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ABSTRACT 

With continuously increasing data rates Signal Integrity (SI) problems become 

more and more challenging. One of the main issues in high-speed data transfer is the 

frequency-dependent loss of transmission lines. This thesis is dedicated to conductor-

related loss mechanisms in printed circuit board (PCB) transmission lines.  

This thesis provides the experimental investigation of conductor properties used 

for fabrication of PCBs. Particularly, the resistivity and conductivity along with the 

temperature coefficients of eleven copper types is measured and reported. A four probe 

measurement technique is used. Results were verified by two independent measurements 

and show discrepancy of less than 0.5%. 

Another major conductor-related loss mechanism is the attenuation of the 

electromagnetic waves due to the surface roughness of PCB conductors. There are 

several models attempting to take into account the roughness effect. However none of 

them are able to explain or predict the transmission line behavior with high accuracy. 

Particularly, the experimental observations show that the slope of S21 curves increases 

with frequency, which cannot be modelled by the existing model. To better understand 

the physics associated with the loss due to the surface roughness of conductors, and be 

able to predict the behavior of transmission lines in the future, a full wave model of 

surface roughness was developed. The detailed methodology for 3D roughness 

generation is provided.  
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NOMENCLATURE 

Symbol  Description 

E   Electric field vector 

E0   Electromagnetic wave amplitude 

ω   Angular frequency  
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1. INTRODUCTION 

The complexity of design and rapidly increasing data rate in high-speed digital 

electronics makes the signal integrity performance hard to maintain. As the data rate 

increases the loss in transmission lines becomes the main issue for signals with clock 

higher than 1GHz [1]. As a signal propagates along a transmission line, the frequency 

dependent loss causes the signal degradation as the high-frequency part of the spectrum 

experiences higher attenuation. A transmission line with high loss causes more signal 

distortion and limits the speed of the transmitted data. This makes it important to 

determine the high-frequency loss behavior in PCBs at the design stage.  

There are several mechanisms of loss in transmission lines but the primary ones 

are conductor loss, dielectric loss and loss due to the surface roughness of the traces [1] 

Models of transmission lines need to take into account all three physical loss 

mechanisms. The conductor and dielectric loss are relatively well studied and good 

models for them exist [2]. In order to use these models the parameters of materials need 

to be determined by measurement. The conductor loss is equally important as the 

dielectric loss, but it is typical to use nominal value for the resistivity of copper to model 

PCB transmission lines [1, 2]. In this work a practical and easy-to-implement method for 

the conductor loss measurement (including temperature dependency) is presented. The 

obtained results indicate that the actual resistivity of copper used to create PCB 

interconnects is noticeably lower than the nominal value, and needs to be measured in 

order to improve the accuracy of the transmission line modeling. 

Another very important factor determining the loss of PCB transmission lines is 

the surface roughness of copper layers [3][4]. Despite its importance there is still no 

satisfactory understanding of physical mechanisms responsible for the roughness-related 

attenuation and existing models do not provide enough accuracy in many cases as will be 

shown further. In this work a new full-wave model of conductor surface roughness is 

proposed, that can be used to investigate physical effect associated with conductor 

surface roughness. 
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1.1. CONDUCTOR – RELATED LOSS IN TRANSMISSION LINE 

An electromagnetic wave propagating inside any real physical medium 

experiences attenuation or, in other words, such medium has loss. The attenuation is 

characterized by attenuation constant and is related to the material properties of the 

particular medium. The electric field of the x-polarized TEM plane wave propagating 

along z coordinate is [6] 

 

𝐄(𝑧) = 𝐸0𝑒−𝛾z𝑒ωt𝐱,     (1) 

 

where 𝐸0 is the wave amplitude, ω is the angular frequency, x is the unit vector in x 

direction, and 𝛾 is a propagation constant given as 

 

𝛾 = 𝛼 + 𝑗𝛽,     (2) 

 

where 𝛼 is attenuation constant and 𝛽 is the phase constant which determines the wave 

speed in medium it propagates in. Usually, waveguide structures consist of conductor and 

dielectric both contributing to the attenuation constant. In such structures, the propagating 

electromagnetic wave is attenuated mainly due to the conductor and dielectric loss, but 

other factors such as conductor surface roughness are also relevant [5]. For low-loss 

transmission lines it is possible to separate the total attenuation into a conductor loss and 

dielectric loss components [1] [2]. 

 

𝛼 ≈ 𝛼𝑐 + 𝛼𝑑     (3) 

 

Conductor loss 𝛼𝑐 is related to the skin depth 𝛼𝑐 ∝ 1/𝛿  which is defined as the 

depth where the amplitude of the field vectors decays 𝑒 times. In good conductor the skin 

depth is [1][3] 

 

𝛿 ≈ √
1

𝑓𝜎𝜋𝜇
,     (4) 
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where f is the frequency, σ is the electrical conductivity and µ is the permeability of the 

conductor. The electrical conductivity is reciprocal to the electrical resistivity 𝜎 = 1/𝜌, 

and measures a material's ability to conduct an electric current. 

The skin effect describes the tendency of alternating current (AC) to flow near the 

conductor surface. The direct current (DC) distributes uniformly within the entire cross 

section of the conductor and the resistive loss in this case relates to the cross-section area 

of the conductor and metal conductivity, but as the frequency increases the current begins 

to flow in a thin layer beneath the surface of conductor approximately equal to the skin 

depth. The skin effect shrinks the effective cross-section of the conductor increasing the 

resistance proportionally to √𝑓. Therefore, the conductor loss depends on the material 

properties, geometry of the conductor and is frequency-dependent.  

At the same time the resistivity of metals is temperature-dependent. If the 

temperature T changes within several hundred of K the temperature dependence of 

electrical resistance is can be approximated by a linear function [7]. 

 

𝜌(𝑇) ≈ 𝜌0[1 + 𝛼𝑇(𝑇 − 𝑇0)],    (5) 

 

where 𝜌0 is the resistivity (in Ω·m) at the reference temperature T0, and αT is the 

temperature coefficient of resistivity, (in ℃−1, or K−1).  

Due to high current consumption the operating temperature of modern equipment 

is typically considerably higher than room temperature [8]. The temperature is high 

enough to noticeably increase of resistivity and, therefore the attenuation of the 

transmission line. The example of the increased loss due to temperature is shown on 

Figure 1.1 Simulations were done for a 5000 mil long stripline structure having 3 mil 

trace width and 9.1 mil thickness of the bulk dielectric. Dielectric has the dielectric 

constant (DK) of 4 and dissipation factor (DF) equal to 0.008 (medium-loss dielectric). 

