
Base Material Consideration for High Speed Printed Circuit Boards 

Eric Liao 

Taiwan Union Technology Corporation 

803 Po Ai St., Chupei City Hsinchu Hsien, Taiwan 

 

Abstract 

Over the years, the EU RoHS restriction and lead-free capability is the hottest environmental protection subject.  In 

technology trends, signal integrity performance gets more critical based upon today’s higher signal transmission speed 

demand in every field of applications such as computer CPU and GPU chipset levels, system operation frequency and a 

variety of communication bus and cables like PCI express, SATA II and AGP bus for computer systems. Signal 

communication speed will shift from 1-5 Gbps range up to 5-10Gbps depending on applications. In order to meet lead-free 

requirements and severe processes conditions with good signal integrity performance, the laminate material will play a more 

and more critical and sensitive role in the system. 

 

From consumer products to high-end applications, there is a need for certain electrical and thermal performance; it is 

essential to meet those requirements with cost effectiveness. As a base material supplier, we will hereby discuss material 

design and factors that influence signal integrity, including epoxy and hardener, resin chemical construction, laminate ply-up 

construction, amount of resin content, fabric weaving density, moisture pick-up and environment factors etc. for a massive 

mainstream application and low loss application under the hypothesis of lead-free capability. 

 

Introduction 

The IPC international technology roadmap 2006-2007 included a quantitative summary of the expected changes and trends in 

PC board, component, material and assembly technology from 2006 to 2016 and rank in RCG and SoA two categories for 

reference. It says that communication clock frequency will increase for E1 to E8 all categories. Take E2 consumer products 

and E4 mid-range performance application for instance, clock frequency for RCG increases from 130MHz and 1000Hz up to 

1000Mhz and 3500MHz respectively in the coming 10 years, and the desired base materials are CEM3 and high performance, 

RoHS capable FR4. 

 

The demand for low loss material focuses on wireless, high performance, microwave and RoA fields only. Even the 

backplanes long-term feature assessment is for a dielectric constant of 4.3 and dielectric losses of 0.015 from now till 2016. 

 

The product’s operating frequency trend tell us we need a high speed low loss material, however the material trend, on the 

other hand has shown us that it is not necessary to have a very low Dk/Df material. Why are they conflicting each other? One 

of key factor is that the advancement of print circuit board manufacturing skill and lay out design technology, like HDI, 

back-drill and emphasizer etc., can cover the increasing signal integrity requirements. Another reason is reduced signal 

transmission length for a thinner and lighter consumer product. On top of this, cheap epoxy based material has an electrical 



performance near to its maximum limit. Thus the PCB industry enjoys the benefit of well-developed processes and cost 

structure. Does this mean that the current existing FR4 materials are sufficient for the next 10 years? We believe the answer is 

yes and no whether you are referring to a lead-free market or signal integrity market. 

 

For each laminate performance segments, it is a big challenge to keep the dielectric constant and dissipation factor as low as 

possible while being RoHS and lead-free process capable and at a reasonable cost. 

 

We will hereby separate materials electrical performance in three categories, regular FR4 material (Df ~ 0.020), mid-loss 

material (Df ~ 0.015) and low-loss material (Df ~ 0.010). From here we will discuss what we should know and what we can 

do to get the best signal integrity performance. 

 

Resin Impact on Signal Integrity 

The implementation of RoHS restriction and lead-free soldering process imposes a new challenge for base material which are 

now expected to withstand about 20~40oC higher assembly temperature. The common solution in the market is to use a 

phenolic-cured resin systems. Compared with conventional High Tg DICY-cured material, leading phenolic-cured materials 

perform superior only in thermal performance. Their inferior electrical performances make a negative impression and slows 

down their usage in signal integrity concern applications. As for modified epoxy laminate, under the category of mid-loss and 

low-loss; it has a more challenging situation of balancing the thermal and electrical performance. 

 

The laminate resin recipe is composed of an epoxy part and a hardener part. In the market, a variety of basic resin systems are 

commercialized as shown in Figure 1. The common polymer backbone constructions include bisphenol A, phenol novolac, 

bisphenol A novolac, bisphenol F novolac, DCPD and cresol novolac, styrene copolymer and triazine etc. with epoxy, amine, 

anhydride, ester and benzoxazine etc. as end groups for the curing reaction. Unfortunately, suitable and affordable resin 

systems for high Tg CCL laminate are limited. 
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Figure 1 : Common back-bone type for hardener 



Figure 2 is a dielectric loss comparison study in terms of base resin system and resin content. Material resin content is one of 

significant factor for dielectric constant and dissipation factor. Dissipation factor is directly proportional with resin content; 

however mid-loss and low-loss materials can mitigate the effect of resin content. 

