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Abstract— An optimization routine is applied for the
decoupling capacitor placement on Power Distribution
Networks to identify the limit beyond which the placement of
additional decaps is no longer effective, thus leading to wasting
layout area and components, and to a cost increase. A specific
test example from a real design is used together with the
required target impedance and frequency band of interest for
the PDN design. The effectiveness of the decap placement while
selecting different layers of the stack-up, and while moving the
upper limit of the PDN design band is analyzed. Such analysis
leads to helpful insights based on the progression of the input
impedance during the optimization process, and to develop
useful guidelines for avoiding over-design of the PDN.

Keywords—PDN, power integrity, decoupling capacitors,
optimization, genetic algorithm, physical limitation.

[. INTRODUCTION

The ever-growing complexity of electronic systems, the
current trend toward a larger current demand and toward lower
supply voltage levels, calls for a proper design of the Power
Distribution Network (PDN) in order to meet the required
noise margin at the input power and reference IC pins, and
thus ensure the IC functionality [1]. The PDN decoupling at
the PCB level usually consists of two primary design bands,
the lower band involving the selection of low frequency
decoupling capacitors (decaps) in combination with the
specific DC/DC converter requirements, and an upper band,
from tens or hundreds of kHz up to tens of MHz, where the
PDN design relies on the high frequency decaps. This paper
focuses on the design of the PCB PDN by applying an
optimization routine based on the Genetic Algorithm (GA) for
appropriately selecting the decap value [2]-[3]. Optimization
algorithms have been reported and applied to the PCB PDN
design, similarly to the one used herein [4]-[7]. However, such
optimization methodologies may lead to overdesign of the
PDN by placing a very large number of decaps when getting
close to the physical limit of the PDN inductance. Such limit
is dictated by the inductance defined by the loop from the IC
power and reference pins, to the decaps, in the case that all
available decap locations are loaded by the minimum decap
ESL. So, it is very important to critically evaluate the
progression of the PDN input impedance to avoid applying
many decaps for only an incremental improvement of the
input impedance toward the target impedance. This paper
addresses this aspect in order to develop relevant insight for
PI designers.
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II. PRE-LAYOUT PDN DESIGN

A. Physics-Based PDN Modeling

A PDN impedance that is lower than the target impedance
is a crucial criterion for the PDN design to maintain the stable
voltage level of the supply system. In a multilayer board, the
PDN geometry, including the stack-up, IC pin map pattern, as
well as the decoupling capacitor keep-in area, placement
pattern and number of decaps will have a great impact on the
designed PDN impedance.

A

N(HZ

Frequency

Fig. 1 A typical PDN impedance profile.

A typical trend of the frequency dependent PDN
impedance is shown in Fig.1. In the PDN design, the Cpigne is
related to the power-net area fill shape, thickness of the
dielectric substrate and dielectric material property in the
power-power and power-power return cavity. The Cpecqp is the
capacitive trend obtained after placing decaps on the PDN,
which is followed by the inductive trend as the combination
of'the parasitic inductance associated to the decap location, the
decap ESL, and the inherent inductance Lpcp jc of the power
plane connection up to the package. The low frequency
portion of the impedance profile in Fig. 1 will become more
complex once several decoupling capacitors with different
frequency response will be placed right under the IC pins or
around the IC on the top or on the bottom layer. At higher
frequency, beyond the inductive part due to Lpcs ic, the
alternating trend of poles and zeros may be visible due to the
distributed resonances associated to the power-net area fill
size. This behavior may be hidden in the case that the package
and IC PDN modes are included, or when the power plane
distributed resonances occur beyond the frequency of interest.
The specific inductance contributions that are relevant for an
accurate modeling of the PDN system and its impedance
optimization are shown in Fig. 2. The Lpcg g can be
segmented as the sum of Lpcs ic, Lrca planes LpcB pecap, and
Lapove based on the current loops identified in Fig. 2 and
introduced in [8]. The minimum inductance that can be



