of decaps
are searched for the increased fiqrge: in the next cycle. This
provides the opportunity to search for combinations of different
types of decaps that can achieve a higher fi4rget. Another
exploration step is considering decaps that cannot be selected
in step 2 as they cause anti-resonances. In rare cases, the
anti-resonance peak in the frequency range up to fiqrget can
be decreased below the target impedance using the assigned
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Frequency (Hz) fws = TOMHz
Zymger = 00308, £y range = TOMHz
Cycle Value (Decap ID) Required # Faa
1 330uF (79) 1 0.32 MHz
2 330uF (79) 1 1.69 MHz
3 47uF (19) 1 6.77 MHz
4 WF (17) 1 10.91 MHz
5 1uF (8) 1 28.31 MHz
6 0.22uF (5) 1 4285 MHz
7 0.14F (4) 1 54.95 MHz
8 0.047uF (3) 1 66.23 MHz
9 0.047uF (3) 1 7345 MHz
Total # of capacitors required 9

Fig. 4. Optimized PDN impedance below the target impedance, 0.03 Q by
selected decoupling capacitor using the proposed method

TABLE I REQUIRED NUMBER OF PDN SIMULATION FOR THE
PROPOSED METHOD, FULL SEARCH, AND DQN-BASED METHOD

fmaz=T0MHz Number of PDN simulations

Ztarget # of Proposed DQN-based Full search
capacitors method method method
0.050 2 5 38 5.5 x 102 5.7 x 10°
0.040 6 59 7.1 x 103 3.8 x 10°
0.035 Q 7 42 1.2 x 10% 2.2 x 107
0.030 Q 9 41 1.5 x 10% 1.1 x 108
0.027 Q 10 37 1.8 x 10% 5.6 x 10%
0.0255 Q 11 59 3.8 x 10% 2.4 x 10°

decap in the next cycle. Therefore, in the last step of each
cycle, we check whether a higher fiqrget can be achieved by
switching the selected decap in a previous cycle to the decaps
excluded because of anti-resonance. If a higher fi;rgc+ With a
decreased anti-resonance peak is obtained, the selected decap
in the previous cycle is replaced with the selected decap.

After completing all the steps for selecting the decap in
one cycle, if the next fiqrget is greater than the maximum
frequency in the frequency range of interest, the iterative
process is completed and the total selected decaps becomes
the decap solution for PDN optimization. If the next fiqrges is
in the frequency range of interest, we return to the beginning
of the cycle and select another decap to increase fiqrget Until
it reaches the maximum frequency range.
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Fig. 5. Convergence comparison for the proposed method and the optimiza-
tion function when Ziarget is 0.15 €2 in the frequency range up to 45 MHz

B. Test Results

Using the proposed algorithm, the decap solution that meets
the target impedance over a frequency range up to 70 MHz can
be obtained, as shown in Fig. 4| Here, the minimum number
of decaps are selected in each cycle from the decap library
consisting of 83 different decaps to satisfy the target impedance
of 0.03 Q. Note that f;,qc¢ is always increased after each cycle
is completed, and the iterative process for the optimization
is terminated when fiq4e¢ €xceeds 70MHz. To achieve this
decap solution, the proposed method only requires 85 PDN
simulations.

To verify the performance of the proposed method, the
results obtained using the proposed method are compared with
those of full search and ML (deep Q-network, DQN) based
method for several target impedance cases. The results are
summarized in Table [} Here, 35 different decaps in the decap
library are considered for the selection. Using the proposed
method, the same number of assigned decaps can be achieved
as the optimal decap solutions that can be obtained by the full
search and DQN based method. To obtain the decap solution
using the full search and DQN-based method, a large number
of PDN simulations are required, but the proposed algorithm
requires less than 100 PDN simulations. This demonstrates the
advantages of the proposed algorithm in terms of computing
time for PDN optimization.

III. ON-BOARD PDN OPTIMIZATION

We apply the proposed method where data is gathered
using a commercial tool (Sigrity OptimizePI) [5]] for on-board
PDN optimization and compare the result with the decap
optimization function provided in the tool. Unlike the case of
the PDN equivalent circuit model, Zgecqp in @ is unavailable
in step 1 because of the parasitic L and R between the cap node
and IC port. Therefore, to obtain Ngecq, for each decap in step
1, we use the self-impedance at fiqrgcr When each decap is
assigned to the designated cap node. Here, we assume that the
decap placement priority is determined in the order in which
it is close to the IC port.

TABLE II. OPTIMIZED DECAP RESULTS WITH THE PROPOSED METHOD

AND THE OPTIMIZATION FUNCTION

ZtaTget: 0.15 2, fmaz=45 MHz

Method Number of Simulations ~ Number of Decaps
Proposed method 126 8
Optimization function 1,000 (Max. setting) 19
Optimization function 10,000 (Max. setting) 12

Using the proposed method and the provided optimization
function from the tool, we optimize a four-layer PCB board
consisting of VRM, power planes, and the target IC. The
optimized decap results are provided in Fig. [5] and Table
Two results from the optimization function in the tool are
obtained by setting the different maximum number of PDN
simulations, 1,000 and 10,000. As the simulations continue,
the optimization function provides fewer number of decaps,
and the number of decaps converges to 19 and 12, respectively.
Using the proposed method, the decaps keep being assigned
until the target impedance is satisfied in the frequency range
of interest. The result obtained by the proposed method shows
that only 126 PDN simulations are required to obtain the final
decap solution, and the number of decaps of the solution is
fewer (8 decaps) compared to the optimization function.

IV. CONCLUSION

This paper proposes a non-random exploration based
method to minimize the number of decaps for PDN optmiza-
tion. During the iterative process, the minimum decaps are
assigned to the PDN in each cycle to increase the frequency
range where the PDN meets the target impedance. For verifi-
cation, the proposed method is applied to various examples.
The results show that the proposed method provides the
optimized decap solution with significantly fewer number of
PDN simulations compared to full search, ML-based method,
and a commercial tool. Our conclusion is that an algorithm
based on domain expertise is sufficient for addressing this
problem as compared to more sophisticated methods.
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