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High-level Design Challenges  
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Choosing appropriate 
diff pair geometry, 
board material and 
stackup to meet 
insertion loss budgets 
for industry 
standards can be 
overwhelming 

Ref: IEEE 802.3bs Annex 120E [27] 

HVLP 

FR-4 



Transmission Line Modeling 

Important to model 
dielectric and conductor 
loss accurately 
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() () ()( )total diel SR conductorIL f IL f K f IL f= + ³

Simulated with Keysight ADS [6] 
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Failure To Model Roughness Can Be Problematic 

With just 3.4dB 
delta @14 GHz => 
17% reduction 
averaged across all 
3 eye heights with 
rough copper 
@56GB/s 

95mV  

94mV  

92mV  

79mV 

76mV  

77mV  

Simulated with Keysight ADS [6] 



Dielectric Properties 

Failure to correct Dk from 
data sheet due to 
conductor roughness => 
inaccuracy in simulated IL 
& Phase Delay 
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---- Measured     ---- Simulated 

Simulated with Keysight ADS [6] 



EDA Tool Challenges 

But obtaining the 
right parameters to 
feed models is always 
a challenge 
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VMany EDA tools include latest and greatest models for conductor 
surface roughness and wideband dielectric properties 

Rz 



Design Product Channel Simulation 

Dk 

Df 

Roughness 

Extract  
Parameters 

Fit 

Model Test 

Design Feedback Method 
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Benefits: 
ï Practical 
ï Accurate  
 

Issues: 
ï Expertise required 
ï Time 
ï Money 
ï Extracted 

parameters only 
accurate for sample 
from which they 
were extracted 

 

Design Coupon 

X-section Data 

Fab 



ά{ƻƳŜǘƛƳŜǎ ŀƴ hY ŀƴǎǿŜǊ bh²Η ƛǎ ōŜǘǘŜǊ ǘƘŀƴ ŀ 
good answer ƭŀǘŜΧΦέ ς Eric Bogatin 
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What You Will Learn 

V How to apply my Cannonball stack model to determine 
roughness parameters for Huray model from data sheets 

V How to determine Dkeff  due to roughness from data sheets 

V How to apply these parameters in popular field solvers.  

V Impact of causal metal model to simulated results 

V Impact of Oxide/Oxide Alternative treatments on roughness, 
insertion loss and impedance 

V How to pull it all together and compare simulated 
transmission line interconnect models with case studies 

10 
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Overview 



Current Distribution Through a Conductor 
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t 

w 

DC current is uniform 
through cross-sectional 
area of conductor 

 
 

AC current above ~10MHz  
Ŧƭƻǿǎ Ƴŀƛƴƭȅ ŀƭƻƴƎ άǎƪƛƴέ ƻŦ 
the conductor 
 
ɛ0 = Permeability of free space in H/m  ̀= Conductivity in S/m. 

w 

0

1

f
d

p ms
=

  



Conductor Roughness 
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No such thing as a perfectly smooth 
PCB conductor surface 

 

Roughness is always applied to 
promote adhesion to the dielectric 
material 
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Copper Foil Manufacturing Processes 

VS 

Rolled Electro-deposited (ED) 

ÅRougher 
ÅLower Cost 

ÅSmoother 
ÅHigher Cost 



Common ED Roughness Profiles 
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Standard Profile 

SEM Photos Reference [28] 

No min/max spec 

IPC Very Low Profile(VLP) 

Rz < 5.2 ɛm max  

Ultra Low Profile (ULP)Class 

-Other names: HVLP, VSP 
-No IPC spec 
-Typically Rz < 2 ɛm max 



ED Copper Foil Nodulation Treatment  
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Drum Side Untreated 

Matte Side Untreated 

Drum Side Treated 

Untreated 
Foil 

Nodulation 
Treatment 

Treated 
Foil 

Drum Side 

Matte Side Matte Side 

Drum Side 

Matte Side Treated 

OR 

SEM Photos Reference [20] 



Oxide/Oxide Alternative Treatment 

During  PCB fabrication untreated copper on each side of core 
laminate undergoes a roughening treatment to promote 
adhesion 
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Rinse Predip OA Rinse Cleaner Drying 

Photo Reference [29] 

50-70 ɛin copper removal smoothens 
macro-roughness and adds micro-
roughness voids to surface  
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Reverse Treated Foil (RTF) After Oxide Alternative 
Treatment  

Photos courtesy of Oak-mitsui [9] 