obtained in the PDN design is the Lpcs ic, and it sets the
minimum inductance value of the PDN system, although it is
impractical since it takes into account only a partial loop of
the complete path from the IC to the decap. For each decap,
instead, the loop and its corresponding inductance is
comprised of several contributions highlighted in Fig. 2. The
current flowing from the decap to the IC pins flows through
the direct and return paths involving Lpcs ic, Lrcs Piane, the
Lpcs decapy Lavove, and the ESL. Lapove 1s the contribution that
takes into account the current loop from the top-most plane
(GND1 in Fig. 2) or bottom-most plane (GND6), in the case
that decaps are placed on the bottom layer, up to the decap
itself. The ESL is the decap inductance due to its specific
package size and packaging technology. The overall PDN
system shown in Fig. 2 is quite complex since it may involve
large plane areas (tens or hundreds of mm), very small
dielectric thickness (tens or hundreds of pm), round
geometries such as vias, pads, and antipads, decap pads, etc...
This makes the 3D modeling quite complex and difficult due
to the inevitably large mesh size and simulation time. More
appealing approaches can be implemented for a reliable and
much quicker modeling ranging from the cavity model
method [9]-[11], to the boundary element method [12], among
many fully analytical or 2D-based approaches. The modeling
method implemented in this paper is the one in [8], [17] based
on the self and mutual inductance terms identified in Fig. 2,
and whose outcome is a multiport impedance matrix, Zpcp. Its
first port corresponds to the IC port as a result of the
combination of all power and ground vias connecting the IC
power/ground pins to the power plane of interest (PWR in Fig.
2), according to the procedure in [13]; thus, the IC port to
which all subsequent calculations of the PDN impedance in
this paper refer to is assumed to be at the center of the IC
footprint. The other tens (or even hundreds) ports of Zpcs
corresponds to the locations where decaps can be added. The
decaps can be placed under the IC where appropriate pads are
placed at the end of the power/ground IC via pairs. Other
locations around the IC are made available by the designers
within the keep-in areas set by other layout constraints. Such
locations provide the flexibility to place the decaps either on
top or on the bottom side. However, all decaps around the IC
will be placed on the top or on the bottom layer depending on
the location of the PWR layer in the multilayer stack-up, and
potential manufacturing constraints. A PWR layer above the
midpoint of the stack-up will provide a smaller inductance
LpcB pecap toward the top layer rather than toward the bottom
layer, therefore the top layer will be devoted to the placement
of the decap around the IC. A PWR layer below the stack-up
midpoint leads to place the decaps on the bottom layer.
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Fig. 2 (a) Physics-based circuit model for inductance modeling. (b)
Developed impedance matrix for the PDN optimization based on Ny (number
of ports for the placement of decaps Under IC) ports, and N, (number of ports
for the placement of decaps Around the IC) ports on either the top or bottom
sides.

B. Optimization Algorithm for Decap Placement

Once the PDN modeling is established, and the PDN
impedance for the bare PCB can be readily calculated, the
decoupling capacitors need to be placed. The key aspects for
placing the decap on the PDN are the decap position, the decap
capacitance value, and the decap ESL and package size. The
decap position is strictly related to the corresponding
inductance, mainly due to Lpcg piane, that depends on the
distance between the decap and the IC [11]. The decap ESL is
mainly due to its package, with the package dimensions
affecting the decap pads and connection vias. The decap
capacitance can be selected to be as large as possible within a
given package size; however, more sophisticated design
strategies may involve optimization algorithms and machine
learning approaches [7],[14]. Since several variables are
involved in the PDN design and decap placement, the PDN
optimization aimed at minimizing the number of decaps is a
challenging task. Currently several methodologies have been
developed to identify the best PDN decoupling solution, and
some of them rely on optimization algorithms [15]-[16]. One
promising optimization methodology is based on the Genetic
Algorithm [2]-[3], [6], and it has been shown to be effective
while iteratively adding only one decap at each optimization
step. While the GA is running, it evaluates the cost function
for each combination of decap value and position that is
associated to a newly created chromosome. The cost function
is evaluated by summing up, in dB and for each frequency
point of the logarithmic frequency axes, the distance between
the PDN impedance and the target impedance that needs to be
reached. Of course only the points for which the input
impedance is above the target impedance are considered.

The structure of the impedance matrix Zpcg is shown in
Fig. 2b, whose total number of ports is 1+Ny+2-Ny, as defined
in the caption of Fig. 2, and it is handled by the GA
optimization process as:

1. The Zpcp matrix is first reduced by removing all ports
dedicated to the placement of decaps around the IC
(both for the top and bottom connection) in order to
make the optimization process more efficient.