Applying Eq.4 and using 𝜌0 = 1.724 ∙ 10−8 Ωm (nominal value for pure copper), 

𝛼𝑇 = 0.00393 1/℃, 𝑇0 = 25 ℃ the resistivity at 𝑇 = 25 ℃  and 𝑇 = 125 ℃ is 

calculated. After that the transmission coefficient of the line is calculated using the model 

in Advanced Design System [45]. The resulting coefficients are shown in Figure 1.1. As 

https://en.wikipedia.org/wiki/Electric_current


4 

can be seen, increasing the temperature by 100 C leads to 1 dB difference at 50 GHz and 

cannot be neglected in some cases.  

 

Figure1.1. Modeled transmission coefficients of stripline at 25 ℃ and 125 ℃ 

 

The purpose of Chapter 2 of the thesis is to study the temperature dependency of 

resistance for different copper types used in PCB design.  

As was said above the conductor surface roughness is an important factor 

affecting the performance of high-speed transmission lines. Real PCB traces are not 

smooth and the surface quality depends on technological process used during the PCB 

fabrication [9]. Also copper traces in transmission lines are intentionally made rough to 

promote adhesion to the dielectric. Typically “root-mean-squared” (RMS) value of 

roughness is calculated as [10] 

 

ℎ𝑟𝑚𝑠 = √E [(𝑋 − 𝑥𝜇)
2

],     (6) 

 

where X is the profile function, 𝑥𝜇 is the mean value of X and E denotes as expected 

value operator.  

There are other parameters of surface roughness that can be found in literature. 

For example Rz, referred to as ten point height, is the average absolute value of the five 

highest peaks and the five lowest valleys. The ℎ𝑟𝑚𝑠 (or Rq in literature) typically is 0.25-

0.7μm for hyper very low profile (HVLP) foils, 0.3-1.0μm for very low profile (VLP) 
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foils, and 1.0-2.0μm for standard profile (STD) foils [1, 9, 10, 48]. The examples of 

several foil type profiles are presented in Figure 1.2. 

 

Figure 1.2. Optical microscopic images of roughness. From left to right: STD (standard), 

VLP (very low profile), HVLP (hyper very low profile) 

 

At frequencies starting from approximately 2GHz the skin depth becomes 

comparable to the RMS height of the surface roughness, impacting the flow of the current 

considerably. 

Modern commercial software tools have models for conductor surface roughness 

in transmission lines, however all of them provide insufficient accuracy (in-depth review 

of models is presented in Section 3). Examples are presented in Figure 1.3. 

Figure1.3. Hall Hemispherical model used in ADS [5] (a), GMS model developed in 

Simberian Inc. [11] (b) 
 

In order to improve our understanding of the physical processes in striplines with 

rough conductors a full-wave model is proposed in Section 3. It might be used in the 

future as the basis of a truly physics-based roughness model.  

  

a b 
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2. MEASUREMENT OF COPPER RESISTIVITY  

Pure copper has relatively low electrical resistivity among commercially useful 

metals. On the other hand the resistivity of different copper types used for PCB 

fabrication might vary [12].What is worse is that thermal processing of copper (like 

annealing) affects the resistivity profoundly [13]. Because of this it becomes impossible 

in many cases to predict the actual resistivity of conductors in PCBs.  

Resistivity is temperature dependent, if the temperature increases, resistivity 

increases as well. This chapter will outline the methodology for temperature dependence 

measurements of the resistivity. A quick explanation of four probe technique is provided. 

Then, the methodology is applied to the eleven copper types used in PCB design. The 

resistivity and conductivity values as well as temperature coefficients are calculated and 

discussed. 

2.1. BACKGROUND 

Electrical resistivity of copper and its temperature dependence has been 

investigated and reported by many groups over more than a century. The earliest report is 

published by Lorenz [14] in 1881. In his work he obtained the resistivity values of 

2.18 ∙ 10−8 Ω·m and 2.95 ∙ 10−8 Ω·m at 273K and 373K correspondingly. Next, the 

report of Jaeger and Diesselhorst [15] was published in 1900 where they performed 

measurements at 291K and 373K and the reported resistivity is 1.81 ∙ 10−8 Ω·m 

and 2.40 ∙ 10−8 Ω·m. Referring to J.H. Dellinger [16] work published in 1900 the 

reported temperature coefficient is 0.00394 but resistivity value is not provided. In work 

of Niccolai [17] made at 1908 the measurements were done from 84K to 673K with 

reported changes in resistivity from 0.302 ∙ 10−8 Ω·m to 4.093 ∙ 10−8 Ω·m. The 1914 

report of Northrup [18] presents the data starting from room temperature to well above 

the melting point. In 1914 Stratton [19] published work with obtained resistivity value 

and temperature coefficient. Then, in 1927 Gruneisen and Goens [20] did measurements 

on numerous copper specimens from 21.2K to 273K. In [21] Laubitz did the 

measurements of the annealed 99.999% pure copper from 273K to1272K. Moore et al. 

measured the same samples Laubitz used but temperature was varied from 85K to 375K. 

There are numerous works by other authors dedicated to investigation of copper 



7 

resistivity under temperature influence. Explicit data analysis was performed by Matula 

in 1979 [7]. In his work he consolidated all reported data related to resistivity of copper 

and provided the recommended values at different temperatures which partly are given in 

Table 2.1.  

 

Table 2.1. Values for the electrical resistivity and temperature coefficients of annealed 

copper 

 

 

 

 

 

 

 

 

 

 

The conductivity of a material is defined by differential form of Ohm’s law as  

 

𝐽 = 𝜎𝐸 ,     (7) 

 

where J is the current density and Ε is the electric field in the direction of current flow. It 

is useful to express conductivity in terms of more familiar voltage and current. The 

current density is given by  

 

𝐽 = 𝐼/𝐴,     (8) 

 

where I is the current in Amperes and A is the cross sectional area of the conductor. The 

electric field is given:  

 

𝐸 = 𝑉/𝐿,     (9) 

Author Temperature, 

K/℃ 

Resistivity , 

Ω·m 

Temp. 

Coefficient, 

1/℃  

Matula  
300/27 1.725 ∙ 10−8 

N/A 
350/77 2.063 ∙ 10−8 

Dellinger 293/20 N/A 0.00394 

Stratton 293/20 1.724 ∙ 10−8 0.00393 
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where V is the total voltage drop along the conductor sample and L is the length of the 

sample. Rearranging (7) and substituting to (8) and (9) gives:  

 

𝜌 =
1

𝜎
=

𝐸

𝐽
=

𝐴∙𝑉

𝐿∙𝐼
=

𝑅∙𝐴

𝐿
    (10) 

 

where ρ is the sample resistivity (in Ω·m) and R is the sample’s measurable resistance (in 

Ω). Thus by measuring the resistance directly (or the voltage and current), and knowing 

the sample’s physical dimensions, the resistivity or its conductivity can be calculated.  