Treated drum side  Untreated matte side  Matte side after OA treatment 

Rz = 3.175 ˃ m Rz = 5.715 ˃ m Rz = 4.443 ˃ m 



Roughness Parameters 

RMS (Rq) / Average (Ra) 10-point Mean (Rz) 
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Modeling Conductor Roughness 
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ά!ƭƭ models are wrong but some are ǳǎŜŦǳƭΧέ 
- George E. P. Box 

21 
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Triangular Roughness Model 

Mean 

If RMS height of ǘǊƛŀƴƎǳƭŀǊ ǇǊƻŦƛƭŜ Ґ ҟ, then:  ҟ=
╡
◑ 

Likewise if ҟ ╡▲ , then: ╡◑ ╡▲  

Rq 

zR

ҟ 



Hamerstad & Jensen Model 
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flat
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 RMS tooth height in metersD=

Loses accuracy above ~ 3-15GHz 
depending on roughness of copper 

Simulated with Keysight ADS [6] 



Huray άsnowballέ Model 

 

 Based on non-uniform distribution 
ƻŦ ǎǇƘŜǊŜǎ ǊŜǎŜƳōƭƛƴƎ άǎƴƻǿōŀƭƭǎέ 
applied to a matte base 
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SEM Photo Reference [15]  
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Huray Model Prior Art 
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Assumes stacked 
άǎƴƻǿōŀƭƭǎέ ŀǊǊŀƴƎŜŘ ƛƴ 
hexagonal lattice 

SEM Photo Reference [15]  

Fit equation parameters to 
measured data 

Plot Reference [15]  

VNA Measurement 

Model 

11 spheres min                            ; 38 spheres max 
of radius 1ɛm to fit within hex 
tile area and height of 5.8ɛm 



Cannonball-Huray Model 
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Sq. Base  

Ni=14 Spheres 
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Applying Cannonball-Huray Model For Popular EDA Tools 

Å Ansys [25]; Cadence [26] tools require 
surface ratio (sr) and nodule radius (r) as 
input parameters 

2 2

2

Z

14 4 14 4
1.56 4.9

36
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º

Å Polar Si9000e [5]; Mentor Hyperlynx [19] include 
the Cannonball-Huray model as an option  

Tool Parameters 

ZR

Å Simbeor [22] requires roughness factor 
(RF1) and sphere radius (SR1) 
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Modeling Dkeff Due to Surface Roughness 
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Dielectric Material Terms 
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Marketing Data Sheet Issues 

Using Dk/ Df numbers from 
marketing data sheets for stackup 
and channel modeling will give 
inaccurate results 

30 Reference: Isola [10] 



Engineering Data Sheets 

Provides: 

V Actual core/prepreg 
thicknesses  

VResin content  

VDk(f) /Df(f) for 
different glass styles  

31 Reference: Isola [10] 



Most EDA tools include 
wideband Debye model 

 

ïInput Dk(f) /Df(f) at a 
single frequency near 
Nyquist of baud rate 

 
32 

Causal Dielectric Model 
Because Complex Dk has real and imaginary components => Causal Dielectric model  



Dielectric Modeling Issue 

When Data Sheet Dk is not 
the same as Effective Dk 

33 Simulated with Keysight ADS [6] 
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IPC-TM-650 Clamped Stripline Resonator Test Method 

Issue: 

Since resonant element pattern 
card & material U.T. not 
physically bonded together => 
small air gaps between various 
layers & conductor roughness 
affects published results 
 

Published Dk  not same as Dkeff  
due to roughness 

IPC-TM-650 - Section 2.5.5.5 - Rev C  - Test Fixture [14]  

Resonant Element Pattern Card 

Test Specimen Test Specimen 

Gnd Plane Foil Gnd Plane Foil 

Clamp Plate Clamp Plate 

SMA 

Side View (Unclamped) N.T.S. 
Side View (Clamped) N.T.S. 



Dkeff Due to Roughness Model 
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FR408HR/RTF Simulation Results for Dkeff 
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Data Sheet Values Dkeff Roughness Model 

ҟ -3.6% ҟ -0.9% 

Simulated with Keysight ADS [6] 
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Causal Roughness Correction Factors 

Complex roughness 
correction factor 

Loss correction 
factor 

Inductance 
correction factor 

Real part of internal 
impedance of rough metal 

Imaginary part of internal 
impedance of rough metal 

Complex impedance 

 of rough metal 

This is what we used to call 
άǊƻǳƎƘƴŜǎǎ ŎƻǊǊŜŎǘƛƻƴέ ŦŀŎǘƻǊ   
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FR408HR/RTF Simulation Results for Dkeff 

Dkeff  corrected due to 
roughness and complex 
roughness correction 
factor applied  
 

VExcellent Results! 

