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ABSTRACT:

With miniaturization, higher speeds, and more device complexity, today’s RF and high-speed digital devices 
require more precise filtering, improved signals, and power with less noise. This discussion will focus on 
how the lowest profile coppers can improve SI, how ultra-thin coppers can be used to make more precise 
circuits and features, and how extremely thin and high Dk dielectrics improve EMC, SI and PI.
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WE WILL LOOK AT:

- Intro to electro deposited copper and embedded capacitance materials

- Impact of Very Smooth Profile Copper on Transmission

- MicroThin and RF

- Embedded Capacitance for RF and Digital and impact on EMC

- Wrap up
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Hubble Webb

Sharper Images are Good!

Hubble Webb

Credits: NASA, ESA, CSA, STScI; Joseph DePasquale (STScI), Anton M. Koekemoer (STScI), Alyssa Pagan (STScI)

Pillars of CreationSouthern Ring Nebula
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High Resolution for Better Signals….this guy looks Bad! 

Eugenijus Kavaliauskas/Nikon Small World
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Resonance is Bad!
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is Good!

Routers Servers
(Cloud computing)

MEMS Microphones
(Size 2.5mmx3.5mm)

SSD storage

Organic Capacitor chip
Diplexers, RF Filters

IC testers

Super computers

Military

Medical

Automotive
Modules

Drones

Aerospace
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Very Smooth Profile Copper and RF
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Confidential for

24th July 2019
Skin effect

Skin resistivity

Base Material^Resin

At higher frequency range, the signal currency runs at the surface of copper foil_Skin Effect`.
The depth in which signal currency runs is called “Skin Depth”.
The Skin Depth can be calculated by the formula:

Frequency(GHz) Skin 
Depth(um)

0.1 6.6

1 2.1

10 0.7

20 0.5

40 0.3

100 0.2

f=frequency

Higher frequency
⇒ More Skin effect

More affected by conductor surface conditions
In case of higher conductor roughness, wire length 
becomes longer in effect.

Increased Signal Loss 

Low conductor roughness  proved to improve Signal Loss.

Conductor

Skin Depth

Higher frequency caselower frequency case
Image of signal currency flow

9

VSP

Skin Effect
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• Making Smoother Copper
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MITSUI KINZOKU TAKING FULL ADVANTAGE OF MATERIAL INTELLIGENCE MITSUI 2007

DFFDFF®® Copper Foil manufacturing processCopper Foil manufacturing process

Drum side

Deposited side

＋

－

Rotating Ti 
Cathode drum

Copper Sulfate solution

Surface topography

Anode

Conventional ED foilVLPTMDFF®VSP®
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VSP
Very Smooth Profile
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MITSUI KINZOKU TAKING FULL ADVANTAGE OF MATERIAL INTELLIGENCE MITSUI 2007

UltraUltra--Low Profile Copper Foil / DFFLow Profile Copper Foil / DFF®®

DFFDFF®® DDual ual FFlat lat FFoiloil
The smoothest Copper Foil in the world

Conventional copper foilConventional copper foil
(Drum side, (Drum side, ““shiny sideshiny side””))DFFDFF®® Standard Copper Foil
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Confidential for Isola

29th Jan. 2020

MLS-G MLS-G3 HS-VSP HS1-VSP HS2-VSP SI-VSP

Base 
copper

After 
treated
copper

Bonding 
side
SEM 
image

3.2um

1.3um
(Drum side)

0.8um

0.5um

1.3um 
(Drum side)

2.5um 1.8um 0.5um1.3um

Construction image and surface roughness

0.5um

1.3um 
(Drum side)

0.5um

1.3um 
(Drum side)

0.5um

1.3um 
(Drum side)

3.2um

1.3um
(Drum side)

1.3um

Surface Roughness, Rz
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Confidential for Isola

29th Jan. 2020

Dielectric : 136μm

Line 300μmDielectric : Low loss Prepreg 136um, Dk 3.08, Df 0.0027 
Cu thickness : 18μm Impedance ： 50Ω
Measurement mode ： Microstrip Line / Single

Transmission loss (Comparison of  VSP-foil)

9

Loss number
(Good) SI-VSP < HS2-VSP < HS1-VSP < MLS-G (Bad)

Transmission Loss
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29th Jan. 2020

Dielectric : 136μm

Line 300μmDielectric : Low loss Prepreg 136um, Dk 3.08, Df 0.0027 
Cu thickness : 18μm Impedance ： 50Ω
Measurement mode ： Microstrip Line / Single

Transmission loss (Comparison of  RTF-foil)

10

Loss number
(Good) MLS-G3 << MLS-G (Bad)

Transmission Loss of RTF
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Confidential for Isola

29th Jan. 2020

Dielectric : 136μm

Line 300μmDielectric : Low loss Prepreg 136um, Dk 3.4, Df 0.002 
Cu thickness : 18μm Impedance ： 50Ω
Measurement mode ： Microstrip Line / Single

Transmission loss (Compression with Flat copper)

NA-VSP
= without nodule

SI-VSP

12

10um

Transmission Loss, lowest profile copper comparisons
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MicroThin and RF
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Reason for using MSAP for Smartphone Motherboard
9 Miniaturization and densification of Mother Board to enlarge battery space.
9 Narrower BGA ball pitch to improve the function of IC package
9 Improvement of signal characteristics in high speed signal

Variations
Surface

roughness
[μm]

Target L/S
by MSAP

Thickness [μm]

1.5 2 3 5

Standard MT18SD‐H Rz 3.0 30/30μm ● ●

Low Profile MT18Ex Rz 2.0 25/25μm ● ● ● ●

Very Low 
Profile MT18FL Rz 1.3 15/15μm ● ● ●

Uniform nodulation

Useable for very fine pitch pattern under 
L/S=30/30μm formation by MSAP*.