2.1.1.  Four-Probe Technique. For the resistance measurements of the conductors 

the four probe technique is typically used [22],[23]. The schematic of the four probe 

technique is shown in Figure 2.1. It consists of the current source, ampere-meter, and 

voltmeter. Connection of the current source and voltmeter to the sample is performed 

using the probes. Then, current I is made to flow between the probes as shown by red 

arrows in Figure 2.1. Voltage V is measured between the two probes, ideally without 

drawing any current and avoiding the resistance error factor (including contact 

resistance). From the ratio of measured voltage and current the resistance can be 

determined using the Ohm law.  

 

 

Figure 2.1. Schematic of Four - Point Probe Technique 
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2.1.2. Setup. For the Resistance measurements the LCR meter HP4263b with 

custom probes is used. Probes are made using pogo pins and coax cables and are shown 

in Figure 2.2. The LCR meter is the instrument which is usually used for inductance (L), 

capacitance (C) and resistance (R) measurements. It has four terminals, two can measure 

voltage across the sample and another two apply current to the sample according to the 

diagram in Figure. 2.1. Although the measurements are performed at 100 Hz, the skin 

effect at this frequency is negligible and the results are indistinguishable from the 

measurements at DC  

 

 

Figure 2.2. Pogo pin (left), Customized probes for resistivity measurements (right) 

 

For the temperature dependence measurements the device under test (DUT) must 

be heated up for as long as the measurement requires. To heat up the DUT the hot plate 

with the adjustable temperature is used. The temperature range of interest is from room 

temperature 25°C (298 K) to 100°C (373K).Two thermocouples are connected to the 

DUT to monitor the temperature and two precision digital thermometers (ΔT=0.1 K) are 

used to read the temperature from thermocouples. The schematic of the setup is shown in 

Figure 2.3. 

pogo pin Probes 
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Figure 2.3. Setup schematic for resistance measurements 

 

The main problem is to maintain the homogeneous temperature distribution over 

the hot plate. Requirement for this study is that the discrepancy of temperature should not 

exceed 1°C. In order to meet it, the DUT is put between two metal plates. The bottom 

plate has around 10 mm thickness and the top plate is 2 mm thick and has thermal Mylar 

tape on it to avoid shorting the sample. The bottom plate is then heated by the hot plate 

and the top one helps to keep the DUT temperature steady. The setup implementation is 

presented in Figure 2.4. The “sandwich” structure provides the homogenous temperature 

distribution over the entire DUT needed for this study. To be able to land the probes and 

perform the measurement the 1.5x1.5 cm window is cut in the top plate. Provided space 

is enough to land four probes connected to the LCR Meter. Window of this size does not 

affect the accuracy of the measurement because the rest of the DUT stays covered and the 

bottom plate has not been changed. 



11 

 

Figure 2.4. Setup for resistance measurements (a), window for probes landing (b), two 

thermocouples placed on the DUT (c) 

 

To summarize the procedure for temperature dependency investigation, the 

following steps should be taken: 

  Put the DUT between two plates and start heating  

 Monitor the temperature until it reaches the desired one 

 Take Resistance measurements applying four probes of the LCR Meter  

Two thermocouples 

LCR Meter 

Digital thermometers 

Window for 

measurements 

a 

b c 
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2.1.3. DUT Description. For the temperature dependency investigation the set 

of copper coupons has been fabricated. The top layer of coupon is presented in Figure 

2.5. The bottom layer of all coupons is solid copper. Totally eleven copper types have 

been provided for this study. Every copper type contains 30 coupons and every ten of 

them have different trace width. The specific copper types will be listed latter. 

The length of each sample is 1 m. As it is shown in Figure 2.5 each sample has 

special form to minimize the occupied space and to put the sample ends close to each 

other. 

The main feature of these coupons is a 0.5 mm gap to be able to place probes for 

measurements.  

  

Figure 2.5. Top layer of tested coupon 

 

Another parameter needed for resistivity calculation is a cross sectional area. The 

cross section is taken by cutting the sample by the plane normal to the current flow. For 

accurate calculation several traces were cut, polished and measured using an optical 

microscope. One of the cross sections with measured thickness is presented in Figure 2.6.  

Gap 
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Figure 2.6. The cross section of the tested trace 

 

2.1.4.  Uncertainty Estimation. The usual way to quantify the spread of 

measured data is standard deviation. The standard deviation of a set of numbers tells how 

different the individual readings typically are from the average of the set. The bias-

corrected standard deviation for a series of n measurements can be expressed 

mathematically as: 

 

𝑆 = √
∑ (𝑥𝑖−�̅�)2𝑛

𝑖=1

𝑛−1
,    (11) 

 

where �̅� is the arithmetic mean of measured data. When a set of several repeated readings 

has been taken the uncertainties should be properly estimated. All contributing 

uncertainties should be expressed at the same confidence level, by converting them into 

standard uncertainties. Standard uncertainty Δu (or Standard Error (SE)) is determined as 

the standard deviation of the mean [24] and calculated as [24-28]:  

 

∆𝑢 =
𝑆

√𝑛
    (12) 

 

This expression reflects the fact that standard uncertainty decreases with 

increasing the number of measurements.  
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Oftentimes, the uncertainty should be calculated for quantity f which depends on 

several variables 𝑥𝑖 with their own uncertainties. In this case the uncertainty in f is 

determined as [24-28]: 

 

∆𝑢𝑓 = √∑ (
𝜕𝑓(𝑥𝑖)

𝜕𝑥𝑖
∆𝑢(𝑥𝑖))

2
𝑁
𝑖=1 .    (13) 

 

Consider the Cross sectional area of the trace given by 

 

𝐴 = 𝑊 ∙ 𝑇,     (14) 

 

where W is the trace width and T is its thickness. Then applying (13) the uncertainty in 

the area is given by 

 

∆𝐴 = (𝑊 ∙ 𝑇)√(
∆𝑊

𝑊
)

2
+ (

∆𝑇

𝑇
)

2
,    (15) 

 

where the width uncertainty ∆𝑊 and thickness uncertainty ∆𝑇 are calculated using (11). 

W and T are the mean values calculated from microscopic photos. The calculated area 

and its uncertainties are consolidated in Table 2.2.  

 

Table 2.2. Thickness, width and area of traces 

 

Thickness, μm 18.02±0.15 

Width, μm 488.24±0.59 493.62±1.20 499.00±0.60 

Area, μm2 8798.08±73.99 8877.01±76.77 8991.98±75.41 

 

 

Considering the relative uncertainties of width  
∆W

𝑊
=

0.59

488.24
= 1.2 ∗ 10−3 =

0.12% , thickness 
∆T

𝑇
=

0.67

18.02
= 8.3 ∗ 10−3 = 0.83%. and calculated area  

∆A

𝐴
=

73.99

8798.08
=
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0.84%, it is obvious that the thickness has the dominating contribution to the total 

uncertainty.  