II. The GA runs and optimizes the number and types of
decaps Under IC, up to a maximum Ny. A fixed
population size and number of generations equal to 10
is used; such value is demonstrated to be a good
compromise between identification of the best solution

and calculation speed.



1. If the Ziurge is met with a number of decaps less than or
equal to Ny, the optimization stops. Otherwise Step [V
is applied.

IV. The impedance matrix Zpcp is loaded with the Ny
optimized decaps Under IC.

V. The user may select one or more stack-up layer where
the PWR net of interest is assigned in order to explore
one or more solutions and identify which layer
provides the best decap configuration. Thus,
depending on the position of the PWR layer above or
below the midpoint of the stack-up, the decaps will be
placed only on the top or on the bottom side. The
unused ports will be removed from Zpcs, that will
become a 1+N, ports impedance matrix.

VI. The GA runs and optimizes the number and types of
decaps Around the IC, up to a maximum N,.

C. Evaluation of PDN Decoupling Feasibility

The number of possible decaps under the IC Ny is usually
forced by the PWR pins of the IC and the corresponding
through hole vias that reach the bottom side of the PCB.
Whereas the PI designer may set, at a pre-layout stage, the
keep-in areas and the maximum number of the decaps around
the IC N4 based on the BOM requirements. Having the total
decap Nyt+N, being set, a physical limitation may be derived
as the minimum inductance that the PDN may reach. This
physical limitation is computed by loading all Ny+N, decap
ports with the minimum ESL available in the decap database,
thus assuming the best decoupling configuration. This
preliminary calculation is essential, especially concerning the
high frequency portion of the target impedance that is
inductive above a certain frequency limit. This behavior is
primarily dictated by the Lpcs ic in Fig. 2a [17], to which other
specific inductive contributions are summed up such as
Lpca_decap and Lpiane. An example is shown in Fig. 3, where the
target impedance Zu,g: is defined, and the specific range of
interest associated to the specific power net is identified by the
lowest and highest target frequencies fron = 1 MHz and fg=
50 MHz, respectively. Two physical limitations are shown as
examples to demonstrate their usefulness at an early design
stage. The red dot-dashed curve, Case 1, is always below the
Ziarget, therefore a decoupling solution exists based on a
maximum of Ny+N, decaps. The green dotted line, instead, is
associated with Case 2, and it crosses the Zy,.: at around 29
MHz, thus before frig, the desired high-frequency upper
bound of the decoupling solution. This indicates that no matter
how many decaps will be placed, at most Ny+Ny, the selected
PWR layer and the maximum decaps Ny+N, will never lead
to completely satisfying the Zure: requirements. Practical
examples will be shown in Section III to demonstrate the
relevance of such preliminary evaluation of the decoupling
feasibility.

= = = Z target

Low
101 F —_

High
— PRSI ee—— Physical Limit Case 1
N ] s Physical Limit Case 2

_______

10 10 102 107
[GHZ]

Fig. 3 Explanation of the physical limitation for two different cases whose
inductive value is below (Case 1) and above (Case 2) the inductive portion of
the target impedance.
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III. APPLICATION EXAMPLES

This Section applies the procedure described in Section II
to a specific PCB in order to demonstrate the effectiveness of
the proposed modeling and optimization methodology, and to
define useful guidelines for PI designers to be applied at an
early PDN design. The specific example is taken from a
production PCB design whose PDN impedance calculation
based on [8], [17] led to a multiport Zpcp with 105 ports (1 IC
port, and Ny+N, for decaps). The decaps are loaded to the
ports analytically in Matlab.