Ultra thin copper foil for IC Substrate

MicroThin™ Applications

MicroThin™ Line up

*MSAP: Modified Semi‐Additive Process

IC Substrate
DRAM ①
Application Processor ②

Smartphone Motherboard ③

Change of patterning method on Mother Board

2013 2014 2015 2016 2017 2018 2019 2020

LS=50/50 L/S=40/40 L/S=30/30 L/S=25/25

MSAPSubtractive Method

Coverage of MSAP has spread from IC 
substrate to Smartphone Motherboard

18μm  Carrier Copper

Ultra thin Copper

Releasing Layer

MicroThin™ Structure

DRAM

AP

Mother
Board

①

②

③

【Cross section of  Smartphone】

MicroThin
TM

SeriesThin Copper in RF Applications
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Reason for using MSAP for Smartphone Motherboard
9 Miniaturization and densification of Mother Board to enlarge battery space.
9 Narrower BGA ball pitch to improve the function of IC package
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MicroThin™ Applications
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IC Substrate
DRAM ①
Application Processor ②
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Coverage of MSAP has spread from IC 
substrate to Smartphone Motherboard

18μm  Carrier Copper

Ultra thin Copper

Releasing Layer

MicroThin™ Structure

DRAM

AP

Mother
Board

①

②

③

【Cross section of  Smartphone】

MicroThin
TM

Series

Thin Copper in RF Applications
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MicroThin
SEM High Resolution Image/ 12 micron Lines and 12 micron Spaces
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Embedded Capacitance and RF, PI, and EMC



110922RC

IC Component
Decoupling capacitors 

Traces

IC Package

Large Inductance Loop

Bulk and Decoupling Caps Provide an almost unlimited 
Reservoir but its Very Very Far Away

Can’t reach the IC above 200 MHz

High Inductance

Inductance Loop
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Laminates

IC Component

IC Component

Decoupling capacitors 

High Inductance

Low Inductance

Capacitance 
Layer

Traditional Surface Mount  Decoupling capacitor design

Embedded capacitor design

Traces

FaradFlex® 
laminateInstead you can do this

IC Package
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• Why Embedded Capacitance and Thin 
Dielectrics?

v Better PDN                      
(Power Delivery Network)

v More design space

v Low inductance

v Low impedance

v Reduced noise

v Lower Profile

v Can remove most 0.1!F and 
0.01 !F decoupling capacitors

v Weight reduction

v Higher reliability

v In some designs better thermal 
transfer



110922RC

• What is a Planar Capacitor?

Conductive plane pair with dielectric separation

Upper conductor

Dielectric material: Dk  Dielectric Constant or Relative Permittivity εr

Lower conductor

S

d
C = Capacitance (Farads)

S = Area of plates 

Dk = Dielectric constant of material between plates

K = Constant

d = Thickness between plates 

K*Dk*S

d
C =
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EMBEDDED CAPACITANCE LAMINATE CONSIDERATIONS
When Designing the PCB:  Two Factors That Determine Capacitance Of A Laminate

Dk of the Material- Dielectric Constant- Capacitance is directly proportional to the Dk
HIGHER Dk IS BETTER!

Thickness of the dielectric- Capacitance is inversely proportional to thickness
THINNER IS BETTER!
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Types of Embedded Capacitance Laminate

Used in Shared Planar Applications

Laminate constructed with:

⎯ Copper (from 2 oz to as thin as 3 micron)

⎯ Epoxy or other type resin bonded to a high 
performance polymer film

⎯ Thicknesses from 25 micron to as thin as 3 micron

⎯ Dk from 3.5 to as high as 30

Embedded Capacitance Materials

1.

2.

3.

Polymer film and resin

Filled resin “non-supported”

Polymer film with filled resin
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Courtesy of Gary Ferrari, 

FaradFlex® is much thinner than other cores

Replace existing power/ground layers with FaradFlex®

for use as power distribution layer

10 layer stack-up with 2 power-ground layers at
L2/L3 and L8/L9 (using FaradFlex® in the power-ground allows for 
embedded capacitance)

200 !m 

200 !m 12 !m 

12 !m 

Z-axis of the PCB can be reduced or more layers put in the same thickness

400 "m
-24 "m

Thickness Reduction

376 "m reduction
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Measurement

Courtesy of Oracle
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Panel Size= 50 in2

80% Retained Cu

Product nF

ZBC2000 16

ZBC1000 32

MC24M 40

MC8M 124

MC12TM 180

MC16T 440

Discrete capacitors of 0.1µF have a resonance frequency of about 15 MHz
Discrete capacitors of 0.01µF have a resonance frequency of about 40 MHz

Thinner Dielectrics and
Higher Dk = Lower Impedance

Thinner Dielectrics =
Lower Impedance
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ZBC-2000

ZBC-1000

FaradFlex MC24M

FaradFlex MC12TM

FaradFlex MC8M

FaradFlex MC16T

Inductance, lower is 
better

Panel Size= 50 in2

80% Retained Cu

Product nF

ZBC2000 16

ZBC1000 32

MC24M 40

MC8M 124

MC12TM 180

MC16T 440

Resonances occur 
above 200 MHz

• PCB Electrical Performance (Up to 
1 GHz)



110922RC

PCB Electrical Performance (Up to 50 GHz, simulated)

50

Meg 7

MC24M
MC25L

MC12TM
MC8M

MC7TM

MC3TB

50 micron

25 micron
22 micron

12 micron, high DkPI Improved
8 micron, 
7 micron, high Dk

3 micron, high Dk

Thinner is Better!

Lower Inductance
Lower resonance
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High DK and/ or Low Df

Fig. 1. Low dielectric loss (DF) FaradFlex, “ST” & “LD” series for RF module 

Main application:

→ LPF, BPF, Diplexer

→ RF module

0 5 10 15 20 25
0.00
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0.02

0.03

0.04

 

 

D
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ct
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Dielectric constant

ST series

LD series
RF module

at 1GHz
T series

RF module

Embedded Capacitance Materials for RF 
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OMT Confidential

Dk, DF vs Frequency (1MHz – 10GHz)

Fig. Dk and DF vs frequency at GHz of FaradFlex materials
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OMT Confidential

-50 -25 0 25 50 75 100 125

15

10

5

0

5

10

15

 T   series
 ST series
 LD series

 

 
(C

t-C
25

o C
)/C

25
o C

 x
 1

00
 (%

)

Temp.(oC)

Temperature Dependence of Capacitance

at 1MHz

Fig. Temperature dependence of capacitance of FaradFlex materials

9

MC8T/MC3TS/MC2TS

MC12ST

MC12LD improved temperature stability

MC8T/MC3TB

MC12ST

Embedded Capacitance Materials and RF
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Low Loss MC12LD for use in RF

For use in:
• Inductors
• Diplexers
• Capacitors
• Filters

Embedded Capacitance for RF 
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Diplexer
• A device containing 2 RF filters and one I/O port.
• Enables 2 RF transceivers to operate on 1 RF antenna.