Modeled with Hyperlynx [19] and Simulated with Keysight ADS [6] 
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HDPUG Oxide Alternative Study Results 

In 2016 the High-density Packaging 
User Group (HDPUG) [16] undertook 
a project to evaluate the high 
frequency loss impacts of a variety of 
OA treatments on a Megtron-6 (Meg-
6) test platform using HVLP base foil 
on core laminates prior to lamination. 

Sample Rq ɛm*  

Base CU 0.305 

A 0.547 

B 0.548 

C  0.440 

D  0.286 

E 0.317 

F 0.313 

Etch 

Non-Etch 

Rq Řŀǘŀ ǊŜŦŜǊŜƴŎŜ ώмтϐ 
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Typical Etch vs Non-Etch OA Treatments 

Etch Samples A, B, C Non-etch Samples D, E, F 

Photo Credit [16] 

Drum Side Drum Side 
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Impact of Oxide Alternative Case Study 

Sample OA Rq*  

(ɛm) 

OA Rz**  

(ɛm) 

Matte Rz  

(ɛm) 

Dkeff  Core 

@12GHz 

Dkeff  Prepreg 

@12GHz 

Df 

@12GHz 

              

Base CU 0.3050 1.0566 1.5000 3.4856 3.2541 0.004 

A 0.5470 1.8949 1.5000 3.4856 3.2984 0.004 

B 0.5480 1.8983 1.5000 3.4856 3.2986 0.004 

C 0.4400 1.5242 1.5000 3.4856 3.2787 0.004 

D 0.2860 0.9907 1.5000 3.4856 3.2507 0.004 

E 0.3170 1.0981 1.5000 3.4856 3.2563 0.004 

F 0.3130 1.0843 1.5000 3.4856 3.2556 0.004 

*  Rq data reference [17]; **  Ὑ Ὑ ςσ 

Megtron-6 / HVLP Foil 4.5-8-4.5 Geometry 
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Impact of Oxide Alternative on IL & Impedance 

Megtron-6 / HVLP Foil 4.5-8-4.5 Geometry 

Å 0.07 dB/inch delta between OA sample B 
and sample D @14GHz 0.16dB/inch delta @ 
28GHz  

Å May not be an issue for 56GB but may be 
for future 112G depending on interface 



Model Validation Case Studies 
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Megtron-4 RTF Case Study 
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Features: 
 
ÅMegtron-4 
Å1067 Core/prepreg 
Å½ oz RTF  
ÅмέΤ  сέΤ  рέΤ  5ƛŦŦ ǇŀƛǊǎ 

Test board and data courtesy of Ciena Corporation [18]  



Meg-4/RTF Data Sheet & Test Board  
Design Parameters 
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Parameter Value 

Dk Core/Prepreg @  10GHz 3.55/3.41 

Df Core/Prepreg @  10GHz 0.008/0.008  

Rz Drum side 2.5 ɛm 

Rz Before Micro-etch-Matte side 3.4ɛm 

Rz After 50 ɛin (1.27 ɛm) Micro-etch treatment -Matte side   2.13 ɛm 

Trace Thickness, t 0.63 mils (31.73 ɛm) 

Trace Width Base (W1) 3.5 mils (88.9 ɛm) 

Trace Width Top (W2) 3 mils (76.2 ɛm) 

Space (s) 4.5 mils (114.3 ɛm) 

Core thickness, H1 3.9 mils (99.06 ɛm) 

Prepreg thickness, H2 3.95 mils (100.33 ɛm) 

De-embedded trace length 5.00 in (15.24 cm) 

Test board and data courtesy of Ciena Corporation [18]  



Determine Dkeff Due to Roughness Core/Prepreg  
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Determine Sphere Radius (r) & Base Area (Aflat) 
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Input Design Parameters Polar Si9000e 

Dkeff_rough  



Simulated vs Measured Non-causal Metal Model 
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VExcellent Results 

()
( )( )21

1
360

unwrap phase S
TD f

freq

å õ
=-æ ö
æ ö³ç ÷

Modeled with Polar Si9000e [5] and Simulated with Keysight ADS [6] 
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Simbeor Huray-Bracken Causal Metal Model 
22
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Meg-4/RTF Case Study Single Bit Response and TDR 

Measured 

Non Causal 

Causal 

Measured 

Non Causal 

Causal 



52 

BUT how well does this 
method work to model a 
practical backplane 
channel? 