A. Description of Test Cases

The power net area fill is of square shape of 1.8”x 1.8”
size and it is shown in Fig. 4a. The low frequency PDN design
is completed and consists of 18 low-frequency large-value
decaps, typically greater than 100 uF, identified by the black
rectangles in the figure. The blue dots correspond to the GND
pads on the top and bottom layers connecting the vias to the
IC pads, whereas the red dots identify the Ny = 44 PWR pads
where decaps under the IC can be placed (the available under
IC decap locations are marked by a black line) The two yellow
rectangles identify the keep-in areas where the decaps around
the IC can be placed. The two areas on the left and on the
bottom right side of the IC are divided into 24 and 6 sub-areas,
respectively, where a maximum of 2 decaps for each sub-area
can be placed. Thus, a total of N4 = 60 decaps are available to
the optimization routine. The stack-up is shown in Fig. 4b,
where three possible layers dedicated to host the PWR net are
identified and marked in red, V06, V09, and V12. Only a
single layer is used for the PDN power net area fill though.
The IC is placed on the top layer. A typical decap database is
considered in this study whose capacitance, ESL and ESR
values are reported in Table I for the decaps under the IC (d4-
dr) and around IC (d4-dy) locations.

1000

500 et * -
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500 (it

-1000 -
-1000 -500 0 500 1000
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(a)
Top
100 Vo2
%0 Vo4
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E V09
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2 V10
g s0 V11
£
kel 12
£ 40 \'J
= V13
30
V15
20
V17
10
V19
0 Bottom

(b)

Fig. 4 (a) Overview of the power net are fill (blue outline) and of the
decap locations around the IC (yellow areas) and under the IC (small black
lines). Units: mils (b) Stack-up indicating three possible layer locations for the
PDN power-net area fill.



TABLE L DATABASE OF DECAPS UNDER AND AROUND THE IC

Decap Name? ESL ESR C Package
da 0.4 nH 60 mQ 10 nF 0402
ds 0.4 nH 43 mQ 22 nF 0402
dc 0.4 nH 38 mQ 47 nF 0402
dp 0.4 nH 28mQ 100 nF 0402
dg 0.4 nH 20 mQ 220 nF 0402
de 0.4 nH 16 mQ 470 nF 0402
ds 0.4 nH 12 mQ 1 uF 0402
du 0.4 nH 9 mQ 22 pF 0402
d 0.4 nH 7 mQ 4.7 uF 0402
ds 0.4 nH 5mQ 10 uF 0402
dk 0.4 nH 4 mQ 22 pF 0402
do 0.4 nH 3mQ 47 pF 0603
dm 0.4 nH 2 mQ 100 uF 0603
dx 0.4 nH 1 mQ 220 uF 0805

 Decaps dy and dy are used only for the locations around the IC

The target impedance is constant and equal to 5.5 mQ up
to 40 MHz; beyond this point an inductive trend is usually
specified by the IC vendor or by PI designer experience based
on the corresponding voltage fluctuation allowed on the PWR
rail. This inductive trends corresponds to an inductance of
21.75 pH. The physical limitations for the possible location of
the power net area fill in the stack-up are evaluated and are
shown in Fig. 5. The minimum inductance value that can be
reached is 21.3 pH, 24.62 pH, and 31.08 pH for the power net
area fill located on layer V06, V09, or V12, respectively. The
range of interest for the PDN design starts from f,,, = 100 kHz
(not shown in the figure). However, a proper decoupling is
achieved by adding the low frequency decaps shown in Fig.
4a. The upper limit fxigs, instead, is varied to demonstrate the
usefulness of the proposed pre-layout analysis to identify a
proper PDN decoupling solution in order to avoid an
inordinate number of small-value decoupling capacitors at the
high-frequency range limit for incrementally approaching the
PDN target impedance. The fyig is assumed to be 20 MHz, 30
MHz, and 40 MHz, with the latter value corresponding to the
knee frequency of the target impedance.

10°

- = = Z target
Phys. Lim. V06 (L=21.3 pH)
<o Phys. Lim. VOO (L=24.62 pH)

1071} === Phys. Lim. V12 (L=31.08 pH)
—8— g, = 20MHz
= —o— gy =30 MHz
—_ 102 —o—!mgh:AOMHz
103
104 10 102 107!
[GHz]

Fig. 5 Physical limitation for the three considered cases of the PWR layer
assigned to V06, V09, or V12.