Important Parameters
• Low insertion loss at each center frequency.
• High rejection of out of band frequencies.
• Size.

International Microwave Symposium 2021
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the purpose of this paper is to analyze the effects on PDN 

induced signal degradation. The thickness of all metal layers 

has 35 Ɋm thick constant. The prepregs between the M1-M2 

and M3-M4 layers are the FR-4 substrate with 100 Ɋm thick. 

In contrast, the core between the M2-M3 layers is used for the 

three types of substrates indicated in Table I. Therefore, please 

note that the core thickness is different in each core. 

We can assume that the core with ultra-thin thickness or 

high permittivity as between the power/ground planes will 

suppress the problems related to SI/PI/electromagnetic 

compatibility (EMC) due to the PDN impedance. This is 

because these materials are capable of reducing the PDN 

impedance in the broadband. The PDN impedance is: 

ܼ଴ ൌ ඨ
଴ܮ
଴ܥ
�ǡ ሺͳሻ 

where, ܮ଴  and ܥ଴  are the PDN inductance and capacitance, 

respectively. Here, the PDN capacitance is: 

଴ܥ ൌ ߝ
ܵ
݀
�ǡ ሺʹሻ 

where, ߝ is the dielectric permittivity between the planes, ܵ is 

the surface area of a plane, and ݀ is the distance between the 

planes. In order to reduce the PDN impedance, increasing the 

value of capacitance ܥ is a better solution. Therefore, except 

for the surface area ܵ, which depends on the PCB design, a 

substrate with high ߝ or small ݀ has the benefit of reducing the 

PDN impedance. 

Thus, we analyze and evaluate the PDN impedance and 

their effects on high-speed signaling in the three types of 

substrates, including the ultra-thin and high permittivity one. 

B. Simulation Model of Substrate to Evaluate the PDN 
Induced the Crosstalk 
Fig.2 shows the substrate for analyses. The size of the 

substrate is ͷ ൈ ͵ cm and the 4-layer substrate indicated in 

Fig.1 is used. There are four channels; channels 1/2 are the 

microstrip lines (MSLs) without signal vias, and channels 3/4 

are the MSLs with two signal vias in each channel. Resistors 

with 50 ȳ are set at the end of the MSLs at all ports to match 

the characteristics impedance. In this paper, we targeted a 

scenario that decoupling capacitors to reduce the PDN 

impedance and other vias to operate various chips located far 

away. Therefore, we set no components and vias that could 

adjust the PDN impedance as shown in Fig. 2.  

In the substrate for analyses, we design the trace separation 

distance between channels 1/2 and 3/4 as ten times the line 

width. In general, the return current distribution of MSL 

dominates 80% within a distance of േ3 times the line width 

and over 90% within a distance of േ 10 times the line width. 

Therefore, there is little crosstalk between the two channels 

[5], [6]. However, the crosstalk occurs when a channel has 

signal vias and penetrates the power or ground planes [3], [4]. 

The return current of signal via that penetrates power/ground 

planes is the displacement current that propagate the dielectric 

substrate. When the PDN impedance (the impedance between 

places) is low, the power/ground planes are a good return path. 

However, when the PDN impedance is high, it is difficult to 

flow the displacement current near the signal via; return 

current discontinuity occur. As a result, the return current 

spreads through power/ground planes and couples other vias 

as noise. This crosstalk is called PDN induced crosstalk, 

which channels 3/4 can cause.  

We set port 9 to measure the PDN impedance at 1 mm away 

from the signal via of channel 4 as shown in Fig.2. Then, we 

evaluate the PDN induced crosstalk impacts on high-speed 

signaling by comparing the PDN impedance observed at port 

9 and transmission characteristics on each channel. 

III. ANALYSIS OF PDN RESONANCE EFFECTS ON A HIGH-

SPEED CHANNEL IN ULTRA-THIN AND HIGH PERMITTIVITY�
SUBSTRATE  

In this section, we analyze the substrate indicated in the 

previous section with EM simulation and circuit simulation. 

We use the Ansys HFSS for the EM simulation and Keysight 

advanced design system (ADS) for the circuit simulation. By 

comparing the result in three types of substrates, we analyze 

and evaluate the PDN induced crosstalk impacts on the 

signaling. 

Ground

Power

100 

100 

Prepreg

35 

35 

35 

35 

M1

M2

M3

M4
Prepreg

Core

Fig.1 Cross-sectional view of the 4-layers substrate. The upper and lower 

prepregs are the FR-4 substrates with 100 μm thick. The middle core is 

altered in three material substrates. 

Fig.2 Top view of the EM simulation model has four channels; channels 

1/2 are the MSL without signal vias, and channels 3/4 are through signal 

vias. Port 9 is set to measure the PDN impedance nearby the signal via. v as. o 9 s se o easu e e N peda ce ea by e s g a v a.

TABLE I. THREE TYPES OF SUBSTRATES USED IN THIS PAPAER 

 #1 #2 #3 

Name FR-4 MC24M MC12TM 

Thickness 

 ࢋ࢘࢕ࢉ࢚
 ܕૄ 12 ܕૄ 24 ܕૄ 300

Relative Permittivity 

 (GHz 1 @) ࢘ࢿ
4.4 3.5 9.5 

Loss Tangent 

 (GHz 1 @) ࢾܖ܉ܜ
0.020 0.016 0.020 

Trace Separation Distance

Line Width

Port 1

Port 3

Port 5

Port 7

Port 2

Port 4

Port 6

Port 8
Port 9

PDN Impedance

Measurement Port

Channel 1

Channel 2

Channel 3

Channel 4
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has 35 Ɋm thick constant. The prepregs between the M1-M2 

and M3-M4 layers are the FR-4 substrate with 100 Ɋm thick. 

In contrast, the core between the M2-M3 layers is used for the 

three types of substrates indicated in Table I. Therefore, please 
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planes. In order to reduce the PDN impedance, increasing the 

value of capacitance ܥ is a better solution. Therefore, except 

for the surface area ܵ, which depends on the PCB design, a 

substrate with high ߝ or small ݀ has the benefit of reducing the 

PDN impedance. 

