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22-Layer High Density FPGA Printed Circuit Board 
Complex Integration of Multiple 

Power Distribution Networks

Is the decoupling capacitor reference 

design optimized for my application?

© Keysight Technologies 2018
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P O W E R  I N T E G R I T Y

© Keysight Technologies 2018
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TA R G E T  Z  D E C O U P L I N G  C A PA C I T O R  O P T I M I Z AT I O N

© Keysight Technologies 2018

40% Reduction

in Part Count

Optimized

Decap Design
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D E S I G N  M E T H O D O L O G Y  F O R  D E C A P O P T I M I Z AT I O N

© Keysight Technologies 2018

1. Calculate 1st order approximations using simple resistor, 

inductor, capacitor R-L-C models

2. Use Target Z to optimize the decoupling capacitor selection 

using high fidelity EM models (ADS PIPro)

3. Validate with full Power Integrity Eco-System simulation in ADS
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T I M E  D O M A I N  N AT U R A L  A N D  F O R C E D  B E H AV I O R
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E N E R G Y  S W I N G S  B E T W E E N  T H E  L  A N D  T H E  C
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𝑉 𝑡 = 𝐿
𝑑𝑖
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I M P E D A N C E  P E A K S  C A U S E  H I G H E R  V O LTA G E  R I P P L E

© Keysight Technologies 2018

𝑍0 =
𝐿

𝐶

𝑄 =
𝑍0

𝑅𝑡𝑜𝑡𝑎𝑙

𝑓0 =
1

2𝜋 𝐿𝐶

𝒁𝒑𝒆𝒂𝒌 = 𝒁𝟎 ∙ 𝑸

∆𝑉 = ∆𝐼 ∙ 𝑍𝑝𝑒𝑎𝑘

1 Amp

AC Sweep

V=Z*1=Z
Simulation Trick

Zpeak=500 mOhms

Zo=100 mOhms

𝟏

𝝎𝑪
𝝎𝑳

Parallel L-C in the PDN

V R Lsupply
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Impedance vs. Frequency
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A C A PA C I T O R  I S  A N  I N D U C T O R  AT  H I G H  F R E Q U E N C I E S

© Keysight Technologies 2018

Impedance Equation Series RLC Impedance vs. FrequencyCapacitor

Model
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I M P E D A N C E  P L O T S  I N S T E A D  O F  B O D E  P L O T S

© Keysight Technologies 2018

Step Load Forced

Power Supply

Simple R-L Model

Bode Gain Phase Stability 

PROBLEM

The Load can make the Power 

Supply Control Loop go unstable

1st Order SOLUTION

Design for Flat Impedance at the 

output to keep V and I in phase 

and the feedback stable.

Frequency Domain

Power Supply Output Impedance

Time Domain

Voltage and Current vs. Time

LOG SCALE LOG SCALE for time

R

𝝎𝑳

𝑓𝑠𝑢𝑝𝑝𝑙𝑦

Controlled
No Control

High Z

V R L
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D E S I G N I N G  F O R  F L AT  I M P E D A N C E
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Step Load Forced

PROBLEM

Find the decoupling capacitor that 

will maintain a Flat Z Load for the 

Power Supply

1st Order SOLUTION

Add Bulk Capacitor to 

maintain flat impedance 

Frequency Domain

Power Supply Output Impedance

Time Domain

Voltage and Current vs. Time

LOG SCALE
LOG SCALE for time

Target Z

𝝎𝑳𝒔𝒖𝒑𝒑𝒍𝒚

𝑓𝑠𝑢𝑝𝑝𝑙𝑦

Power 

Supply

Decoupling 

Ideal Bulk C

𝟏

𝝎𝑪𝒃𝒖𝒍𝒌

𝐶𝑏𝑢𝑙𝑘 =
𝐿𝑠𝑢𝑝𝑝𝑙𝑦
𝑍𝑇𝑎𝑟𝑔𝑒𝑡
2

Flat Z Load

V R Lsupply Cbulk

Ztarget

Flat Z Design

R-L Supply
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F L AT  Z  =  M A X I M U M  S TA B I L I T Y  A N D  M I N I M U M  R I P P L E  

© Keysight Technologies 2018

Step Load Forced

PROBLEM

Capacitor is not Ideal, it 

has series inductance!