B. Optimization Results

The optimization process is run for the three cases with
the power net area fill on different layers (V06, V09, or V12),
and for three different upper limits of the target impedance.
The first simulation is run based on fe; = 20 MHz. The results
are shown in Fig. 6a. The target impedance in the frequency
range of 100 kHz to fuign = 20 MHz is met by placing only
decaps under the IC for the three PWR layer cases, thus those
decaps that are effective the most due to their smaller
Lpca_pecap, compared to the decaps around the IC. The PDN at
V06 is successfully decoupled by using a slightly smaller
number of decaps, 28 compared to the 30 to be used for both
V09 or V12. An example of the decap placement is shown in
Fig. 6b for the case of V06. While the GA is running, it adds
a decap at each iteration, thus it is possible to catch the PDN
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impedance progression during the optimization process, as
shown in Fig. 6¢ for the V06 case. It is clear how the first
larger value decaps are very effective at the lower frequencies,
and they bring down the PDN input impedance with only a
few decaps, as opposed to the incremental effectiveness of the
numerous small-value decaps at the higher frequencies. This
will be more apparent for the following cases where the fign
is moved to 30 MHz and then to 40 MHz, and the decoupling
solution given in Table II.
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LowestTargetFreq

HighestTargetFreq

V06 - 28 decaps UnderiC & 0 decaps AroundIC

V09 - 30 decaps UnderiC & 0 decaps AroundIC

V12 - 30 decaps UnderiC & 0 decaps AroundIC
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Fig. 6 (a) Optimization results for the cases of the power net area fill on
V06, V09, or V12 when fjg is set to 20 MHz. (blue-GND, red-PWR vias) (b)
Optimized decaps under the IC for the V06 case (Units: mils). (¢) Progression
of the VO6 PDN optimization as decaps are added: the advantage of the small-
valued decaps added toward the end of the optimization for improving the
PDN impedance toward fy;;,;; is marginal compared to the large-valued decaps
more effective at lower frequencies.

The optimization results for the case of fyign = 30 MHz are
summarized in Fig. 7. In this case the physical limitation for
V12 falls within the optimization band, as shown in Fig. 5,
since the V12 minimum achievable inductance crosses the
Ziarger = 5.5 mQ at 27.9 MHz, thus before the fuigr. The PDN
power net area fill located on layer V12 is unfeasible, thus the
optimization is run only for the power net area fill on layer
V06 or V09. This time the placement of the decaps only under



the IC is insufficient for meeting the target impedance
requirements. Therefore, all 44 locations under the IC are first
filled, and the corresponding decaps are optimized; then 6
decaps and 14 decaps around the IC are also added during the
optimization process for the V06 and V09 PDN cases,
respectively.

1
— = TargetImpedance
LowestTargetFreq

HighestTargetFreq
V06 - 44 decaps UnderlIC & 6 decaps AroundIC
V09 - 44 decaps UnderlC & 14 decaps AroundIC
Phys. Lim. V06 (L=21.3 pH)
NI wsssseeeee: Phys. Lim. VO9 (L=24.62 pH)
- == == Phys. Lim. V12 (L=31.08 pH)

A .
10 10 102 107 10°
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Fig. 7 (a) Optimization results for the cases of V06 or V09 when f;; is
set to 30 MHz.

The last case is based on fign = 40 MHz. For this case the
V09 PDN design is unfeasible, since the physical limitation
curve crosses the Zurg: at 35.8 MHz, thus the GA optimization
provides a viable solution only for the V06 case at the cost of
additional decaps around the IC. The target impedance is met
with 44 decaps under the IC and 21 around the IC as shown in
Fig. 8. If the optimization is forced to run also for the V09
case, thus bypassing the physical limitation check, all 60
locations around the IC would have been filled, with a very
limited incremental improvement in the V09 PDN impedance
as the PDN impedances approaches the target impedance.

T T T T T
= = Target Impedance

——— LowestTargetFreq

HighestTargetFreq

V06 - 44 decaps UnderlC & 21 decaps AroundIC
Phys. Lim. V06 (L=21.3 pH)
----------- Phys. Lim. V09 (L=24.62 pH)

P4
10 10 102 107 10°
[GHz]

Fig. 8 (a) Optimization results for the case of V06 when s, = 40 MHz.