The uncertainty in resistivity can be derived by substituting (10) to (13): 

 

∆𝜌 = √(
𝐴

𝐿
∙ ∆𝑅)

2
+ (

𝑅

𝐿
∙ ∆𝐴)

2
+ (−

𝑅𝐴

𝐿2 ∙ ∆𝐿)
2
   (16) 

 

Equation (16) shows that the total uncertainty of resistivity depends on the 

corresponding uncertainties of area, sample length and measured resistance. The 

uncertainty related to sample length is not considered and neglected. The uncertainty in 

resistance depends on particular setup and measurement method and was 0.1% according 

to the LCR meter specification. There are several other type of errors such as systematic 

ones. Only random errors are considered in this work.  

2.1.5.  Results and Discussion. Measurements of resistance were done using 

LCR meter HP4263b for 330 samples (11 foil types by 30 samples) at room temperature 

(25 °C), 50 °C and 100 ˚C. Applying (10) the resistivity and conductivity values have 

been calculated and presented in Tables 2.4-2.5. Results were confirmed by 

measurements in the Material Research Center (MRC) at room temperature using 

another, much more expensive facility (Allesi C4S), based on the same 4-point technique. 

Picture of Allesi C4S instrument is presented in Figure 2.7. Discrepancy in resistivity 

obtained by two independent measurements (LCR meter at AC and Allesi C4S at DC) 

does not exceed 0.5% and is presented in Table 2.3. The measurements at 50 °C and 100 

°C have not been verified due to Allesi C4S limitations. Nevertheless, such low 

difference in results indicates that the instrument error has low contribution into total 

uncertainty of calculated resistivity value.  

The results show that the conductivity values at room temperature of different 

copper types are 12.5% lower on average than the nominal pure copper value σ = 5.80 ∙

107 S/m. For convenience the obtained results are presented also in Figure 2.8 and Figure 

2.9.  
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Figure 2.7 Allesi C4S 4-point probe 

 

 

Table 2.3. Comparison of conductivity obtained by two methods 

(3 copper types are shown) 

 

 

 

 

 

 

 

 

 

 

 

  

type/setup 
Allesi, 

Conductivity S/m 

LCR Meter, 

Conductivity S/m 

OM ML 4.876 ∙ 107±0.044 ∙ 107 4.873 ∙ 107±0.042 ∙ 107 

OM MLS 5.141 ∙ 107±0.046 ∙ 107 5.153 ∙ 107±0.045 ∙ 107 

NY NPV 4.955 ∙ 107±0.057 ∙ 107 4.931 ∙ 107±0.051 ∙ 107 

Allesi C4S 

Voltmeter 

Current source 
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Table 2.4. Conductivity at room temperature, 50 C and 100 C 

 

type 
𝜎, 𝑆/𝑚 

at Room Temperature 

𝜎, 𝑆/𝑚 

At 50 C 

𝜎, 𝑆/𝑚 

At 100 C 

OM ML 4.873 ∙ 107±0.042 ∙ 107 4.441 ∙ 107±0.038 ∙ 107 3.730 ∙ 107±0.033 ∙ 107 

OM MLS 5.153 ∙ 107±0.045 ∙ 107 4.687 ∙ 107±0.041 ∙ 107 3.963 ∙ 107±0.037 ∙ 107 

OM VSP 4.984 ∙ 107±0.042 ∙ 107 4.513 ∙ 107±0.039 ∙ 107 3.804 ∙ 107±0.032 ∙ 107 

NY NPHD 5.073 ∙ 107±0.044 ∙ 107 4.586 ∙ 107±0.039 ∙ 107 3.874 ∙ 107±0.034 ∙ 107 

NY NPV 4.931 ∙ 107±0.051 ∙ 107 4.471 ∙ 107±0.045 ∙ 107 3.777 ∙ 107±0.037 ∙ 107 

CF TW-B 5.152 ∙ 107±0.044 ∙ 107 4.696 ∙ 107±0.041 ∙ 107 3.947 ∙ 107±0.035 ∙ 107 

OM VLP 4.809 ∙ 107±0.041 ∙ 107 4.368 ∙ 107±0.038 ∙ 107 3.694 ∙ 107±0.032 ∙ 107 

CF BF-TZA 4.780 ∙ 107±0.042 ∙ 107 4.350 ∙ 107±0.039 ∙ 107 3.687 ∙ 107±0.035 ∙ 107 

FUR FV-WS 4.840 ∙ 107±0.042 ∙ 107 4.398 ∙ 107±0.038 ∙ 107 3.722 ∙ 107±0.032 ∙ 107 

GD RTC 5.130 ∙ 107±0.044 ∙ 107 4.662 ∙ 107±0.041 ∙ 107 3.916 ∙ 107±0.038 ∙ 107 

CF TW 5.111 ∙ 107±0.046 ∙ 107 4.644 ∙ 107±0.042 ∙ 107 3.913 ∙ 107±0.035 ∙ 107 
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Table 2.5. Resistivity at room temperature, 50 C and 100 C 

 
 

 

 

 

 

type 
𝜌, Ω ∙ 𝑚 

at Room Temperature 

𝜌, Ω ∙ 𝑚 

At 50 C 

𝜌, Ω ∙ 𝑚 

At 100 C 

OM  ML 2.053 ∙ 10−8±0.017 ∙ 10−8 2.252 ∙ 10−8±0.019 ∙ 10−8 2.681 ∙ 10−8±0.024 ∙ 10−8 

OM MLS 1.944 ∙ 10−8±0.017 ∙ 10−8 2.134 ∙ 10−8±0.019 ∙ 10−8 2.524 ∙ 10−8±0.024 ∙ 10−8 

OM VSP 2.007 ∙ 10−8±0.017 ∙ 10−8 2.216 ∙ 10−8±0.019 ∙ 10−8 2.629 ∙ 10−8±0.022 ∙ 10−8 

NY NPHD 1.972 ∙ 10−8±0.017 ∙ 10−8 2.181 ∙ 10−8±0.019 ∙ 10−8 2.581 ∙ 10−8±0.023 ∙ 10−8 

NY NPV 2.029 ∙ 10−8±0.021 ∙ 10−8 2.237 ∙ 10−8±0.022 ∙ 10−8 2.647 ∙ 10−8±0.026 ∙ 10−8 

CF TW-B 1.943 ∙ 10−8±0.017 ∙ 10−8 2.129 ∙ 10−8±0.019 ∙ 10−8 2.534 ∙ 10−8±0.022 ∙ 10−8 

OM VLP 2.081 ∙ 10−8±0.018 ∙ 10−8 2.289 ∙ 10−8±0.020 ∙ 10−8 2.707 ∙ 10−8±0.024 ∙ 10−8 

CF BF-TZA 2.094 ∙ 10−8±0.018 ∙ 10−8 2.299 ∙ 10−8±0.021 ∙ 10−8 2.712 ∙ 10−8±0.026 ∙ 10−8 

FUR FV-WS 2.064 ∙ 10−8±0.018 ∙ 10−8 2.274 ∙ 10−8±0.020 ∙ 10−8 2.687 ∙ 10−8±0.027 ∙ 10−8 

GD RTC 1.963 ∙ 10−8±0.017 ∙ 10−8 2.145 ∙ 10−8±0.019 ∙ 10−8 2.553 ∙ 10−8±0.026 ∙ 10−8 

CF TW 1.958 ∙ 10−8±0.018 ∙ 10−8 2.153 ∙ 10−8±0.019 ∙ 10−8 2.556 ∙ 10−8±0.023 ∙ 10−8 
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Figure 2.8. Conductivity over temperature for all tested copper types 