Thus, we analyze and evaluate the PDN impedance and 

their effects on high-speed signaling in the three types of 

substrates, including the ultra-thin and high permittivity one. 
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substrate is ͷ ൈ ͵ cm and the 4-layer substrate indicated in 

Fig.1 is used. There are four channels; channels 1/2 are the 

microstrip lines (MSLs) without signal vias, and channels 3/4 

are the MSLs with two signal vias in each channel. Resistors 

with 50 ȳ are set at the end of the MSLs at all ports to match 

the characteristics impedance. In this paper, we targeted a 

scenario that decoupling capacitors to reduce the PDN 

impedance and other vias to operate various chips located far 

away. Therefore, we set no components and vias that could 

adjust the PDN impedance as shown in Fig. 2.  

In the substrate for analyses, we design the trace separation 

distance between channels 1/2 and 3/4 as ten times the line 

width. In general, the return current distribution of MSL 

dominates 80% within a distance of േ3 times the line width 

and over 90% within a distance of േ 10 times the line width. 

Therefore, there is little crosstalk between the two channels 

[5], [6]. However, the crosstalk occurs when a channel has 

signal vias and penetrates the power or ground planes [3], [4]. 

The return current of signal via that penetrates power/ground 

planes is the displacement current that propagate the dielectric 

substrate. When the PDN impedance (the impedance between 

places) is low, the power/ground planes are a good return path. 

However, when the PDN impedance is high, it is difficult to 

flow the displacement current near the signal via; return 

current discontinuity occur. As a result, the return current 

spreads through power/ground planes and couples other vias 

as noise. This crosstalk is called PDN induced crosstalk, 

which channels 3/4 can cause.  

We set port 9 to measure the PDN impedance at 1 mm away 

from the signal via of channel 4 as shown in Fig.2. Then, we 

evaluate the PDN induced crosstalk impacts on high-speed 

signaling by comparing the PDN impedance observed at port 

9 and transmission characteristics on each channel. 

III. ANALYSIS OF PDN RESONANCE EFFECTS ON A HIGH-

SPEED CHANNEL IN ULTRA-THIN AND HIGH PERMITTIVITY�
SUBSTRATE  

In this section, we analyze the substrate indicated in the 

previous section with EM simulation and circuit simulation. 

We use the Ansys HFSS for the EM simulation and Keysight 

advanced design system (ADS) for the circuit simulation. By 

comparing the result in three types of substrates, we analyze 

and evaluate the PDN induced crosstalk impacts on the 

signaling. 

Ground

Power

100 

100 

Prepreg

35 

35 

35 

35 

M1

M2

M3

M4
Prepreg

Core

Fig.1 Cross-sectional view of the 4-layers substrate. The upper and lower 

prepregs are the FR-4 substrates with 100 μm thick. The middle core is 

altered in three material substrates. 

Fig.2 Top view of the EM simulation model has four channels; channels 

1/2 are the MSL without signal vias, and channels 3/4 are through signal 

vias. Port 9 is set to measure the PDN impedance nearby the signal via. v as. o 9 s se o easu e e N peda ce ea by e s g a v a.

TABLE I. THREE TYPES OF SUBSTRATES USED IN THIS PAPAER 

 #1 #2 #3 

Name FR-4 MC24M MC12TM 

Thickness 

 ࢋ࢘࢕ࢉ࢚
 ܕૄ 12 ܕૄ 24 ܕૄ 300

Relative Permittivity 
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the purpose of this paper is to analyze the effects on PDN 

induced signal degradation. The thickness of all metal layers 

has 35 Ɋm thick constant. The prepregs between the M1-M2 

and M3-M4 layers are the FR-4 substrate with 100 Ɋm thick. 

In contrast, the core between the M2-M3 layers is used for the 

three types of substrates indicated in Table I. Therefore, please 

note that the core thickness is different in each core. 

We can assume that the core with ultra-thin thickness or 

high permittivity as between the power/ground planes will 

suppress the problems related to SI/PI/electromagnetic 

compatibility (EMC) due to the PDN impedance. This is 

because these materials are capable of reducing the PDN 

impedance in the broadband. The PDN impedance is: 

ܼ଴ ൌ ඨ
଴ܮ
଴ܥ
�ǡ ሺͳሻ 

where, ܮ଴  and ܥ଴  are the PDN inductance and capacitance, 

respectively. Here, the PDN capacitance is: 

଴ܥ ൌ ߝ
ܵ
݀
�ǡ ሺʹሻ 

where, ߝ is the dielectric permittivity between the planes, ܵ is 

the surface area of a plane, and ݀ is the distance between the 

planes. In order to reduce the PDN impedance, increasing the 

value of capacitance ܥ is a better solution. Therefore, except 

for the surface area ܵ, which depends on the PCB design, a 

substrate with high ߝ or small ݀ has the benefit of reducing the 

PDN impedance. 

Thus, we analyze and evaluate the PDN impedance and 

their effects on high-speed signaling in the three types of 

substrates, including the ultra-thin and high permittivity one. 

B. Simulation Model of Substrate to Evaluate the PDN 
Induced the Crosstalk 
Fig.2 shows the substrate for analyses. The size of the 

substrate is ͷ ൈ ͵ cm and the 4-layer substrate indicated in 

Fig.1 is used. There are four channels; channels 1/2 are the 

microstrip lines (MSLs) without signal vias, and channels 3/4 

are the MSLs with two signal vias in each channel. Resistors 

with 50 ȳ are set at the end of the MSLs at all ports to match 

the characteristics impedance. In this paper, we targeted a 

scenario that decoupling capacitors to reduce the PDN 

impedance and other vias to operate various chips located far 

away. Therefore, we set no components and vias that could 

adjust the PDN impedance as shown in Fig. 2.  

In the substrate for analyses, we design the trace separation 

distance between channels 1/2 and 3/4 as ten times the line 

width. In general, the return current distribution of MSL 

dominates 80% within a distance of േ3 times the line width 

and over 90% within a distance of േ 10 times the line width. 

Therefore, there is little crosstalk between the two channels 

[5], [6]. However, the crosstalk occurs when a channel has 

signal vias and penetrates the power or ground planes [3], [4]. 

The return current of signal via that penetrates power/ground 

planes is the displacement current that propagate the dielectric 

substrate. When the PDN impedance (the impedance between 

places) is low, the power/ground planes are a good return path. 