Conventional dicy-cured high-Tg systems perform the best in dissipation factor of the regular FR4 category. Here we can 

easily find that the most common lead-free material is the bisphenol A novolac resin system which shows a much higher 

dissipation factor than other resin system and the dicy-cured Hi-Tg and phenol novolac base systems which show superior 

dissipation factor performance compared to the bisphenol A novolac and blended resin system. Is the phenol novolac type 

resin system the best candidate for the near future? Actually, a formulation using phenol novolac as a major base resin is not 

processed easily in PCB fabrication and on top of this, it may not lead-free compatible. Generally, from formulation point of 

view a material’s electrical performance and PCB process friendly / lead-free performance go in opposite directions. 

Currently, EU RoHS restriction is a hot topic and therefore the bisphenol A novolac base system is the mainstream solution in 

order to have a higher Td, T288 etc. to address the lead-free and PCB process window barrier issue; this requires us to put 

electric performance aside. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 

 

A : bisphenol A novolac system, B : bisphenol A + phenol novolac system, C : TUC mid-Tg material 

D : TUC Hi-Tg material, E : Hi-Tg Dicy-cured system, F : phenol novolac system, G : TUC mid-loss material 

H : anhydride base mid-loss system, I : BT/Epoxy base system, J : TUC low loss material 

 

Previously we conducted a series of lead-free studies covering the areas of the base resin system, laminate basic properties 

and PCB processing. The final PC board performances under thermal reliability testing such as TCT and IST were also noted. 

We found that in order to have a good PCB process window for the low to mid end application, a balanced and moderated 

basic physical performance of the laminate is important. By selecting a suitable modified novolac-cured system instead of a 

dicy-cured system because the modified novolac filled system has the most critical performance, we were able to achieve a 

low alpha one coefficient of thermal expansion with a moderate Td. (However, IPC guidelines suggest that the Td of the 

material need to be a least 320°C, in order for it to classify under lead free category. And a higher Td implies that the PCB 

processing window is narrower.) 
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For better understanding of varies material performance in signal attenuation, we model a 4L board stripline pattern. It was 

configured with about 4mil line width up 4 inches long difference and the construction has the average resin content 55%. 

The circuitry was designed with 50 ohm impendence and this follows most high layer count and high speed applications. In 

order to minimum the noise generated from the through holes and connectors, we reduce the through hole diameter size to 6 

mil and used a 20GHz frequency capable SMA connector. Figure 3 shows the board construction and pattern of connection 

area. 

 

 

 

 

 

 

 

 

Using dicy-cured High Tg FR4 and phenol novolac cured materials as a baseline, the lead free compatible Bisphenol-A 

novolac base high Tg FR4 material has about 0.083dB/in higher signal attenuation loss at 5GHz as is shown in Figure 4. If 

we use –3dB to judge the bandwidth with highest frequency without major degradation, leading-edge materials get about 

additional 1GHz higher bandwidth as Table 1 shows. Now most consumer product, hand held product and mid-range 

performance system made out of regular FR4 materials need a higher bandwidth with the same cost or lower. Choosing a 

suitable regular FR4 grade material can effectively avoid upgrading FR4 to mid-loss grade materials and/or reserve more 

bandwidth for bus and chip components. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  A : phenol novolac  system, B : Hi-Tg dicy-cured, C : TUC Hi-Tg material, D : TUC mid-Tg material 

system, E : bisphenol A + phenol novolac system, F : bisphenol A novolac system 

 

 

 

Figure 3 : connector dimension ; board-side pattern ; Test board construction / 4L 
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Table 1: Attenuation loss comparison in terms of frequency and materials. 

Loss Ratio A B C D E F 

1.0 GHz 108.6% 103.7% 101.6% 101.0% 100.6% 100% 

3.0 GHz 110.7% 104.6% 102.0% 101.3% 100.8% 100% 

5.0 GHz 111.6% 105.0% 102.2% 101.4% 100.8% 100% 

BW : -3dB ~4.2GHz ~4.5GHz ~5.1GHz ~5.2GHz ~5.2GHz ~5.2GHz 

 

Another materials category is the mid-loss and low-loss materials. The feature of the market for mid-loss materials shows 

FR4 level dielectric constant with lower dielectric loss properties. Designers do not need to change the circuit board pattern 

layout; therefore they gain wider bandwidth directly. 