1st Order SOLUTION

Add another decoupling 

capacitor to extend the Flat Z 

to a higher Frequency

Frequency Domain

Power Supply Output Impedance

Time Domain

Voltage and Current vs. Time

LOG SCALE
LOG SCALE for time

Target Z

𝝎𝑬𝑺𝑳𝒃𝒖𝒍𝒌

𝟏

𝝎𝑪𝑩𝒖𝒍𝒌

Flat Z Extended

𝝎𝑬𝑺𝑳𝒅𝒆𝒄𝒂𝒑

V R Lsupply Cbulk

ESRCbulk

ESLCbulk

Cdecap

ESRCdecap

ESLCdecap

Flat Z Extended

Flat Z Bulk Cap

𝝎𝑳𝑺𝒖𝒑𝒑𝒍𝒚𝟏

𝝎𝑪𝑫𝒆𝒄𝒂𝒑
1

2
3

2 31

𝐶𝑑𝑒𝑐𝑎𝑝 =
𝐸𝑆𝐿𝐶𝑏𝑢𝑙𝑘
𝑍𝑇𝑎𝑟𝑔𝑒𝑡
2
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H O W  FA S T  I S  T H E  L O A D  C H A N G I N G ?

PROBLEM

Load 
𝑑𝑖

𝑑𝑡
spectral content is 

difficult to measure and is not 

in the data sheets .

1st Order SOLUTION

Let the IC vendor design the 

decoupling above the package 

C decoupling frequency.

Impedance Simulated at the Package Pin

Package-Die

S-Parameter Model

Vendor Supplied

Cpkg

Vripple Transfer from Package Pin to the Die

1:1

transferred

filtered

Lpkg

Die Voltage with 10mV 

@ Package Pin

Frequency, Hz Frequency, Hz
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PA C K A G E / D I E  P R O V I D E S  M A X  F R E Q U E N C Y  D E C O U P L I N G

© Keysight Technologies 2018

Step Load

PROBLEM

Package/Die has limited 

high frequency charge 

storage.

1st Order SOLUTION

Add a power supply and PCB 

PDN to cover the lower 

frequency decoupling.

Frequency Domain

Impedance at the Package Pin (no PCB PDN)

Time Domain

Voltage and Current vs. Time

LOG SCALE
LOG SCALE for time

𝟏

𝝎𝑪𝒑𝒌𝒈

High Frequency

Decoupling

𝝎𝑳𝒑𝒌𝒈
Package C discharging

Load Z at Package Pin

Charge storage 

limited by Cpkg
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TA R G E T  Z  AT  H I G H  F R E Q U E N C I E S  =  M A X I M U M 𝑳 𝑷𝑫𝑵

© Keysight Technologies 2018

PROBLEM

How to calculate the 

increasing Target Z limit at 

high frequencies?

1st Order SOLUTION

Use the package/die C to 

calculate a Maximum 𝑳𝑷𝑫𝑵 that 

it can flatten to Target Z.

Time Domain

Voltage and Current vs. Time

LOG SCALE LOG SCALE for time

Maximum 𝐿𝑃𝐷𝑁 =
𝐶𝑝𝑘𝑔

𝑍𝑇𝑎𝑟𝑔𝑒𝑡
2

CPDN

RPDN

LPDN

Frequency Domain

Impedance at the Package Pin 

𝟏

𝝎𝑪𝒑𝒌𝒈
𝝎𝑳𝑷𝑫𝑵

Target Z

Flat Z PDN

Package/Die

Decoupling

Flat PDN Design

Package/Die

With no PDN
Step Load
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PA R A L L E L  R E S O N A N C E  C A U S E S  I M P E D A N C E  P E A K