However, when the PDN impedance is high, it is difficult to 

flow the displacement current near the signal via; return 

current discontinuity occur. As a result, the return current 

spreads through power/ground planes and couples other vias 

as noise. This crosstalk is called PDN induced crosstalk, 

which channels 3/4 can cause.  

We set port 9 to measure the PDN impedance at 1 mm away 

from the signal via of channel 4 as shown in Fig.2. Then, we 

evaluate the PDN induced crosstalk impacts on high-speed 

signaling by comparing the PDN impedance observed at port 

9 and transmission characteristics on each channel. 

III. ANALYSIS OF PDN RESONANCE EFFECTS ON A HIGH-

SPEED CHANNEL IN ULTRA-THIN AND HIGH PERMITTIVITY�
SUBSTRATE  

In this section, we analyze the substrate indicated in the 

previous section with EM simulation and circuit simulation. 

We use the Ansys HFSS for the EM simulation and Keysight 

advanced design system (ADS) for the circuit simulation. By 

comparing the result in three types of substrates, we analyze 

and evaluate the PDN induced crosstalk impacts on the 

signaling. 
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Fig.1 Cross-sectional view of the 4-layers substrate. The upper and lower 

prepregs are the FR-4 substrates with 100 μm thick. The middle core is 

altered in three material substrates. 

Fig.2 Top view of the EM simulation model has four channels; channels 

1/2 are the MSL without signal vias, and channels 3/4 are through signal 

vias. Port 9 is set to measure the PDN impedance nearby the signal via. v as. o 9 s se o easu e e N peda ce ea by e s g a v a.

TABLE I. THREE TYPES OF SUBSTRATES USED IN THIS PAPAER 

 #1 #2 #3 

Name FR-4 MC24M MC12TM 

Thickness 

 ࢋ࢘࢕ࢉ࢚
 ܕૄ 12 ܕૄ 24 ܕૄ 300

Relative Permittivity 

 (GHz 1 @) ࢘ࢿ
4.4 3.5 9.5 

Loss Tangent 

 (GHz 1 @) ࢾܖ܉ܜ
0.020 0.016 0.020 

Trace Separation Distance

Line Width
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A. Analysis of the PDN Resonance Effects on the Insertion 
Loss 
Fig. 3 shows the results of insertion loss on each channel 

and the PDN impedance measured at port 9 in three types of 
substrates up to 20 GHz. As indicated in previous section, it is 
verified that we can suppress the PDN impedance by using 
ultra-thin or high permittivity materials as core located 
between the planes. Although the mode resonances of the 
PDN are observed in all substrates, it is obvious that the PDN 
impedance value at the resonance in ultra-thin and high ߝ is 
significantly lower than the FR-4 substrate. 

The insertion losses on channels 1 and 2 without signal 
vias linearly decrease with frequency due to dielectric loss and 
skin effect. Because the prepreg located between M1-M2 
layers is the same as FR-4 in all substrates, the attenuation 
trend is also the same. 

In contrast, the insertion loss on channels 3 and 4 with 
signal vias exhibits different treads on each substrate. In the 
FR-4 substrate and MC24M substrate (ultra-thin substrate), 
the resonances are observed, and these resonance frequencies 
are coincide with mode resonance frequencies in the PDN 
impedance as shown in Fig.3 (a) and (b). In other words, the 
insertion loss has a peak at the frequency where the PDN 
impedance is high because the return current discontinuity 
occurs in the signal vias transition. In particular, in Fig. 3 (a) 
the peak is sharp and high at the resonance frequency. 
Although some peaks are observed in Fig. 3(b), the 
attenuations are small. Furthermore, in Fig.3 (c), there are few 
resonances in the insertion loss below 10 GHz, even in the 
case where mode resonances occur in the PDN impedance.  

The peaks of insertion loss are observed due to mode 
resonances around 1GHz. Thus, ultra-thin or high permittivity 
substrate can suppress the return current discontinuity and 
resonances in the insertion loss because the PDN impedance 
decreases in the wide band. 

B. Analyses of PDN Induced Crosstalk Impacts on the Eye 
Diagram 

In the previous subsection, the resonances in the insertion 
loss are observed at the high PDN impedance because the 
return current discontinuity occurs in the signal vias transition. 
In this subsection, we analyze the PDN induced crosstalk. We 
evaluate the eye diagram on the channel 3 as a victim that 
transmit high-speed signal. In addition, we excite a certain 
clock signal on the channel 4 as an aggressor, where the 
distance between channels is ͳͲ ൈ  ௟௜௡௘ apart. The input dataݓ
pattern on channel 3 is a pseudo-random-binary-sequence 
(PRBS) 8, with a rise-and-fall time of 50 ps and voltage swing 
of 1 V. Simultaneously, the clock signal is excited on channel 
4 with DR that corresponds to the frequency of (1,0) mode 
observed in Fig. 3; the FR-4 substrate is 2,720 Mb/s, the 
MC24M is 3,120 Mb/s, and the MC12TM is 1,800 Mb/s, 
respectively. While the DR of the victim channel is increased, 
eye-opening voltages and power/ground noise amounts in the 
logic state zero and one are plotted and compared. The 
calculation definition of these parameters is provided in the 
Appendix.  

Fig.4 shows the eye-opening voltage at each DR 
with/without aggressor. In the FR-4 substrate, the eye-opening 
voltage decreases about 100 mV with the aggressor compared 
to without one. Contrary, in the MC24M with ultra-thin thick, 
the voltage decreases about 20 mV, and in the MC12TM with 

Fig.3 Simulation results of the insertion loss and PDN impedance using 
HFSS. In all substrates, channels 1/2 are unaffected by the PDN impedance 
due to no signal vias. Contrary, some resonances are observed on channels 
3/4. (a) In the FR-4 substrate, the PDN impedance is the highest in the three 
substrates. The insertion loss attenuates significantly at the resonance 
frequency of the PDN. (b) In the MC24M substrate, the PDN impedance is 
lower than the FR-4 because it has only 24 Ɋ� thick. Although some peaks 
in the insertion loss are observed, the attenuations are small. (c) In the 
MC12TM substrates, the PDN impedance is significantly suppressed 
because it has only 12 Ɋ thick and high permittivity. There are little peaks in 
the insertion loss at the resonant frequencies in the PDN. 
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A. Analysis of the PDN Resonance Effects on the Insertion 
Loss 
Fig. 3 shows the results of insertion loss on each channel 

and the PDN impedance measured at port 9 in three types of 
substrates up to 20 GHz. As indicated in previous section, it is 
verified that we can suppress the PDN impedance by using 
ultra-thin or high permittivity materials as core located 
between the planes. Although the mode resonances of the 
PDN are observed in all substrates, it is obvious that the PDN 
impedance value at the resonance in ultra-thin and high ߝ is 
significantly lower than the FR-4 substrate. 