 

 

Figure 2.9. Resistivity over temperature for all tested copper types 

 

The temperature coefficients were calculated by inverting the equation (5) and 

fitting resistivity values between 25 C and 100 C by a linear function. The calculated 

(fitted) resistivity temperature dependency is plotted in Figure 2.10 along with the 

measured one. 
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Figure 2.10. Resistivity vs. temperature 

 

Performing the calculation for every measured copper type, the temperature 

coefficients have been extracted and presented in Table 2.6.  

 

Table 2.6. Temperature coefficients for tested copper foils 
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measured

calculated

foil type 
temperature 

coefficient,1/℃ 
Foil type 

temperature 

coefficient,1/℃ 

OM ML 4.07 ∙ 10−3 OM VLP 4.00 ∙ 10−3 

OM MLS 3.97 ∙ 10−3 CF BF-TZA 3.95 ∙ 10−3 

OM VSP 4.13 ∙ 10−3 FUR FV-WS 4.02 ∙ 10−3 

NY NPHD 4.12 ∙ 10−3 GD RTC 4.00 ∙ 10−3 

NY NPV 4.10 ∙ 10−3 CF TW 4.06 ∙ 10−3 

CF TW-B 4.05 ∙ 10−3  
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2.2. SUMMARY  

The LCR Meter with custom probes can be used for the efficient and accurate 

measurements of copper resistivity. Resistivity values calculated based on LCR meter 

measurements converge to those calculated based on measurements taken at the Material 

Research Center using Allesi C4S at room temperature. Calculated conductivity values at 

room temperature of different copper types are 12.5% lower on average than the nominal 

pure copper value σ = 5.80 ∙ 107 S/m.  

Further application of Allesi C4S for the temperature dependency measurements 

is not possible due to its configuration. For this purpose the LCR meter was successfully 

utilized at 50 °C and 100°C providing expected linear behavior for resistivity. Setup for 

these measurements is easy to implement and does not requires using the environmental 

chamber, achieving the temperature discrepancy below 1 °C. Resistivity values of tested 

copper types show approximately linear behavior in 25-100 C temperature range. 

Overall, the conductivity/resistivity values change with temperature and average 

difference between room temperature and 100C is 30%. Calculated temperature 

coefficients have good agreements with results presented in [8]. Particularly, the reported 

temperature coefficients are in the range form 3.69 ∙ 10−3 1/C to 4.09 ∙ 10−3 1/C at 

20C and the measured results are in the range from 3.95 ∙ 10−3 1/C to 4.13 ∙ 10−3 1/C. 

Also performed uncertainty estimation shows that the main contribution into the total 

error is due to the uncertainty in the trace thickness. In order to reduce the error, the 

actual area of tested samples has to be extracted from the microscopic images of the trace 

cross section.  
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3. SURFACE ROUGHNESS MODELING  

In real PCBs the traces are never smooth and have rough surface causing the 

additional loss [29-31]. Moreover, loss related to surface roughness increases with 

frequency and affects the SI performance. Since the clock frequencies of modern high 

speed devices are in the multi-GHz region the effect of surface roughness cannot be 

neglected in general. 

3.1. EXPERIMENTAL INVESTIGATION OF SURFACE ROUGHNESS 

EFFECTS 

For the experimental investigation of the influence of the surface roughness on 

losses the set of PCB has been manufactured with different widths and foil types. Totally 

12 PCB sets were fabricated with every set consisting of six identical PCBs. All test lines 

are 50 Ohm single ended (SE) striplines and the Megtron6 is used as laminate dielectric. 

The picture of a typical test vehicle is given in Figure 3.1. The test board has a “through-

reflect-line” (TRL) calibration pattern. the valid frequency range of the calibration pattern 

is at least up to 30 GHz.  

 

 

Figure 3.1. Picture of the test vehicle 

 

The launch structure is a surface pad designed to accept a flange-mount, 

compression-fit SMA connectors. The 3.5 mm SMA connectors are mounted on top of 

the PCB and are used for excitation. The drawing of the SMA connector is presented on 

Figure 3.2 



23 

 

Figure 3.2. Drawing of SMA connector 

 

Three foil types have been implemented for this research: Standard foil (STD), 

very low profile (VLP), and hyper low profile (HVLP). Roughness parameters for each 

of them are provided in Table 3.1.  

 

Table 3.1. Roughness parameters for three tested foil types [47] 

 

 

 

 

 

 

 

 

 

 

 

3.1.1.  Measurement Results and Observations. After the TRL calibration the 

S-parameters of the 16 inch test lines on all PCBs have been measured. Measured 

insertion loss of 12 PCBs with different roughness and trace width are illustrated by 

Figure 3.3. 

 

Resist Side ℎ𝑟𝑚𝑠, μm Peak to Peak, μm 

STD  1.0-2.0 7.0-12.0 

VLP 0.3-0.4 3.0-4.0 

HVLP 0.25-0.35 2.0-3.0 

After alt. Oxide ℎ𝑟𝑚𝑠, μm Peak to Peak, μm 

STD  1.0-2.0 7.0-12.0 

VLP 0.6-1.0 6.0-8.0 

HVLP 0.5-0.7 4.0-6.0 
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Figure 3.3. |S21| per inch for the entire PCBs set 

 

The obtained results show that, first of all, the insertion loss increases with the 

magnitude of roughness as expected, also the additional loss due to the roughness 

increases with frequency. At the same time the impact of the surface roughness on the 

total loss decreases for wider traces. The difference in losses with respect to HVLP at 

15GHz are given in Table 3.2 illustrating these effects. 

 

Table 3.2. Difference in loss for different trace width at 15GHz 

  3.5mil 9.5mil 13mil 15mil 

STD-HVLP,% 37.8 23.9 37.7 16.8 

VLP-HVLP,% 11.8 8.8 8.6 6.4 
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Another unexpected observation is that the slope of S21 curve increases with 

frequency, which is particularly visible for HVLP traces. 