Figure 5 is another comparison chart for two different grade materials. The pattern design is the same as previous case and 

has a stripline construction with 50 ohms impendence.  

 

 

 

 

 

 

The two mid-loss two materials reduce signal loss by about 0.16dB/in at 5HGzand gain an additional ~1GHz bandwidth and 

transmission length in terms of frequency versus the leading FR4 materials as shown in Table 2.  

Table 2 : Transmission length for different resin system 

Mat'l / -3dB 3GHz 5GHz 8GHz BW 

Dicy Hi-Tg 5.6 in 3.7 in 2.4 in 5.2GHz 

mid-loss : Filled Novolac 6.7 in 4.5 in 3.1 in 5.9GHz 

mid-loss : Anhydride 6.9 in 4.6 in 3.1 in 6.2GHz 

Figure 5: Attenuation loss comparison for different grade 

materials. 
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Although mid-loss anhydride cured system and modified novolac filled mid-loss resin system get similar signal integrity 

performance, the modified novolac filled system have an advantageous position in thermal properties like lower thermal 

expansion and higher decomposition temperature etc. As we know, low CTE is one of critical material factor for IST and 

TCT long-term reliability. Refering to IPC roadmap material’s trend, filled novolac epoxy are expected to be the mainstream 

for E4 mid-range and E5 high performance applications. Besides that, modified novolac filled system possess competitive 

resin cost construction  for mid-loss range application. 

 

Copper Foil Type Impact on Signal Integrity 

Circuit Rdc and Rac resistance make up conductor loss. Dielectric loss and conductor loss are the two parts of overall 

attenuation. The Rdc is related to circuit geometry and the Rac skin effect corresponds with frequency. The following 

equation can provide more clear idea. 

 

  Attenuation = dielectric loss + conductor loss 

= loss cause by base material + loss cause by circuit trace 

= material Dk / Df + circuit geometry and roughness 

= 2.3 * freq (GHz) * Df * sqrt(Dk)  ( unit : dB/in, [1] ) 

 

Therefore attenuation is a complex overall result in terms of frequency. The skin effect term dominates the attenuation in the 

low frequency range and the dielectric loss start to dominate attenuation in the high frequency range. The crossover dielectric 

loss domination point depends on the combination of materials performances and circuit patterns. 

 

To judge the influence of skin effect foil roughness we fabricated two identical test boards made of low-loss material. One 

was constructed with standard HTE roughened foil while the other was constructed with reverse treated smooth foil. For 

smooth foil construction another option is VLP or “very low profile” grade foil. However this is not a common grade in the 

industry and can’t reflect the actual attenuation performance in application. Result show that choosing a right copper foil is a 

key factor to reduce signal loss as Figure 6 demonstrates. Test boards with roughened foil had an increased loss level of 

0.03dB/in versus smooth foil under the same 5GHz range of frequencies. The circuit cross-section and foil roughness level 

for matted side and shining side are as shown in Figure 7 and Table 3. 

 

 

 

 

 

 

 

 

 

 

Figure 6: Copper foil type impact for signal loss. 
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Figure 7: cross-section pictures (A) HTE 

foil; (B) smooth foil 



F

G

To isolate material loss from overall loss and expand our estimate of the attenuation in other construction designs, we can 

extract the dielectric constant and dissipation factor values from the measured attenuation loss. We have created a model 

based on actual circuit dimension data, including circuit Rdc resistance; material dielectric constant and dissipation factor at 

low frequency range plus using IBM 2-D field solver simulation software [2]. We use this model to iteratively compare 

measured and simulated attenuations to get matched frequency dependant R(f), L(f), C(f), G(f) properties. 

 

Table 3 : Circuit trace surface roughness level 

Type Position sample N Roughness 

HTE Foil 
F : shinning side 14 0.115 mil 

G : mate side 14 0.313 mil 

RTF Foil 
F : shinning side 14 0.192 mil 

G : mate side 14 0.207 mil 

 

Once the simulation and measurement fit is determined. The R(f), L(f), C(f) and G(f) parameters are used to extract the 

laminate material’s “Effective” Dk / Df characteristics. The word “effective” means that the output dielectric constant and 

dissipation factor lump the copper roughness impact of skin effect with laminate dielectric losses. We can use the effective 

dielectric constant and dissipation factor to estimate others attenuation. 