© Keysight Technologies 2018

Package/Die 

DecouplingVRM 

Control

No PDN

Decoupling

Step Forced

Time Domain

Voltage and Current vs. Time
Frequency Domain

Impedance at the Package Pin 

No PDN

Decoupling
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I N C R E A S E S  PA R T  C O U N T  T O  R E A C H  TA R G E T  Z
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Package/Die 

Decoupling
VRM 

Control

Low ESR 100 uF

Capacitor

Step Forced

Time Domain

Voltage and Current vs. Time
Frequency Domain

Impedance at the Package Pin 

Target Z
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F L AT  Z  =  M A X I M U M  S TA B I L I T Y  A N D  M I N I M U M  R I P P L E  

© Keysight Technologies 2018

Package/Die 

Decoupling
VRM 

Control

Flat PDN

Decoupling

Step Forced

Time Domain

Voltage and Current vs. Time
Frequency Domain

Impedance at the Package Pin 

Target Z



19

D E S I G N  M E T H O D O L O G Y  F O R  D E C A P O P T I M I Z AT I O N
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1. Calculate 1st order approximations using simple resistor, 

inductor, capacitor R-L-C models

2. Use Target Z to optimize the decoupling capacitor selection 

using high fidelity EM models (ADS PIPro)

3. Validate with full Power Integrity Eco-System simulation in ADS
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E A S Y  S E T U P  F O R  H I G H  P O R T  C O U N T  S I M U L AT I O N S
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1) IMPORT THE PCB

• Select VRM, Sink, Nets, Components

• Run EM AC Frequency Sweep 2) OPTIMIZE DECOUPLING

• Select capacitor models

• Setup optimization goals

• Run Optimization 2) GENERATE SCHEMATIC

• Auto generate schematic 

with PCB PDN EM model 

and optimized capacitors.

Target Z
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E M  S I M U L AT O R S  C A N  O P T I M I Z E  L AY O U T  F O R  L O W  L

© Keysight Technologies 2018

L

+ -
Loop Inductance

L increases 

with loop area

CAP
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D E S I G N  M E T H O D O L O G Y  F O R  D E C A P O P T I M I Z AT I O N

© Keysight Technologies 2018

1. Calculate 1st order approximations using simple resistor, 

inductor, capacitor R-L-C models

2. Use Target Z to optimize the decoupling capacitor selection 

using high fidelity EM models (ADS PIPro)

3. Validate with full Power Integrity Eco-System simulation in ADS
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K E Y S I G H T  Y O U T U B E  V I D E O  W I T H  P I C O T E S T
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How to Video

http://tinyurl.com/vrm-video

http://tinyurl.com/vrm-video
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V R M  +  P D N  +  L O A D  =  P I  E C O S Y S T E M

© Keysight Technologies 2018
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D E S I G N  M E T H O D O L O G Y  F O R  D E C A P O P T I M I Z AT I O N
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1. Calculate 1st order approximations

2. Decoupling capacitor optimization requires a Target Z input

3. Power Integrity Eco-System includes switching VRM models

𝐶𝑏𝑢𝑙𝑘 =
𝐿𝑠𝑢𝑝𝑝𝑙𝑦
𝑍𝑇𝑎𝑟𝑔𝑒𝑡
2 𝐶𝑑𝑒𝑐𝑎𝑝 =

𝐸𝑆𝐿𝐶𝑏𝑢𝑙𝑘
𝑍𝑇𝑎𝑟𝑔𝑒𝑡
2 Maximum 𝐿𝑃𝐷𝑁 =

𝐶𝑝𝑘𝑔

𝑍𝑇𝑎𝑟𝑔𝑒𝑡
2
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H O W  T O  V I D E O S  |  N E W  T O  A D S ?
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– “How To” Video Series 

www.keysight.com/find/eesof-how-to-videos

– Application Focused 

(10 min each)

– Free workspace

Try ADS! Obtain a “FREE” 45-day evaluation copy 

http://www.keysight.com/find/eesof-ads-evaluation

http://www.keysight.com/find/eesof-how-to-videos
http://www.keysight.com/find/eesof-systemvue-evaluation