Attenuation coefficient due to the dielectric loss is proportional to the frequency 

as 𝛼𝑑 = 𝐶 ∙ 𝜔 ∙ tan𝛿 where C is the per unit length (pul) capacitance of the line [6]. Since 

the conductor loss increases proportionally to the √𝜔 (see [1]) at sufficiently high 

frequencies the dielectric loss dominates and one should expect almost linear increase of 

loss factor for non-dispersive dielectrics. The measurements in Figure 3.3 however show 

noticeably non-linear behavior at high frequencies. This behavior was observed in other 

research groups independently, for example, as it is shown in Figure 3.4.  

 

Figure 3.4. Nonlinear behavior of the insertion loss due to the surface roughness [29] 

 

In principle the increase of the slope of S21 could be explained by the frequency-

dependent loss in the dielectric in the multi-GHz frequency range (as is done in [32]), 

however on the other hand, there are reports indicating that the low-loss dielectrics 

typically used in the PCB design are very low-dispersive above 5 GHz and have nearly 

frequency independent tanδ (examples are presented in Figure 3.5 (resonator method) and 

Roughness increases HVLP 

 to STD  
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Figure 3.6 (transmission line method)) [33,48]. If it is true, the non-linearity of the 

attenuation constant must be attributed solely to the effects of conductor surface 

roughness.  

 

Figure 3.5. Measured of the real and imaginary components of Roger 5880 [33] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. DK, DF of bismaleimide triazine (BT) [47] 
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3.1.2. Motivation and Objective. Generally, these observed effects could not be 

explained by any existing models as will be demonstrated in the following section, and 

calls for the development of the alternative approach. Ideally this approach needs to be 

physics-based, as opposed to phenomenological or behavior modelling. A truly physical 

approach should involve direct solutions of Maxwell’s equations, which might be 

achieved using one of the commercially available full-wave solvers. There are several 

challenges that are met when the rough surface is modelled in 3D. The obvious one is 

that the mesh density (or the number of unknowns) needed to describe the rough surface 

of a typical PCB conductor is quite high, and might be prohibitive for certain types of 

solvers. Secondly, the high-frequency 3D solvers do not mesh the inner volume of metal 

parts, but use boundary conditions to model lossy metals instead. However, the 

penetration of field into the metal might be comparable to the size of metal protrusions 

due to the roughness, and boundary conditions might be not adequate in this situation. 

And thirdly, there are complex chemical compounds that are formed at the interface 

between the dielectric and metal [34], which might have quite distinctive electrical 

properties. Currently there is no way to include the effect of these compounds into the 3D 

model because their properties and the thickness of the layer generally are not known.  

Nevertheless, despite these challenges and limitations it was decided to 

investigate the possibility to model the rough surfaces of the striplines in full-wave 

primarily to get insights into the physics of the roughness-related attenuation. 

 

3.2. EXISTING MODELS FOR SURFACE ROUGHNESS  

Many models for conductor surface roughness are based on representation of 

roughness profiles by simple shapes. In some models the shapes are placed periodically 

to simplify the analysis, in others the stochastic methods are employed.  

The usual way to estimate the loss due to rough surface is to calculate the 

correction factor or power loss coefficient. The power loss coefficient is equal to the ratio 

of the attenuation constant due to conductor loses of a transmission line with rough 

conductor surfaces to that for the same line with smooth conductor surfaces.  

3.2.1.  Hammerstad Model. The first model to account for the surface 

roughness losses was proposed by Morgan in 1949 [35]. In his model, the roughness is 
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presented as periodic “saw tooth” like structure as shown on Figure 3.7. The assumption 

behind this theory is that current flows along the edge of the rough surface as it is show 

on the figure and the additional power losses caused by longer current path. Then he used 

the finite-difference method to solve a quasi-static eddy-current problem for this 

structure. As the result the ratio of the power loss dissipated in a conductor with a rough 

surface 𝜶𝒓𝒐𝒖𝒈𝒉 to that dissipated in the same but smooth conductor 𝜶𝒔𝒎𝒐𝒐𝒕𝒉 is calculated.  

 

 

Figure 3.7. Hammersted model for roughness modeling 

 

Later, Hammerstad and Jensen obtained the empirical expression based on 

Morgan’s results for extra loss and used only one parameter, hrms to characterize it [3]: 

 

𝐾𝑠 =
𝛼𝑟𝑜𝑢𝑔ℎ

𝛼𝑠𝑚𝑜𝑜𝑡ℎ
= 1 +

2

𝜋
∙ 𝑎𝑟𝑐𝑡𝑎𝑛 (1.4 (

ℎ𝑟𝑚𝑠

𝛿
)

2

),  (17) 

 

where 𝛿 is the skin depth. However obtained expression saturates at the value of 2 as it is 

shown in Figure 3.8 for ℎ𝑟𝑚𝑠 = 5.8𝑢𝑚. 
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Figure 3.8. Roughness correction factor based on Hammersted model 

 

In practice, the impact of surface roughness can be greater than a factor of 2 

which leads to lack of accuracy at high frequencies. The example of loss correction using 

this method is shown in Figure 3.9. 

 

 

Figure 3.9. Measured and corrected according to Hammersted insertion loss [5] 

 

As it is well seen, the application of Hammersted model is limited to 4-5GHz 

where it has reasonable accuracy. While this model has been found useful in low 

frequency speed designs, the modern high-speed circuits require more accurate models.  
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3.2.2. Hemispherical Model. Hall et al. proposed to model the conductor 

surface roughness as conductor hemispheres protruding from a at conductor plane [5]. 

Then, the problem of scattering of a plane wave from the hemispherical protrusion on the 

flat surface is solved using the method of images. The correction factor is given then as:  

 

𝐾𝑠 =
(|𝑅𝑒[𝜂

3𝜋

4𝑘2(𝛼(1)+𝛽(1))]|+
𝜇0𝜔𝛿

4
(𝐴𝑡𝑖𝑙𝑒−𝐴𝑏𝑎𝑠𝑒))

𝜇0𝜔𝛿

4
𝐴𝑡𝑖𝑙𝑒

    (18) 

 

where 𝐴𝑡𝑖𝑙𝑒 is the tile area, 𝐴𝑏𝑎𝑠𝑒 is the base area of the hemispheres, k is wave vector, 

𝜂 = √𝜇0/휀0휀′ and the first order scattering coefficients are 

 

𝛼(1) = −
2𝑗

3
(𝑘𝑟)3 [

1−
𝛿

𝑟
(1+𝑗)

1+
𝛿

2𝑟
(1+𝑗)

]     (19) 

 

