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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: OIF CEI-04.0 Dec 29, 2017 

CEI-56G-LR-PAM4 

CEI-56G-VSR-PAM4 

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  

Simulated with Keysight ADS [13] 



Failure To Model Roughness Properly Can Ruin You Day! 

With just 3.2dB delta @12.5 
GHz => ½ the eye height with 
rough copper 
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Rough Copper Smooth Copper 

25Gb/s 

3.2dB 

Simulated with Keysight ADS [13] 



Dielectric Properties 

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

5 Simulated with Keysight ADS [13] 

---- Measured     ---- Simulated 



EDA Tool Challenges 

But obtaining the 
right parameters to 
feed models is always 
a challenge 
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 Many 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: 
– Practical 
– Accurate  
 

Issues: 
– Expertise required 
– Time 
– Money 
– Extracted 

parameters only 
accurate for sample 
from which they 
were extracted 

 

Design Coupon 

X-section Data 

Fab 



“Sometimes an OK answer NOW! is better than a 
good answer late….” – Eric Bogatin 
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What You Will Learn 

How to apply my Cannonball model to determine Huray 
roughness parameters from data sheet alone 

How to determine Dkeff due to roughness from data sheets 
alone 

How to apply these parameters in the latest version of 
Polar Si9000e Field Solver 

How to pull it all together using Keysight ADS software 
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Outline 

 Overview 

 Modeling Conductor Roughness: 
 Hammerstad Model 

 Huray Model 

 Cannonball-Huray Model 

 Dkeff  Due to Roughness Model 

 Model Validation 

 Practical Channel Modeling for High-speed Design Case Study 
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Overview 
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Copper Foil Manufacturing Processes 

VS 

Rolled Electro-deposited (ED) 

• Rougher 
• Lower Cost 

• Smoother 
• Higher Cost 



Common ED Roughness Profiles 
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IPC Standard Profile 

SEM Photos Reference [17] 

No min/max spec 

IPC Very Low Profile(VLP) 

< 5.2 μm max  

Ultra Low Profile (ULP)Class 

-Other names: HVLP, VSP 
-No IPC spec 
-Typically < 2 μm 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 [11] 



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 [18] 

50-70 μin copper removal smoothens 
macro-roughness and adds micro-
roughness voids to surface  



Roughness Parameters 

RMS (Rq) / Average (Ra) 10-point Mean (Rz) 
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Foil Bonding to Core 

  Treated Side of Raw Foil Always Bonds to Core 

CORE 

Matte Side Treated 

Drum Side Untreated 

Matte Side Treated 

Drum Side Untreated 

Standard Treated Foil  

CORE 

Drum Side Treated 

Matte Side Untreated 

Drum Side Treated 

Matte Side Untreated 

Reverse Treated Foil (RTF) 



Modeling Conductor Roughness 
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“All models are wrong but some are useful…” 
- Sir David Roxbee Cox 
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Hamerstad & Jenson Model 
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2
2

1 arctan 1.4
rough

HJ

flat

P
K

P  

  
        

 RMS tooth height in meters 

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



Huray “snowball” Model [5] 

 

 Based on non-uniform distribution 
of spheres resembling “snowballs” 
applied to a matte base 
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SEM Photo Reference [15]  
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Huray Model Prior Art [6] 
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Assumes stacked 
“snowballs” arranged in 
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 1μm to fit within hex 
tile area and height of 5.8μm 



Cannonball-Huray Model [3] 

24 

Sq. Base  

Ni=14 Spheres 
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Modeling Dkeff Due to Surface Roughness 
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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 

26 Reference: Isola [9] 



Engineering Data Sheets 

Provides: 

 Actual core/prepreg 
thicknesses  

Resin content  

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

27 Reference: Isola [9] 



Dielectric Modeling Issue 

When Data Sheet Dk is not 
the same as Effective Dk 

28 Simulated with Keysight ADS [13] 
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IPC-TM-650 Clamped Stripline Resonator Test Method [14] 

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 [1] 
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Data Sheet 
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FR408HR/RTF Simulation Results for Dkeff  
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Data Sheet Values Dkeff Roughness Model 

∆ -3.6% ∆ -0.9% 

Simulated with Keysight ADS [13] 
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Causal Roughness Correction Factors [4] 

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 
“roughness correction” factor   
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A Causal Conductor Roughness Model and its Effect on 
Transmission Line Characteristics [4] 

Dkeff  corrected due to 
roughness and complex 
roughness correction 
factor applied  
 

Excellent Results! 