A complete summary of all optimized cases is given in
Table II where the details of all placed decaps are specified.
The resonant frequency of each decap is given by the series
inductance of Lpcs decap, Lavove, and the ESL with the
decoupling capacitor value. As seen in Table II while fugn
increases, the most used decap has a smaller value, thus a high
resonant frequency, to be able to bring down the PDN input
impedance at higher frequency. For the designs based on fign
=20 MHz all three cases of PDN layer area fill location (V06,
V09, or V12) can meet the required Zrge, and this is
accomplished by placing only some decaps under the IC (28,
30, and 30, respectively). However, when moving fig: to 30
MHz, all 44 locations under the IC will be filled up and some
decaps around the IC are required to meet the Ziarger, 1.€., 6 and
14 decaps for the V06 or V09 cases, respectively. The number
of decaps around the IC further increases when fign =40 MHz
to 21 for the V06 case, and all locations would be filled for the
V09 or V12 cases without achieving the PDN impedance
completely below the Ziug. A detailed comparison is shown
in Fig. 9 where the three PDN designs for V06 are compared.
The inductive behavior of the V06 PDN input impedance
beyond fuign is shown for the three PDN designs; the values

obtained are 58.6 pH, 37.7 pH, and 29.6 pH, for the 20 MHz,
30 MHz, and 40 MHz cases, respectively. Basically, the
inductive improvement of Z; becomes more and more
incremental when fu;g, 18 increasing, at a relevant cost in terms
of number of decaps, moving from 28 decaps under the IC for
the case of =20 MHz, to 44+6 decaps when fig=30 MHz,
and 44+21 decaps for the last case of fuig=40 MHz. From the
inset in Fig. 9 the improvement of the impedance bandwidth
from 20 MHz to 40 MHz is highlighted. However, this is
achieved at a cost of 37 additional decaps of small value
(mainly 22 nF and 47 nF), thus more than twice the decaps
initially optimized for fig=20MHz. In these specific
examples the ESL is constant and equal to 0.4 nH for all
decaps, independently on their package; if different packages
and corresponding ESL are involved in the design, the
optimization results would certainly be different. However,
the conclusions drawn in terms of number of necessary decaps
and their marginal impact toward the fxi;» would be the same
obtained by the examples shown herein. Moreover, the
optimization process can be readily applied when multiple
power rails need to be designed as long as the specific keep-
in areas for decaps Around the IC are defined by the designer.
The locations of decaps Under IC, instead, are inherently
assigned by the package footprint for the multiple rails. The
shown optimization can also be used when the Zju4.: is defined
as a mutual impedance in the case that the goal is to reduce the
noise on the overall PDN area.

TABLE IL. OPTIMIZED PDN DECOUPLING SOLUTIONS AT DIFFERENT
Siigh : #DECAPS UNDER IC (AROUND IC)
Decap 2 < 2 < 2 < g < g < s <
Name®* E = 5 S E ~ E =4 E S E &
N N N N N N
da (10 nF) 0 0 0 0 (0) 0(0) 0(0)
ds (22 nF) 0 0 0 4(0) 0 (0) 12(19)
dc (47 nF) 4 3 0 20(5) 25(13) 13(2)
dp (100 nF) 11 14 15 8 (0) 7 (0) 7 (0)
dk (220 nF) 5 5 6 4 (0) 5(0) 4 (0)
dr (470 nF) 4 3 3 4(0) 2 (0) 4 (0)
dg (1 puF) 2 2 2 2 (0) 2 (0) 2 (0)
dy (2.2 uF) 1 2 2 1 (0) 2(0) 1(0)
di (4.7 uF) 1 1 1 1(0) 1(0) 1(0)
d; (10 pF) 0 0 1 0(0) 0 (1) 0(0)
dk (22 uF) 0 0 0 0(0) 0(0) 0(0)
di (47 pF) 0 0 0 0(1) 0 (0) 0(0)
dwm (100 pF) 0 0 0
dy (220 pF) © © ©
Total 28 30 30 44 (6) | 44(14) | 442D

# Decaps dy and dy are used only for the locations around the IC

10° [= == Z_target
—a— 'an =20 MHz |
~- @ V0B, f,,, =20 MHz, (28+0) decaps |
—o— 4 = 30MHz |
10" | —-o-— V08, f40n=30 MHZ, (44+6) decaps |
—— g = 4OMHz [
N -9+ V0B, f,., =40 MHz, (44+21) decaps | fo..t..f...5
102 Phys. Lim. V06 (L=21.3 pH) |
= P
N I - z —’0
10 oOERC GO
A
e SR Smen e " MEREEE—
10 102 102 107"
[GHz]