𝛽(1) = −
2𝑗

3
(𝑘𝑟)3 [

1−(
4𝑗

𝑘2𝑟𝛿
)(

1

1−𝑗
)

1+(
2𝑗

𝑘2𝑟𝛿
)(

1

1−𝑗
)
]    (20) 

 

The parameters for 𝐾𝑠 are calculated based on volume equivalent model as:  

 

𝐴𝑡𝑖𝑙𝑒 = 𝑑𝑝𝑒𝑎𝑘𝑠
2       (21) 

 

𝐴𝑏𝑎𝑠𝑒 = 𝜋 (
𝑏𝑏𝑎𝑠𝑒

2
)

2

     (22) 

 

𝑟 = √ℎtooth (
𝑏base

2
)

23

     (23) 

 

The meaning of these parameters is illustrated by Figure 3.10. 
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Figure 3.10. Hemispherical model for roughness modeling 

 

An example of applying Eq.(18) with roughness parameters 𝑏𝑏𝑎𝑠𝑒 = 9.4𝑢𝑚, 

𝑑𝑝𝑒𝑎𝑘𝑠 = 9.4𝑢𝑚, 휀′ = 4 , the correction coefficient in 0 to 50 GHz frequency range is 

presented in Figure 3.11 

 

Figure 3.11. Roughness correction factor based on Hemispherical model 

 

Application of this model gives relatively accurate results up to 30 GHz [5] as it is 

shown on Figure 3.12. 
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Figure 3.12. Measured and corrected according to Hall insertion loss [5] 

 

Hemispherical model is the most popular today and found implementation in 

commercial software. It is based on three input parameters and requires three statistical 

measurements. However, the accurate measurements of base and space between 

protrusions are required. On the other hand, as can be seen in Figure 3.12, the model 

typically overestimates loss at low frequencies and underestimates at high ones. And, as 

the frequency increases past 30 GHz, the underestimation of loss increases. 

3.2.3. Snowball Model. In the work of Huray et al. the surface roughness is 

modeled as a pyramidal stack-up of spherical conductor particles snowballs on a 

conductor surface [36-37], as shown in Figure 3.13. 

 

 

Figure 3.13. Snowballs model for roughness modeling [36] 
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The problem of scattering and absorption is solved similarly to the hemispherical 

model but for every sphere. Using the superposition of the sphere losses, the total loss of 

this structure is derived. As the result the roughness correction factor is written as: 

 

𝐾𝑠 =
𝜇0𝜔𝛿

4
𝐴𝑡𝑖𝑙𝑒+∑ 𝑅𝑒[𝜂

3𝜋

2𝑘2(𝛼(1)+𝛽(1))]𝑁
𝑛=1

𝜇0𝜔𝛿

4
𝐴𝑡𝑖𝑙𝑒

    (24) 

 

Calculated roughness correction factor is presented on Figure 3.14. Roughness 

parameters in this example were the same as in previous model and radii of spheres are 

0.8μm. Total number of spheres is N=20. 

 

 

Figure 3.14. Roughness correction factor based on Snowballs model 

 

This model shows the accurate agreement with measurements up to 50GHz but is 

complicate to use. The application of this model is shown on Figure 3.15.  
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Figure 3.15. Measured and corrected according to Snowball model insertion loss [5] 

 

As can be seen the agreement at lower frequencies is better, but the model also 

underestimates loss at higher frequency range.  

3.2.4.  Small Perturbation Method. Tsang et al. conducted more complicated 

and deep analysis of the surface roughness problem [38-42]. Firstly, they analyzed 2D 

random rough surfaces based on second order Small Perturbation Method (SPM2) and 

numerical method of moments (MoM) [42]. Then, they performed calculation of power 

absorption factor for surface roughness with Gaussian and Exponential correlation 

functions. Calculations and analysis show that the power absorption enhancement factor 

depends on three parameters: RMS height, correlation length, and correlation function.  

Then this approach has been extended to the analysis of 3D surface roughness 

where the surface height varies in both horizontal directions [38]. In this work authors 

derived the closed-form  formula of the power absorption enhancement factor based  

 

𝐾𝑠 = 1 +
2ℎ2

𝛿2
−

4

𝛿
∫ ∫ 𝑑𝑘𝑥𝑑𝑘𝑦𝑊(𝑘𝑥, 𝑘𝑦)𝑅𝑒 {√

2𝑖

𝛿2
− 𝑘𝑥

2 − 𝑘𝑦
2}

∞

0

∞

0
,  (25) 

 

where 𝑘𝑥,𝑦 =
2𝜋𝑛

𝐿𝑥,𝑦
 and 𝑊(𝑘𝑥, 𝑘𝑦) is the power spectral density function (PSD). 

The example of correction factor calculated using equation (25) is presented on 

Figure 3.16. Calculation was made for roughness profile havingℎ𝑟𝑚𝑠 = 1 𝑢𝑚, correlation 

length 2 μm and Gaussian function of PSD.  
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Figure 3.16. Roughness correction factor based on SPM2 

 

The comparison of measured and estimated loss show accurate prediction up to 20 

GHz and is presented in Figure 3.17 [39]. However, this method has been tested only for 

ℎ𝑟𝑚𝑠 ≤ 1𝑢𝑚 and gives unrealistic correction factor for higher roughness magnitude.  

 

 

Figure 3.17. Measured and modeled according to SPM2 [39] 
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3.2.5.  Scalar Wave Modeling. Another model based on the stochastic analysis 

is proposed in the work of Chen and Wong. In their work [43] the rough surface is 

modeled by parameterized stochastic processes. The method is based on 3D statistical 

modeling of surface roughness and the numerical solution of scalar wave equation. The 

extra loss caused by surface roughness is approximated by the energy flux absorbed by 

the rough surface. The scalar wave modeling (SWM) with the method of moments 

(MOM) is used to calculate the scattering and absorption of the scalar wave by the rough 

surface. As the validation of this method the comparison with the SPM2 method was 

performed (Figure 3.18) but not with the experimental results. 

 

 

Figure 3.18. Roughness correction factor calculated by SWM vs. SPM2 [43] 

 

Despite the reported advantages of SWM method it was derived based on scalar 

wave theory instead of EM wave theory  

3.2.6.  Limitations of Existing Models. As can be seen all of the models 

reviewed above improve the accuracy of modelling relative to the case when the surface 

roughness is not taken into account. The accuracy of prediction is different, being the 

worst for the Hammersted model, and the best for the snowball model. However, none of 

the existing models is capable to capture the effect of increasing slope of the S21 due to 
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the roughness that is evident from Figure. 3.3 and 3.4, as the correction factors calculated 

according to all of them have monotonic second derivative (see Figure 3.8, 3.11, 3.14, 

3.16, 3.18). The slope increase effect can be quite strong, adding up to 5 dB loss at 10 

GHz (see. Figure 3.4), and definitely requires a closer attention. 