Figure 8 is the effective dissipation factor trend in terms of frequency based on a low loss material that was composed of 

HTE (high temperature elongation) foil and RTF (reverse treated foil). The roughness of HTE and RTF foils are 0.31mil and 

0.20mil respectively. The influence of copper foil roughness gives an ~0.002 higher effective Df value in this case. Foil with 

a high roughness level and/or oxide treatment with high weight gain or loss will increase the signal loss and narrow the 

bandwidth significantly [3]. The dashed line in the chart is measured by common split post dielectric resonator method This 

uses a resonant cavity with fixed frequency to measure a bare core material specimen. The effective Df line with RTF foil is 

slightly higher and next to the material Df value. Basically, the effective Df represents the material Df in a smooth foil 

construction. 

 

 

 

 

 

 

 

 

 

 

Figure 8 : Effective dissipation factor results in terms of frequency, foil type and test method 
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Figure 9 is a relationship chart showing dielectric loss, conductor loss and overall attenuation. It includes regular FR4  

material, mid-loss material and low-loss material properties. In the charts, the blue line is overall attenuation, the pink line is 

conductor loss and the yellow line is dielectric loss. The dielectric loss crossover point depends on material types, foil grade 

and process conditions. Here the crossover points locate at ~1.5GHz, ~4.0GHz and ~12GHz respectively. It’s easy to see that 

while utilizing better and better base laminate materials, the conductor loss will be the bottleneck for a higher bandwidth. 

Therefore reverse treated foil material was considered to be the preferred option over conventional HTE grade foil. 

Construction Impact on Signal Integrity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When talking about glass fabric reinforcement, the first topic of concern is dimensional stability. However when we change 

the laminate construction from one type to another, the resin content is changed and this leads to different dielectric constants 

and dissipation factors accordingly. Figure 10 shows the FR4 grade material resin content, dielectric constant and dissipation 

factor variance for several common laminates thickness from 2mil to 5mil .The variance of resin content between 

constructions is about 5% to 10%. What’s the impact level for construction in signal integrity? Here we use regular 106 and 

1067 fabrics separately to build a stripline at high resin content group (63%~70%) constructions and we use regular 2116 and 

1652 fabrics separately to build a stripline at low resin content group (43%~53%) construction in order to compare the 
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Figure 10 : Dk/Df level varied by resin content and construction for 

FR4. 
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Figure 9: Loss relationship between overall loss, dielectric loss and conductor loss for different materials 
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influence of laminate construction and resin content under FR4 grade material. Currently utilizing thinner and thinner 

laminate material (higher resin content) in design is the trend. Unfortunately this trend will deteriorate signal loss level 

seriously. Referring to figure 11, the material signal loss will increase 0.18dB/in at 5GHz while driving laminate core 

thickness from 4~5mil low resin content materials construction down to 2~3mil high resin content material construction. 

Therefore, by choosing alternative weaving design density and pattern fabric we can slightly reduce resin content level by 

5~10% for identical dielectric thickness material and gain 0.01db/in ~0.02dB/in at 5GHz back in signal loss. Beside 

improving electrical performance, this also has a benefit in dimensional stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fabric weaving Impact on Signal Integrity 

E-glass fabric is an intertexture material. Interweaved warp and fill direction yarns will generate regular node areas as Figure 

12 shows. Beside node areas, there are also regular “hollow windows.” The size of the window area is roughly 10mil square 

for 1080 fabric type. This will cause signal skew issues especially for differential lines when the circuit trace crosses over 

resin rich area versus the resin poor areas as Figure 12 shows (fabric nodes and window areas).  

 

 

 

 

 

 

 

This micro-uneven resin content situation centers on dielectric thickness less than 5 mil in construction. Some studies show 

that rotating the CCL laminate fabric weaving or circuit line layout a certain degree (~5 deg) relative to the fabric can 

overcome this issue but this is seen as a high cost solution. Material-wise some measures could moderate the awkward 

situation. 

From the material’s side one approach includes using open-filament fabric or high weaving and a flat design fabric and/or 

two-ply construction instead of one ply construction. This approach could moderate and compensate for the resin 

Construction Impact
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Figure 11 : Resin content and construction impact for attenuation loss 
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Figure 12 : 1080 fabric 



micro-uneven phenomenon. 