Fig. 9 Comparison among the three optimized V06 PDNs based on the
three fyig values.
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CONCLUSIONS

A careful analysis for the PDN design based on the
optimization of decap type and position is carried out aimed
at defining practical design guidelines for avoiding PDN
overdesign. This is especially relevant for a design involving
a new IC, where the on-die and on-package capacitance may
be unknown, and also at an early stage of a pre-layout design
when transient current information is not available. So, the
proposed methodology helps the PI designer to understand the
marginal impact of additional decaps placed to move up the
effective frequency of the input impedance, even beyond the
value of fun initially set. Once the IC design is defined the
transient current and its spectrum may be somehow available,
such that the corresponding PDN transient noise can be
evaluated based on the PDN impedance, and the benefit of the
additional decaps can be quantified. Then the PDN layout can
be adjusted by accordingly refining the number of necessary
decaps. The possibility to calculate the transient noise helps
also to relax the constant (resistive) portion of the Zyger. The
analysis is based on a real test case where the selection of the
most appropriate stack-up layer for locating the PWR net is
also considered. Further, a parametric analysis is performed to
investigate the impact of the high-frequency bound of the
target impedance specification fig, in terms of the required
number of decoupling capacitors necessary to meet the Z ger
up to fmien. The results shown suggests that a careful look
should be given to the required fig1, and its relationship to the
frequency point where the resistive portion of Z¢.. meets the
physical limitation inductance curve. When they are too close,
although the PDN design may still be feasible, it is achieved
at a high cost in terms of number of decaps using many decaps
of low capacitance value. Avoiding the use of numerous
small-valued decaps that provide only incremental
improvement in the region where the resistive portion of the
target impedance approaches the inductive physical limitation
curve, may be achieved by increasing the corresponding BOM
in terms of layout area and components, or the fii» may be
accordingly decreased. This may be done while taking into
account also the impact of the package PDN, and significant
on-chip capacitance, since, after being combined with the
PCB PDN, the Zug: requirements toward a lower frigrn might
be relaxed. To this aim, even though an accurate model is not
made available by the IC vendor, a rudimentary R-L-C PDN
package model may be sufficient for setting Z,g.; constraints.
The R and L elements should take into account the PCB to
package connection mainly based on known geometries, and
any on-package and the on-chip decoupling capacitance, may
be derived according to typical IC current demand using a
broad design maxim, e.g. 10-100 nF/A of DC current. Further
research is currently on-going to demonstrate the impact of the
package PDN and on-chip capacitance on the optimized
decoupling solutions. Future work will also be carried out to
make the proposed methodical approach more valuable and of
practical use by:

e Running a parametric variation of the resistive portion
of the Zyeer to understand the sensitivity of the overall
decoupling solution in terms of number of caps,
physical inductance limitation with added number of
potential decap sites, and fuign.

e Quantifying the marginal improvement of additional
decaps toward fuin by evaluating the PDN transient
voltage noise in order to avoid overdesign in the region
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where the resistive portion of the target impedance
intersects the physical inductance limitation, although
difficulties may arise in knowing the time-domain
current profile to use.

REFERENCES

M. Swaminathan and A. E. Engin, Power Integrity Modeling and
Design for Semiconductors and Systems, West ford, MA:Prentice-Hall,
2007.

F. de Paulis, R. Cecchetti, C. Olivieri and M. Buecker, "Genetic
Algorithm PDN Optimization based on Minimum Number of
Decoupling Capacitors Applied to Arbitrary Target Impedance," 2020
IEEE Intl. Symp. Electromag. Compat. & Signal/Power Integrity
(EMCSI), 2020, pp. 428-433.

I. Erdin and R. Achar, "Multipin optimization method for placement of
decoupling capacitors using a genetic algorithm", [EEE Trans.
Electromagn. Compat., vol. 60, no. 6, pp. 1662-1669, Dec. 2018

S. Han and M. Swaminathan, "A Non-Random Exploration based
Method for the optimization of Capacitors in Power Delivery
Networks", 2020 IEEE 29th Conference on Electrical Performance of
Electronic Packaging and Systems (EPEPS), pp. 1-3, 2020.