The insertion losses on channels 1 and 2 without signal 
vias linearly decrease with frequency due to dielectric loss and 
skin effect. Because the prepreg located between M1-M2 
layers is the same as FR-4 in all substrates, the attenuation 
trend is also the same. 

In contrast, the insertion loss on channels 3 and 4 with 
signal vias exhibits different treads on each substrate. In the 
FR-4 substrate and MC24M substrate (ultra-thin substrate), 
the resonances are observed, and these resonance frequencies 
are coincide with mode resonance frequencies in the PDN 
impedance as shown in Fig.3 (a) and (b). In other words, the 
insertion loss has a peak at the frequency where the PDN 
impedance is high because the return current discontinuity 
occurs in the signal vias transition. In particular, in Fig. 3 (a) 
the peak is sharp and high at the resonance frequency. 
Although some peaks are observed in Fig. 3(b), the 
attenuations are small. Furthermore, in Fig.3 (c), there are few 
resonances in the insertion loss below 10 GHz, even in the 
case where mode resonances occur in the PDN impedance.  

The peaks of insertion loss are observed due to mode 
resonances around 1GHz. Thus, ultra-thin or high permittivity 
substrate can suppress the return current discontinuity and 
resonances in the insertion loss because the PDN impedance 
decreases in the wide band. 

B. Analyses of PDN Induced Crosstalk Impacts on the Eye 
Diagram 

In the previous subsection, the resonances in the insertion 
loss are observed at the high PDN impedance because the 
return current discontinuity occurs in the signal vias transition. 
In this subsection, we analyze the PDN induced crosstalk. We 
evaluate the eye diagram on the channel 3 as a victim that 
transmit high-speed signal. In addition, we excite a certain 
clock signal on the channel 4 as an aggressor, where the 
distance between channels is ͳͲ ൈ  ௟௜௡௘ apart. The input dataݓ
pattern on channel 3 is a pseudo-random-binary-sequence 
(PRBS) 8, with a rise-and-fall time of 50 ps and voltage swing 
of 1 V. Simultaneously, the clock signal is excited on channel 
4 with DR that corresponds to the frequency of (1,0) mode 
observed in Fig. 3; the FR-4 substrate is 2,720 Mb/s, the 
MC24M is 3,120 Mb/s, and the MC12TM is 1,800 Mb/s, 
respectively. While the DR of the victim channel is increased, 
eye-opening voltages and power/ground noise amounts in the 
logic state zero and one are plotted and compared. The 
calculation definition of these parameters is provided in the 
Appendix.  

Fig.4 shows the eye-opening voltage at each DR 
with/without aggressor. In the FR-4 substrate, the eye-opening 
voltage decreases about 100 mV with the aggressor compared 
to without one. Contrary, in the MC24M with ultra-thin thick, 
the voltage decreases about 20 mV, and in the MC12TM with 

Fig.3 Simulation results of the insertion loss and PDN impedance using 
HFSS. In all substrates, channels 1/2 are unaffected by the PDN impedance 
due to no signal vias. Contrary, some resonances are observed on channels 
3/4. (a) In the FR-4 substrate, the PDN impedance is the highest in the three 
substrates. The insertion loss attenuates significantly at the resonance 
frequency of the PDN. (b) In the MC24M substrate, the PDN impedance is 
lower than the FR-4 because it has only 24 Ɋ� thick. Although some peaks 
in the insertion loss are observed, the attenuations are small. (c) In the 
MC12TM substrates, the PDN impedance is significantly suppressed 
because it has only 12 Ɋ thick and high permittivity. There are little peaks in 
the insertion loss at the resonant frequencies in the PDN. 
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A. Analysis of the PDN Resonance Effects on the Insertion 
Loss 
Fig. 3 shows the results of insertion loss on each channel 

and the PDN impedance measured at port 9 in three types of 
substrates up to 20 GHz. As indicated in previous section, it is 
verified that we can suppress the PDN impedance by using 
ultra-thin or high permittivity materials as core located 
between the planes. Although the mode resonances of the 
PDN are observed in all substrates, it is obvious that the PDN 
impedance value at the resonance in ultra-thin and high ߝ is 
significantly lower than the FR-4 substrate. 

The insertion losses on channels 1 and 2 without signal 
vias linearly decrease with frequency due to dielectric loss and 
skin effect. Because the prepreg located between M1-M2 
layers is the same as FR-4 in all substrates, the attenuation 
trend is also the same. 

In contrast, the insertion loss on channels 3 and 4 with 
signal vias exhibits different treads on each substrate. In the 
FR-4 substrate and MC24M substrate (ultra-thin substrate), 
the resonances are observed, and these resonance frequencies 
are coincide with mode resonance frequencies in the PDN 
impedance as shown in Fig.3 (a) and (b). In other words, the 
insertion loss has a peak at the frequency where the PDN 
impedance is high because the return current discontinuity 
occurs in the signal vias transition. In particular, in Fig. 3 (a) 
the peak is sharp and high at the resonance frequency. 
Although some peaks are observed in Fig. 3(b), the 
attenuations are small. Furthermore, in Fig.3 (c), there are few 
resonances in the insertion loss below 10 GHz, even in the 
case where mode resonances occur in the PDN impedance.  

The peaks of insertion loss are observed due to mode 
resonances around 1GHz. Thus, ultra-thin or high permittivity 
substrate can suppress the return current discontinuity and 
resonances in the insertion loss because the PDN impedance 
decreases in the wide band. 