 

Figures 13 are the pictures of regular 1080 fabric, open-filament type and flat design fabrics. Here we can find that 

open-filament treatment reduce the hollow window size significantly. Flatten design fabric can eliminate the hollow window 

issue almost completely. Table 4 shows the fabric hollow window coverage area ratio between different fabric treatments and 

fabric designs. Take 2mil construction for example. This approache can reduce the resin rich spot area from 30% down to 

nearly zero and will give a more uniform resin and fabric matrix. Two-ply construction is another solution, but it’s only 

suitable for 4~5mil and slightly thicker thin materials. 

 

We are still in the construction stage of our plan to measure and understand the actual influence of fabric treatment in signal 

integrity. Although we have no solid data to share this time we will publish those results in a future paper. 

Table 4 : Fabric hollow window area ratio in terms of fabric construction and design 

Window Area Ratio Regular Type Open-filament Type Flatten Design Fabric 

2 mil ~30 % ~15 % ~1 % 

3 mil ~25 % ~8 % ~3 % 

4 mil ~10 % ~3 % ~1 % 

 

Moisture Impact on Dielectric constant and Dissipation factor 

The water dielectric constant and dissipation factor are about 80 and 0.1 at 1GHz respectively. It is no doubt that the quantity 

of moisture in the base materials is one of significant factor for the material dielectric constant and dissipation factor. For a 

given environment humidity level the soaking time, board thickness, board construction and system on-off status etc., are all 

factors in the moisture absorption and purge mechanisms of the board. 

 

 

 

 

 

 

 

 

Figure 13: fabric microscope and x-section pictures (A) regular type ; (B) open-filament type ; (C) flatten design 

type 

(A)                    (B)                     (C) (A) 

 

(B) 

 

(C) 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 1 2 3 4 5 6

Soaking Time ( PCT / hrs )

Mo
ist

ur
e A

bs
or

pti
on

 ( w
t%

 )

RC43%

RC63%

neat resin

Figure 14 : Moisture pick-up rate varied by construction and moisture soaking time 



Figure 14 is a moisture pick up acceleration test in terms of soaking time and construction. Here we compare the moisture 

absorption behavior of high resin and low resin content constructions to neat resin base. The neat resin moisture absorption 

rate and quantity behavior for two constructions are close and similar as shown by the dashed lines in chart, but the soaking 

time for two constructions to reach identical moisture absorption level is totally different. Therefore, it’s hard to 

quantitatively analyze the moisture impact in complex print circuit board construction and situation. 

 

To characterize the moisture impact for final attenuation loss in board we used a split-post dielectric resonator method to 

measure bare core Dk and Df variance that was caused by actually absorbed moisture instead of measuring attenuation loss 

with different environment condition method. Upon measuring Dk and Df we used simulation software to estimate the 

variance for embedded stripline construction attenuation loss. 

 

Figure 15 shows dielectric constant and dissipation factor variance in terms of moisture pick up quantity for low resin content 

construction and moisture absorption levels in various resin systems. Resin systems play a key factor in the moisture 

absorption maximum level. Basically the moisture impact for dielectric constant at high frequency is minor, but it increases 

the dissipation factor by a 20~30% minimum under severe environmental condition of high humidity. It’s easy to estimate 

that moisture will increase signal attenuation loss by 20~30% roughly based on our previous simple equation. Another 

dominate environmental factor is temperature. It’s more critical for harsh environmental applications and we plan to look at it 

in our future study matrix. 

 

Conclusions 

Signal integrity is a very complex question. From the material perspective it’s hard to say which basic property factor is the 

most critical one. Each system has its own limitations and may have different critical items. 

 

In brief and under simplified conditions, for good signal integrity in the IT industry, choosing a suitable basic resin system 

with smooth foil type is the most important factor. A good and suitable resin system provides a balanced trade-off between 

physical performance, electrical performance and system cost. Designers get broader space to operate and need less fencing 

for signal integrity concerns and lead-free compatibility. Another consideration is the signal consistency across the board. 

Material construction is a solution which can reduce resin content, micro-variance and thus moderate signal skew 

phenomenon and impendence variance. 