K. Koo, G. R. Luevano, T. Wang, S. Ozbayat, T. Michalka and J. L.
Drewniak, "Fast Algorithm for Minimizing the Number of decap in
Power Distribution Networks", IEEE Trans. on Electromagn. Compat.,
vol. 60, no. 3, pp. 725-732, June 2018.

J. Juang, L. Zhang, Z. Kiguradze, B. Pu, S. Jin and C. Hwang, "A
Modified Genetic Algorithm for the Selection of Decoupling
Capacitors in PDN Design," 2021 IEEE International Joint EMC/SI/PI
and EMC Europe Symposium, 2021, pp. 712-717.

Haupt, R.L.; Haupt, S.E. Practical Genetic Algorithms, 2nd ed.; Wiley:
New York, NY, USA, 2004.

Y. Ding et al., "Equivalent Inductance Analysis and Quantification for
PCB PDN Design," 2019 IEEE Intl. Symp. on Electrom. Comp., Signal
& Power Integrity (EMC+SIPI), 2019, pp. 366-371.

Guang-Tsai Lei, R. W. Techentin and B. K. Gilbert, "High-frequency
characterization of power/ground-plane structures," in [EEE
Transactions on Microwave Theory and Techniques, vol. 47, no. 5, pp.
562-569, May 1999.

L. Ren, J. Kim, G. Feng, B. Archambeault, J. L. Knighten, J. Drewniak,
and J. Fan, “Frequency-dependent via inductances for accurate power
distribution network modeling,” in Proc. IEEE Intl. Symp.
Electromagn. Compat., Aug. 2009, pp. 63-68.

J. Kim, L. Ren, and J. Fan, “Physics-based inductance extraction for
via arrays in parallel planes for power distribution network design,”
IEEE Trans. Microw. Theory Tech., vol. 58, no. 9, pp. 2434-2447, Sep.
2010.

M. Friedrich and M. Leone, "Boundary-Element Method for the
Calculation of Port Inductances in Parallel-Plane Structures," in JEEE
Trans. Electromagn. Compat., vol. 56, no. 6, pp. 1439-1447, Dec.
2014.

J. Kim, K. Shringarpure, J. Fan, J. Kim and J. L. Drewniak, "Equivalent
Circuit Model for Power Bus Design in Multi-Layer PCBs With Via
Arrays," in [EEE Microwave and Wireless Components Letters, vol.
21, no. 2, pp. 62-64, Feb. 2011.

A. Jain, H. Vaghasiya and J. N. Tripathi, "Efficient Selection and
Placement of In-Package Decoupling Capacitors Using Matrix-Based
Evolutionary ~ Computation," in IEEE Open Journal of
Nanotechnology, vol. 2, pp. 191-200, 2021.

S. Piersanti, F. de Paulis, C. Olivieri and A. Orlandi, "Decoupling
Capacitors Placement for a Multichip PDN by a Nature-Inspired
Algorithm", in /EEE Trans. Electromagn. Compat., vol. 60, no. 6, pp.
1678-1685, Dec. 2018.

I. Erdin and R. Achar, "Multi-Objective Optimization of Decoupling
Capacitors for Placement and Component Value," in /[EEE Trans.
Compon. Packag. Manuf. Technol., vol. 9, no. 10, pp. 1976-1983, Oct.
2019.

K. Shringarpure et al., "Formulation and Network Model Reduction for
Analysis of the Power Distribution Network in a Production-Level
Multilayered Printed Circuit Board," in [EEE Transactions on
Electromagnetic Compatibility, vol. 58, no. 3, pp. 849-858, June 2016.



	A Methodical Approach for Pcb Pdn Decoupling Minimizing overdesign with Genetic Algorithm Optimization
	Recommended Citation

	A Methodical Approach for PCB PDN Decoupling Minimizing Overdesign with Genetic Algorithm Optimization


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.500 x 11.000 inches / 215.9 x 279.4 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20120516081844
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

      
       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     6
     5
     6
      

   1
  

 HistoryList_V1
 qi2base