B. Analyses of PDN Induced Crosstalk Impacts on the Eye 
Diagram 

In the previous subsection, the resonances in the insertion 
loss are observed at the high PDN impedance because the 
return current discontinuity occurs in the signal vias transition. 
In this subsection, we analyze the PDN induced crosstalk. We 
evaluate the eye diagram on the channel 3 as a victim that 
transmit high-speed signal. In addition, we excite a certain 
clock signal on the channel 4 as an aggressor, where the 
distance between channels is ͳͲ ൈ  ௟௜௡௘ apart. The input dataݓ
pattern on channel 3 is a pseudo-random-binary-sequence 
(PRBS) 8, with a rise-and-fall time of 50 ps and voltage swing 
of 1 V. Simultaneously, the clock signal is excited on channel 
4 with DR that corresponds to the frequency of (1,0) mode 
observed in Fig. 3; the FR-4 substrate is 2,720 Mb/s, the 
MC24M is 3,120 Mb/s, and the MC12TM is 1,800 Mb/s, 
respectively. While the DR of the victim channel is increased, 
eye-opening voltages and power/ground noise amounts in the 
logic state zero and one are plotted and compared. The 
calculation definition of these parameters is provided in the 
Appendix.  

Fig.4 shows the eye-opening voltage at each DR 
with/without aggressor. In the FR-4 substrate, the eye-opening 
voltage decreases about 100 mV with the aggressor compared 
to without one. Contrary, in the MC24M with ultra-thin thick, 
the voltage decreases about 20 mV, and in the MC12TM with 

Fig.3 Simulation results of the insertion loss and PDN impedance using 
HFSS. In all substrates, channels 1/2 are unaffected by the PDN impedance 
due to no signal vias. Contrary, some resonances are observed on channels 
3/4. (a) In the FR-4 substrate, the PDN impedance is the highest in the three 
substrates. The insertion loss attenuates significantly at the resonance 
frequency of the PDN. (b) In the MC24M substrate, the PDN impedance is 
lower than the FR-4 because it has only 24 Ɋ� thick. Although some peaks 
in the insertion loss are observed, the attenuations are small. (c) In the 
MC12TM substrates, the PDN impedance is significantly suppressed 
because it has only 12 Ɋ thick and high permittivity. There are little peaks in 
the insertion loss at the resonant frequencies in the PDN. 
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ultra-thin thick and high permittivity, there is little difference 
with/without the aggressor. These results show that the PDN 
induced crosstalk is suppressed by the ultra-thin or high 
permittivity substrates. By decreasing the PDN impedance in 
the wide band, suppress the return current discontinuity and 
noise propagating thought power/ground planes.  

Fig. 5 shows the power/ground noise amount in the logic 
state zero and one at each DR with/without aggressor. In the 
FR-4 substrate, the power/ground noise increases about 20 
mV with the aggressor compared to without one; that 
tendency is similar to Fig.4, which is strongly affected by the 
aggressor. Contrary, in the MC24M with ultra-thin thickness, 
the noise amount increases about 8 mV, and in the MC12TM 
with ultra-thin thick and high permittivity, the difference 
with/without the aggressor is less than 1 mV.  

As a result, using simulations, we validated that the ultra-
thin and high permittivity substrate is capable of reducing the 
PDN impedance in wide band. In addition, these substrates 

suppress the PDN induced crosstalk because the return current 
discontinuity does not occur at signal via transition. 

IV. CONCULUSION 
In this paper, we analyzed the PDN induced crosstalk 

impacts on high-speed signaling in the ultra-thin and high 
permittivity substrate. For comparison, we used three types of 
substrates; the conventional FR-4 substrate, MC24M with 
ultra-thin thick, and MC12TM with ultra-thin thick and high 
permittivity. The simulation model of substrate has channels 
with signal vias located far away from each other, and we 
analyzed them in the insertion loss, PDN impedance, and eye 
diagram using EM and circuit simulators. First, the ultra-thin 
and high permittivity substrate maintained the low impedance 
profile in the wideband. Therefore, it can suppress the return 
current discontinuity in the signal via transition. Next, we 
analyzed the eye opening and power/ground noise amount in 
the eye diagram at each DR. We compared the PDN induced 
crosstalk impacts in each substrate by exciting the clock signal 
with DR that corresponds to the frequency of (1,0) mode on 
the aggressor. As a result, in the ultra-thin and high 
permittivity substrate, there was little degradation of eye 
diagram between with/without aggressor, although the FR-4 
substrate was seriously affected. 

Thus, we found that the ultra-thin and high permittivity 
substrate provides a good return path in the signal via 
transition despite no decoupling capacitors. Consequently, the 
PDN induced crosstalk was significantly suppressed. 
Additional analyses and quantitative evaluations related to 
PDN induced crosstalk and EM interference remain as our 
future works. Furthermore, we should verify the simulation 
results by comparison with experimental results.��

APPENDIX 
In this appendix, we provide the calculation definition of 

the eye-opening voltage and power ground noise amount and 
eye diagram simulated using ADS [8]. Fig. 6 shows the eye 
diagram at 2 Gb/s. In Fig. 6 (a), we indicate the calculation 
parameters for eye-opening and power/ground noise amount. 
For signal levels distributed like a normal distribution, eye-
opening is defined as:  

 ݐ݄݄݃݅݁�݁ݕ݁

ൌ ሺܱ݁݊�݈݁ݒ݁ܮ�݁ݕܧ െ ሻߪ͵ െ ሺ݋ݎܼ݁�݈݁ݒ݁ܮ�݁ݕܧ െ ሻǡߪ͵ ሺ͵ሻ 

where, ܱ݁݊�݈݁ݒ݁ܮ�݁ݕܧ and ܼ݁݋ݎ are modes in the logic state 
one and zero, respectively. ߪ  is a standard deviation. In 
addition, power/ground noise amount is defined as: 

ݎ݁ݓ݋݌ Τ݀݊ݑ݋ݎ݃  ݐ݊ݑ݋݉ܽ�݁ݏ݅݋݊

ൌ ͳߪ௟௘௩௘௟�௢௡௘ ൅ ͳߪ௟௘௩௘௟�௭௘௥௢ ሺͶሻ 

As shown in Fig. 6, we visually found the effect 
with/without aggressor and material properties of the substrate. 
In particular, degradation of eye-opening and power/ground 
noise amount is larger than the clock jitter or eye width. This 
is because the signal degradation is caused by the PDN 
induced crosstalk. 

 

 
 

 

Fig.4 Eye-opening voltage at each DR of the victim. When the aggressor 
transmits the clock signal with the DR that corresponds to the frequency of 
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ultra-thin thick and high permittivity, there is little difference 
with/without the aggressor. These results show that the PDN 
induced crosstalk is suppressed by the ultra-thin or high 
permittivity substrates. By decreasing the PDN impedance in 
the wide band, suppress the return current discontinuity and 
noise propagating thought power/ground planes.  