 

Figure 15: (A) Moisture Absorption A: Dicy High Tg, B : Novolac High Tg, C : Modified-Novolac FR4, D : Low-loss 

material. (B),(C) : Dk and Df variance by moisture pick up quantity for high Tg FR4 and low-loss materials 
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RCG SoA RCG SoA RCG SoA RCG SoA

E1 Electronic Games 400 500 650 800 650 950 800 1200

E2 Consumer Products 130 150 250 350 700 800 1000 1500

E3 Hand-held / Wireless 130 180 250 300 700 900 1000 2000

E4 Mid Range Performace 1000 2000 1500 3000 2000 4000 3500 5000

E5 High Performace System 750 1250 1250 2500 2500 5000 5000 10,000

E6 RF and Microwave 450 600 550 700 700 800 1000 1200

E7 Harsh Environment: Aero 700 900 1000 1200 1600 1900 1900 2200

E8 Harsh Environment: Auto 56 100 80 150 150 200 200 500

IPC Technical roadmap 2006-2007

LONG TERM
2012-2016

EMULATORS

CURRENT
2006-2007

NEAR TERM
2008-2009

MID TERM
2010-2011

IPC Roadmap : Board Clock Frequency



Signal IntegritySignal Integrity

PCBPCB
Oxide roughness

Etching

D
esigner

D
esignerBackDrill HDI

EqualizerPre-emphasis

Signal Integrity

CCLCCL
RC

Dk/Df Fabric

Foil

Resin



Overall
Performance / Cost

Signal
Integrity

Lead-Free
Compatible

Halogen
Free

Process
Friendly

Signal Integrity – Overall Consideration



Signal Integrity – Base Material

Foil Roughness

Resin System

Fabric Design

Moisture

Construction

What Should We Know Besides 

What Should We Know Besides Dk/DfDk/Df??
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Signal Integrity – Resin System

Bisphenol-A

Bisphenol-A Novolac

Phenol Novolac

Cresol Novolac
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Signal Integrity – Resin System
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Amino Triazine Multi-functional Resin

Xylok Resin

Silicone Modified Resin

Bisphenol-F



Signal Integrity – Resin System
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NovolacHi-Tg FR4

High Speed Digital ApplicationHigh Speed Digital Application



Signal Integrity

Specimen :
4” / 16” length
4L / stripeline
50 ohms
RTF Foil

Test equipment : Test equipment : 
Tektronix TDR (Time Domain Reflector)                           Tektronix TDR (Time Domain Reflector)                           
PNA Network Analyzer (Signal Attenuation)PNA Network Analyzer (Signal Attenuation)
Pulse Pattern Generator (Eye Diagram)Pulse Pattern Generator (Eye Diagram)
Oscilloscope (Eye Diagram)Oscilloscope (Eye Diagram)
Test Fixture:  26 GHz bandwidth Test Fixture:  26 GHz bandwidth SMA connectorSMA connector

laminate

50Ω transmission line

SMA SMA 
connecterconnecter

SMA SMA 
connecterconnecter

Monitor Items :
SPC Dk/Df
Effective Dk/Df
( IBM SPP )

Loss |S21|



Df (Resin System, RC)

RC
75%

0.004

0.006

0.008
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0.020

35% 45% 55% 65%

D
f

A

B
C
D
E
F

G
H
I

J

Mid-loss G : TUC mid-loss material
H : anhydride base mid-loss system
I : BT/Epoxy base system

Low-loss J : TUC low loss material

A : bisphenol A novolac system
B : bisphenol A+phenol novolac
C : TUC mid-Tg material
D : TUC Hi-Tg material
E : Hi-Tg Dicy-cured system
F : phenol novolac system

FR4



A : bisphenol A novolac system

B : bisphenol A + phenol novolac

C : TUC mid-Tg material system

D : TUC Hi-Tg material

E : Hi-Tg dicy-cured

F : phenol novolac system
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FR4 Grade Materials

Specimen :
4L stripeline
4” length



Loss A B C D E F 

1.0 GHz 108.6% 103.7% 101.6% 101.0% 100.6% 100% 

3.0 GHz 110.7% 104.6% 102.0% 101.3% 100.8% 100% 

5.0 GHz 111.6% 105.0% 102.2% 101.4% 100.8% 100% 

BW : -3dB ~4.2GHz ~4.5GHz ~5.1GHz ~5.2GHz ~5.2GHz ~5.2GHz

 

FR4 Grade Materials

D : TUC Hi-Tg material

E : Hi-Tg dicy-cured

F : phenol novolac system

A : bisphenol A novolac system

B : bisphenol A + phenol novolac

C : TUC mid-Tg material system
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Transmission length for different resin system 

