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Introduction

• Many ways to describe impact of rough surfaces on high-

frequency signals.

• Famous: H&J, Huray (snowball), full-wave stochastic models, 

Gradient Model
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Gradient Model

Classic skin effect:

copper
real laminate – copper transition: 

y

𝜎𝑟𝑒𝑙
laminate

copper

laminate

Gradient Model:

y

sharp gradient

𝜎𝑟𝑒𝑙
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Typical Profile Approximation

Roughness profiles often 

approximated as CDF of a 

gaussian bell curve with 

gradient 𝑅𝑞: 
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Freq = 10 GHz

Freq = 50 GHz

Freq = 100 GHz

𝑅𝑞 = 0.6 µm

Most of the power loss on 

left side of Profile!

left right
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Real Roughness Profiles
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𝜕2𝐵𝑥
𝐿

𝜕𝑦2
− 𝑗𝜔𝜇𝜎𝐵𝑥

𝐿 −
𝜕

𝜕𝑦
ln(𝜎(𝑦))

𝜕𝐵𝑥
𝐿

𝜕𝑦
= 0

ln 0 = −inf !!

original:

𝜕2𝐸𝑥
𝐿

𝜕𝑦2
− 𝑗𝜔𝜇𝜎(𝑦)𝐸𝑥

𝐿 = 0E-field formular:

𝑃𝑣 = න𝜎(𝑦) 𝐸𝑥
𝐿 2

𝑑𝑦

𝐼 = න𝜎(𝑦)𝐸𝑥
𝐿𝑑𝑦

power loss:

current :

𝑅 =
𝑃𝑣
𝐼2
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Effective 𝑅𝑞 Concept 

Calculate 𝑅 for a given profile and desired frequency 

Estimate, which gaussian CDF with gradient 𝑅𝑞,𝑒𝑓𝑓 has

same 𝑅 as calculated from the real profile
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Problems with Curve Approximations
cross-section:

y (m)

Measurement

Approximation with 3 gaussian CDFs

𝑅𝑞,𝑒𝑓𝑓,𝑠𝑖𝑛𝑔𝑙𝑒 𝐶𝐷𝐹 = 2.39 µm

𝑅𝑞,𝑒𝑓𝑓 𝐷𝐼𝑁 𝐸𝑁 𝐼𝑆𝑂 4287 = 2.45 µ𝑚

𝑅𝑞,𝑒𝑓𝑓,𝑡ℎ𝑟𝑒𝑒 𝐶𝐷𝐹 = 0.74 µ𝑚

𝑅𝑞 =
1

𝐿
න
0

𝐿

ℎ(𝑥)2𝑑𝑥

Fit with single, gaussian CDF

3 different approximations with total

different results (@ 50 GHz)!!
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Considered Materials

120 µm 𝐷𝐾 = 2.93 ± 0.05

DF = 0.0017 ± 0.0004

y

x

electric conductor

dielectric

treated side conductor

top side (surface finish)

L = 126 µm

treated side GND

Real world Microstrip Line (cross-section): Simulation model:

Sheets with different 

𝑹𝒒,𝒆𝒇𝒇 values
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Same Substrate, Different Conductor

                                            

                                          

         

      

                            

FIB-Cut of an ink/chemical 

copper layer-stack: 

local microcracks (closed by chemical copper)

substrate (black) ink (gray)

chemical copper 

(white)

(𝜎𝑐ℎ𝑒𝑚,𝑐𝑜𝑝𝑝𝑒𝑟

= 50 𝑀𝑆/𝑚)

fill original roughness 

profile 

with 126µ𝑚 ∙ 1.5µ𝑚 ink

(𝜎𝑖𝑛𝑘= 15 𝑀𝑆/𝑚)

126 µm

model: 
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Insertion Loss of 1.57 inch long MS 

𝑅𝑞,𝑡𝑟𝑒𝑎𝑡𝑒𝑑,𝑠𝑖𝑑𝑒 =
1

𝐿
න
0

𝐿

ℎ(𝑥)2𝑑𝑥 = 0.85µ𝑚 ± 0.1µ𝑚

𝑅𝑞,𝑒𝑓𝑓,𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑖𝑑𝑒 = 0.65µ𝑚 ± 0.1µ𝑚

𝑅𝑞,𝑒𝑓𝑓,𝑡𝑜𝑝 𝑠𝑖𝑑𝑒 = 0.25µ𝑚 ± 0.05µ𝑚

Only with 𝑅𝑞,𝑒𝑓𝑓 plausible 

simulation results!! 

Conductor = pure copper (trace 

height = 50 µm): 
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Insertion Loss of 1.57 inch long MS 

𝑅𝑞,𝑒𝑓𝑓,𝑡𝑟𝑒𝑎𝑡𝑒𝑑 = 0.86µ𝑚 ± 0.1µ𝑚

𝑅𝑞,𝑒𝑓𝑓,𝑡𝑜𝑝 𝑠𝑖𝑑𝑒 = 0.44µ𝑚 ± 0.11µ𝑚

Excellent agreement

between measurement 

and simulation

Conductor = ink/chem. Copper 

layerstack (trace height = 5µm): 
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Low-Pass Filters 

        

additive filter variant

subtractive filter variant

0.05 inch
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Summary

Main idea of the Gradient Model is adopted

Surface impedance is calculated from real profiles

An effective surface roughness parameter is introduced

Profile approximations become obsolete 

Efficiency shown for additive/subtractive produced MS and filters
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Thank you! Questions? 
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