Fig. 5 shows the power/ground noise amount in the logic 
state zero and one at each DR with/without aggressor. In the 
FR-4 substrate, the power/ground noise increases about 20 
mV with the aggressor compared to without one; that 
tendency is similar to Fig.4, which is strongly affected by the 
aggressor. Contrary, in the MC24M with ultra-thin thickness, 
the noise amount increases about 8 mV, and in the MC12TM 
with ultra-thin thick and high permittivity, the difference 
with/without the aggressor is less than 1 mV.  

As a result, using simulations, we validated that the ultra-
thin and high permittivity substrate is capable of reducing the 
PDN impedance in wide band. In addition, these substrates 

suppress the PDN induced crosstalk because the return current 
discontinuity does not occur at signal via transition. 

IV. CONCULUSION 
In this paper, we analyzed the PDN induced crosstalk 

impacts on high-speed signaling in the ultra-thin and high 
permittivity substrate. For comparison, we used three types of 
substrates; the conventional FR-4 substrate, MC24M with 
ultra-thin thick, and MC12TM with ultra-thin thick and high 
permittivity. The simulation model of substrate has channels 
with signal vias located far away from each other, and we 
analyzed them in the insertion loss, PDN impedance, and eye 
diagram using EM and circuit simulators. First, the ultra-thin 
and high permittivity substrate maintained the low impedance 
profile in the wideband. Therefore, it can suppress the return 
current discontinuity in the signal via transition. Next, we 
analyzed the eye opening and power/ground noise amount in 
the eye diagram at each DR. We compared the PDN induced 
crosstalk impacts in each substrate by exciting the clock signal 
with DR that corresponds to the frequency of (1,0) mode on 
the aggressor. As a result, in the ultra-thin and high 
permittivity substrate, there was little degradation of eye 
diagram between with/without aggressor, although the FR-4 
substrate was seriously affected. 

Thus, we found that the ultra-thin and high permittivity 
substrate provides a good return path in the signal via 
transition despite no decoupling capacitors. Consequently, the 
PDN induced crosstalk was significantly suppressed. 
Additional analyses and quantitative evaluations related to 
PDN induced crosstalk and EM interference remain as our 
future works. Furthermore, we should verify the simulation 
results by comparison with experimental results.��

APPENDIX 
In this appendix, we provide the calculation definition of 

the eye-opening voltage and power ground noise amount and 
eye diagram simulated using ADS [8]. Fig. 6 shows the eye 
diagram at 2 Gb/s. In Fig. 6 (a), we indicate the calculation 
parameters for eye-opening and power/ground noise amount. 
For signal levels distributed like a normal distribution, eye-
opening is defined as:  

 ݐ݄݄݃݅݁�݁ݕ݁

ൌ ሺܱ݁݊�݈݁ݒ݁ܮ�݁ݕܧ െ ሻߪ͵ െ ሺ݋ݎܼ݁�݈݁ݒ݁ܮ�݁ݕܧ െ ሻǡߪ͵ ሺ͵ሻ 

where, ܱ݁݊�݈݁ݒ݁ܮ�݁ݕܧ and ܼ݁݋ݎ are modes in the logic state 
one and zero, respectively. ߪ  is a standard deviation. In 
addition, power/ground noise amount is defined as: 

ݎ݁ݓ݋݌ Τ݀݊ݑ݋ݎ݃  ݐ݊ݑ݋݉ܽ�݁ݏ݅݋݊

ൌ ͳߪ௟௘௩௘௟�௢௡௘ ൅ ͳߪ௟௘௩௘௟�௭௘௥௢ ሺͶሻ 

As shown in Fig. 6, we visually found the effect 
with/without aggressor and material properties of the substrate. 
In particular, degradation of eye-opening and power/ground 
noise amount is larger than the clock jitter or eye width. This 
is because the signal degradation is caused by the PDN 
induced crosstalk. 
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Cross Talk- Impact on High Speed Signaling
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• Backgrou
nd

• EMI problems are getting more critical as frequency goes higher and higher.  
• IoT devices are getting smaller, so resonance frequency from PDN becomes higher.
• This would affect Wi-Fi bands and 5G bands. 

Technical Background

Ø Find a solution for mitigating higher frequency EMI using high Dk material for PDN. 
Ø Find if we could eliminate stitching via and edge plating with high Dk material. 

Research Theme

• Sometimes, ground stitching via or edge plating is used to mitigate EMI from PDN.  
• But these solutions would end up with cost increase. 
• Also for higher frequency, it won’t work well due to via pitch limitation. 

39
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Test Vehicle Stackup

1. FR-4 Test Coupon with and without Via 2. FaradFlex Test Coupon without Via

Ground Plane

Power Plane

Ground Plane

Ground Plane

Power Plane

100mm

40mm

SMA Connector

150um

150um

100mm

40mm

SMA Connector

MC24M /MC8M / MC8T / MC3TB

1.6mm
150 um 

Ground Stitching Via (0mm/1.5mm/2.5mm)

Stack-ups:  Via Stitch versus Embedded Capacitance



110922RC

Near-field EMI Measurement Setup

Test Equipment:
1. Near-field EMI Scanner (SmartScan 350 from API) with Ez Probe
2. Signal Generator (Anritsu 68369A)
3. Spectrum Analyzer (Anritsu MS2760A)

Test Condition:
1. Scan Frequency : 500MHz/1GHz/6GHz/18GHz/40GHz
2. Output Power : 15dBm@500MHz/10dBm@1GHz/7dBm@6-40GHz

Near Field EMI Measurements (study removing via stitch from design by replacing with embedded capacitance)



110922RCNear-field EMI Measurement Results

FR-4 (No Via) FR-4 (2.5mm Pitch Via) MC8T (No Via)
18GHz Measurement Results
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Near-field EMI Measurement Results

Near-field Measurement Result Summary

Material 500MHz 1GHz 6GHz 18GHz 40GHz
FR-4 (No Via) -51.24 -63.32 -41.03 2.76 -38.29
FR-4 (2.5mm Pitch Via) -56.38 -68.8 -47.45 -13.33 -44.11
MC8M (No Via) -66.24 -67.44 -48.44 -25.01 -47.74
MC8T (No Via) -66.27 -68.93 -51.05 -31.26 -59.28



110922RC

Thank You!
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