Material / -3dB 3GHz 5GHz 8GHz BW 

Dicy Hi-Tg 5.6 in 3.7 in 2.4 in 5.2GHz

mid-loss : Filled Novolac 6.7 in 4.5 in 3.1 in 5.9GHz

mid-loss : Anhydride 6.9 in 4.6 in 3.1 in 6.2GHz

Mid / Low Loss Materials

BW  is base on 4 inch line



2GHz                  5GHz                 8GHz                10GHz

Low Loss Material

High Tg FR4

2GHz                  5GHz                 8GHz                10GHz

Eye Diagram

16“ stripeline



Attenuation

= Dielectric loss + Conductor loss

= Loss ( base material ) + Loss ( circuit trace )

= Material Dk / Df + Circuit Geometry and Roughness

Loss Elements



A B

HTE – roughened foil RSTF – smooth foil

Conduct Loss – Roughness



F

G

Circuit trace surface roughness level

Type Position sample N

HTE Foil
F : shinning side 14 0.115 mil

G : mate side 14 0.313 mil

RTF Foil
F : shinning side 14 0.192 mil

G : mate side 14 0.207 mil

Roughness

Conduct Loss – Roughness
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Smooth Foil

Roughened Foil

Conduct Loss – Roughness

Freq/Loss 8 inch 12 inch 16 inch
5  GHz 0.253 dB 0.379 dB 0.506 dB

10 GHz 0.504 dB 0.756 dB 1.008 dB

15 GHz 0.753 dB 1.130 dB 1.507 dB

20 GHz 1.004 dB 1.506 dB 2.008 dB

Material : Low Loss Material



Effective Df

0.000

0.003

0.006

0.009

0.012

0.015

0 5 10 15 20
Frequency ( GHz )

D
f

Df : measured by split post resonator method

HTE Foil
RSTF Foil

IBM SPP -

2D field solver

Effective Dk/Df



Regular FR4
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FR4



Mid-Loss Material
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Low-Loss Material
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Loss Dominator

Overall Loss
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Dielectric Loss

Low-Loss

Where is improvement focal point?

Where is improvement focal point?

PCB Processes or Material?

PCB Processes or Material?
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Dk – Construction



Df
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Df – Construction



Construction Impact
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HRC LRC

HRC  LRC

2 mil 5 mil

Loss – Construction

Delta dB 8 inch 12 inch 16 inch

5  GHz 0.164 0.246 0.329

10 GHz 0.341 0.512 0.683

15 GHz 0.518 0.777 1.036

20 GHz 0.697 1.045 1.394

 Delta dB 8 inch 12 inch 16 inch

5  GHz 0.078 0.116 0.155

10 GHz 0.170 0.254 0.339

15 GHz 0.261 0.391 0.522

20 GHz 0.355 0.532 0.709

Construction is one of key factor for loss.



Resin rich Resin poor

Resin Dk ~ 3.2 Glass Dk ~ 5.6

Signal Skew – Fabric Selection

Special Layout and Routing
Designer Rotates Image
Lopsided glass weaving

Use low Dk fabric
Increase weaving density
Even / flatten count weaving



1080 FABRIC

Signal Skew – Fabric Selection

Special Layout and Routing

Designer Rotates Image

Lopsided glass weaving

Use Low Dk fabric

Increase weaving density

Even / flatten count weaving



Regular Open-Filament Flatten Weaving

1080 Grade Fabric

Signal Skew – Fabric Selection



 

Window Area 
Ratio 

Regular 
Type 

Open-filament 
Type 

Flatten Weaving 
Type 

2 mil ~30 % ~15 % ~1 % 

3 mil ~25 % ~8 % ~3 % 

4 mil ~10 % ~3 % ~1 % 
 

Signal Skew – Fabric Selection

100%
Optimize fabric can moderate 
the signal skew effect.
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Moisture – Condition



Moisture – Resin Systems

Resin system is a factor for moisture pick up.

Moiture Pick Up Quantity
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Modifed Novolac FR4

Low Loss Material



Dielectric Constant
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Dissipation Factor
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Foil Roughness

Resin System

Fabric Design

Moisture

Construction

Signal Integrity – Conclusion



ConclusionConclusion

Signal integrity is a complex topic.

Resin system is the most critical 
factor for base material.

Suitable resin system with smooth 
foil is 1st priority.

Fabric design might be a solution for 
signal skew issue.
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