Modeled with Hyperlynx [20] and Simulated with Keysight ADS[13] 



Model Validations 
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CMP-28 Test Platform [7] 

35 Photo courtesy Wild River Technology [7] 

Features: 
 
• FR408HR material with reverse-treated foil (RTF) 
• Assembled with 2.92mm (CMP-28) or 2.4mm (CMP-32) connectors 
• 3D EM benchmark structures  

• Loss structures for material extraction 
• Resonators for measurement correspondence 
• Multi-impedance structures for VNA time transform analysis 

 
Applications: 
 
• 3D-EM and measurement assistance for the SI practitioner  

• Vias 
• Multimode Analysis 
• Meshing Analysis Structure 
• Advanced Material Extraction and Loss Modeling 

• THRU Calibration, T-matrix de- embedding 
• Advanced Crosstalk analysis 
• TRL/LRM Calibration Verification/Benchmark 



FR408HR/RTF Data Sheet & Test Board  
Design Parameters [7],[9],[11] 
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Parameter FR408HR/RTF 

Dk Core/Prepreg 3.65/3.59 @10GHz 

Df Core/Prepreg 0.0094/0.0095 @ 10GHz 

Rz Drum side 3.048 μm 

Rz Before Micro-etch-Matte side 5.715 μm 

Rz After 50 μin (1.27 μm) Micro-etch 
treatment -Matte side   4.445 μm 

Trace Thickness, t 1.25 mils (31.73 μm) 
Trace Etch Factor 60 deg taper 

Trace Width, w 11 mils (279.20 μm) 

Core thickness, H1 12 mils (304.60 μm) 

Prepreg thickness, H2 10.6 mils (269.00 μm) 
De-embedded trace length 6.00 in (15.24 cm) 
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MLS RT foil  

Photos courtesy of Oak-mitsui [11] 

Treated drum side  Untreated matte side  Matte side after etch treatment 

Rz = 3.175 μm Rz = 5.715 μm Rz = 4.443 μm 



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 [12] 
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Dkeff_rough  



Simulated vs Measured 
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Insertion Loss Phase 

 Excellent Correlation! 
Modeled and Simulated with Polar Si9000e [12] 
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FR408HR Simulation Results for Impulse and TDR 

Modeled with Hyperlynx [20] and Simulated with Keysight ADS[13] 
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Well…single-ended looks 
great……BUT how well does 
this method work to model 
a practical backplane 
channel with diff pairs? 



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 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 
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Loss 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
 

SMA 

SMA 

0.4” 

5.6” 

0.4” 

SMA 

SMA 

0.4” 

PCB1324-002 -L11 PCB1324-003 –L6 PCB1324-001  

FG5 IJ5 



Data Sheet Parameters [10], [11] 
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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 μm 2.5μm 

Rz Drum side w/OA 1.5 μm 1.5 μm 

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 5.8 mils  5.8 mils  



Determine Dkeff Due to Roughness Core/Prepreg  
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Backplane Daughter Card 
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Drum-side 

Rz_drum 

Matte-side 

Rz_matte 

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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**Length of Line (LL) Adjusted for 8.25”; 14.80”; 20.22”; 26.70” 

** 



Generic Topology Model 
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Modeled with Keysight ADS [13]  



ExaMax Backplane Case 1 Total Length = 20.25” 
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---- Measured 
---- Simulated 

Simulated with Keysight ADS [13] 



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

Simulated with Keysight ADS [13] 



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

Simulated with Keysight ADS [13] 



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

Simulated with Keysight ADS [13] 



Generic Channel Model 
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Modeled with Keysight ADS [13]  



Channel Simulation 28 GB/s Case 1 Total Length = 20.25” 

60 
Simulated with Keysight ADS [13] 



Channel Simulation 28 GB/s Case 4 Total Length = 38.7” 

61 
Simulated with Keysight ADS [13] 



Summary 

By using Cannonball-Huray model, with copper foil 
roughness and dielectric material properties obtained 
solely from manufacturers’ data sheets, a practical 
method of modeling high-speed differential channels is 
now achievable using commercial field-solving software 
employing Huray model. 
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Thank You! 
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