ExaMax Demonstrator Platform 

- Design Intent - 28 GB/s NRZ 

- Meg 6 or N4000-13EPSI Options 
- Nelco N4000-13EPSI Version Used 

- MW-G-VSP ½ oz. foil (VLP) 

- 2.9 mm coax connectors 

- Case м Ґ уΦнрέ όнлΦнрέύ [мн 

- Case н Ґ мпΦулέ όнсΦуέύ [мл 

- Case о Ґ нлΦннέ όонΦннέύ [мл 

- Case п Ґ нсΦтлέ όоуΦтлέύ L12 
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Topology Model N4000-13EPSI Summary 
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W = 6.3mils() 

S = 5.7 mils() 

t = 0.6 mils() 

   

W = 4.9mils 

S = 6.1mils 

t = 0.6 mils 

W = 4.9mils 

S = 6.1mils 

t = 0.6 mils 

Diff-pair 

 

Case 1 = 8.25” (20.25”) L12 

Case 2 = 14.80” (26.8”) L10 

Case 3 = 20.22” (32.22”) L10 

Case 4 = 26.70” (38.70”) L12 

5.6” 

0.4” 

C
o
n

n
 

C
o
n

n
 

K-conn 

K-conn 

0.4” 

5.6” 

0.4” 

K-conn 

K-conn 

0.4” 

PCB1324-002 PCB1324-003 PCB1324-001  

FG5 IJ5 

K-conn 
(2.92mm) 
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Data Sheet Parameters 

BP Core 

BP/DC 

Prepreg 

DC Core 



ExaMax Demonstrator Platform  
Data Sheet Design Parameters Summary 
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Parameter 
N4000-13EPSI 

Backplane 
N4000-13EPSI 
Daughter Card 

Dk Core/Prepreg @  10GHz 3.08/3.06 3.04/3.06 

Df Core/Prepreg @  10GHz 0.0083/0.0084 0.0085/0.0084 
Rz Matte side 2.5 ɛm 2.5ɛm 

Rz Drum side w/OA** 1.5 ɛm 1.5 ɛm 

Trace Thickness, t 0.6 mils 0.6 mils 

Trace Width, w1 6.3 mils 
4.9 mils (Diff) 
5.4 mils (SE) 

Trace Width, w2 5.7 mils 
4.3 mils (Diff) 
4.8 mils (SE) 

Trace Separation, s 5.7 mils 6.1 mils 

Core thickness, H1 6 mils  4 mils 

Prepreg thickness, H2 6.2 mils  6.2mils  

**OA Treatment Sample C [17] 



Determine Dkeff Due to Roughness Core/Prepreg  
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Drum-side 

æ 

Matte-side 

æ 

Determine Sphere Radius (r) & Base Area (Aflat) 
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Polar ExaMax Daughter Card SE Trace Parameters 
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Polar ExaMax Daughter Card Diff Trace Parameters 
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Polar ExaMax Backplane Diff Trace Parameters 
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ϝϝ[ŜƴƎǘƘ ƻŦ [ƛƴŜ ό[[ύ !ŘƧǳǎǘŜŘ ŦƻǊ уΦнрέΤ мпΦулέΤ нлΦннέΤ нсΦтлέ 

**  



Generic Topology Model 

62 
Modeled with Keysight ADS [6]  



9ȄŀaŀȄ .ŀŎƪǇƭŀƴŜ /ŀǎŜ м ¢ƻǘŀƭ [ŜƴƎǘƘ Ґ нлΦнрέ 
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---- Measured 
---- Simulated 

Simulated with Keysight ADS [6] 



ExaMax Backplane Case 2 Total Length = 26.80έ 
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---- Measured 
---- Simulated 

Simulated with Keysight ADS [6] 



ExaMax Backplane Case 3 Total Length = 32.22έ 
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---- Measured 
---- Simulated 

Simulated with Keysight ADS [6] 



ExaMax Backplane Case 4 Total Length = 38.70έ 
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---- Measured 
---- Simulated 

Simulated with Keysight ADS [6] 



Generic Channel Model 

67 
Modeled with Keysight ADS [6]  



/ƘŀƴƴŜƭ {ƛƳǳƭŀǘƛƻƴ роΦмн D.κǎ /ŀǎŜ м нлΦнрέ 

68 
Simulated with Keysight ADS [6] 

Near-end 

Far-end 



Summary 

VBy using dielectric material properties, copper foil and 
oxide alternative roughness parameters obtained solely 
ŦǊƻƳ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ Řŀǘŀ ǎƘŜŜǘǎΣ ŀ ǇǊŀŎǘƛŎŀƭ ƳŜǘƘƻŘ ƻŦ 
modeling high-speed differential channels is now 
achievable using commercial field-solving software 
employing Huray model. 

VEven though some models are wrong, they can still be 
useful for getting that answer now rather than later.  

69 
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