 

3.3.  3D MODEL FOR SURFACE ROUGHNESS 

The paper [43] proposes the way to generate a surface resembling the real-word 

profiles of rough conductors, based on the cross-sectional measurements. We will follow 

a similar procedure to generate the surfaces that can be automatically imported into CST 

Microwave Studio.  

To generate the random roughness the following steps should be taken:  

 Explore the parameters of real roughness. Extract statistical parameters 

such as probability density function (PDF), Autocorrelation function 

(ACR), and ℎ𝑟𝑚𝑠 from the measured roughness profile 

 Generate the δ-correlated 2D function (surface) with needed PDF 

 Design a filter and filter the δ-correlated function to obtain a surface with 

needed ACR.  

 Import generated surface into CST Microwave studio and perform full 

wave simulation  

3.3.1.  Extraction of Roughness Parameters. For the surface roughness 

characterization the cross section-analysis is essential. To perform the cross-sectional 

analysis the trace is cut perpendicular to wave propagation direction. For this study 

several PCB with different foil types have been cut, embedded into a special epoxy 

compound, polished and the microscopic images of the cross-sections are taken. Prepared 

samples and microscopic images are presented in Figure 3.19. 
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Figure 3.19. Prepared sample for cross section analysis (a), microscopic pictures of 

stripline (b), close-up picture of the trace (c) 

 

The procedure of image processing for PCB cross section analysis is described in 

details in [10]. After image processing the binary (black-and white) image of the cross-

section is generated. The example of the binary image of the VLP trace is shown in 

Figure 3.20. 

 

 

Figure 3.20. Binary image of the cross-section for VLP 

a 

b c 

10 m 
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The surface roughness profile is extracted directly from the binary images. 

Roughness profile of the top surface in Figure 3.20 is shown in Figure 3.21 and its 

autocorrelation function is in Figure 3.22. The histogram of the profile is presented in 

Figure 3.22. 

 

 

Figure 3.21. Extracted roughness profile of VLP foil (oxide side) 

 

 

Figure 3.22. Autocorrelation function of the VLP foil roughness profile. Correlation 

length is indicated by the marker 
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Figure 3.23. Histogram of VLP foil  

 

The correlation length lACR is defined as the distance where the magnitude of the 

autocorrelation function decreases e times and is equal to 1.3μm in the case on Figure 

3.22. The correlation length can be used to determine the required discretization step, as 

will be shown later. Measured rms height (according to (6)) of the profile is ℎ𝑟𝑚𝑠=0.81 

μm. To completely characterize a random function (or a signal) the Probability Density 

Function (PDF) is needed, however the accurate extraction of it is not possible (as can be 

seen in Figure 3.23) due to limited number of data samples, and the normal distribution 

was assumed. 

3.3.2.  Generation of the 3D Surface. In order to create a random surface, 

firstly a 2D array filled with δ-correlated random numbers is generated. The numbers 

have normal distribution with zero mean and standard deviation of 1. The adjustment of 

the correlation length is achieved by filtering the array by a 2D filter.  

Generally the filter might be of any kind if it has a needed frequency response. 

For instance in [43] a Gaussian 2D filter is used. However, we use 2D finite impulse 

response (FIR) low pass filter for simplicity of implementation. For the FIR filter of 

order N, each value of the output sequence 𝑦[𝑛] is a weighted sum of the most recent 

input values and is given as: 
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𝑦[𝑛] = 𝑏0𝑥[𝑛] + 𝑏1𝑥[𝑛 − 1] + ⋯ + 𝑏𝑁𝑥[𝑛 − 𝑁]   (26) 

 

The internal Matlab function fir1(N,Wn) is used to generate the 1D prototype 

filter. Wn is the normalized cut-off frequency which can vary between 0 and 1, where 1 

corresponds to the Nyquist frequency. Frequency response of such a filter is presented in 

Figure 3.24 for Wn=0.1 and N=4. 

 

 

Figure 3.24. Frequency response of a 1D FIR prototype filter 

 

After the 1D prototype filter is generated by the fir1 functions, the Matlab 

function ftrans2(b) is used to produce the two-dimensional FIR filter that corresponds to 

the one-dimensional FIR filter.  

Examples of frequency response of 2D FIR filters are presented in Figure 3.25 for 

N=4, Wn=0.1 and N=4, Wn=0.8. 
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Figure 3.25. Frequency responses for Wn=0.1, (right) and Wn=0.8 (left). N=4 in both 

cases 

 

The gain of the filter produced by the ftrans2 function is 1 at zero frequency. In 

order to obtain the output array with the desired  ℎ𝑟𝑚𝑠, the output of the filter is 

multiplied by the gain constant G, which is tuned.  

Then filtering of 2D δ-correlated array by the 2D FIR filter with the frequency 

response 𝐻(𝜔1, 𝜔2) and multiplication by G gives the final rough surface with 

needed ℎ𝑟𝑚𝑠, correlation length and PDF. 

Described technique provides opportunity to generate surface of any size and 

imports it into commercial solvers (technical difficulties of importing are discussed 

below). The example of generated surface and realistic surface measured by profilometry 

is presented in Figure 3.26. 
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Figure 3.26. Surface roughness profile measured by a profilometer [5] (left) and 

generated (right) 

 

It is obvious that the autocorrelation function of the sufficiently long δ-correlated 

sequence of values taken at the interval dx will have triangular shape as illustrated by 

Figure 3.27. 

 

Figure 3.27. Autocorrelation function of δ-correlated sequence 

 

Therefore in order to be able to generate a surface with the required correlation 

length lACR the discretization step dx should be smaller than the lACR. For the example in 

Figure 3.22, the correlation length is equal to 1.3 μm, which means that  𝑑𝑥 should be no 

more than 1.3 μm. However, to produce more realistic profiles the discretization step 

-dx dx 

ACR 

 

x 
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should be much smaller than the lACR. This is illustrated by Figure 3.28 and Figure 3.29 

showing the generated profiles along with the measured one for 𝑑𝑥 = 𝑙𝐴𝐶𝑅 and 𝑑𝑥 =

𝑙𝐴𝐶𝑅/10. Parameters of filter to generate roughness with corresponding discretization 

steps are given in Table 3.3. 

 

Table 3.3. Filter parameters for two discretization steps 

 

 

 

 

 

 

 

 

Figure 3.28. Measured and generated profiles of the surface roughness with dx=𝑙𝐴𝐶𝑅 

(1.3μm) 
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Figure 3.29. Measured and generated profiles of the surface roughness, case dx=𝑙𝐴𝐶𝑅/10 

(0.13μm) 

 

It can be seen from the figures that good quality of the generated profile can be 

achieved only if the discretization step is significantly smaller than the correlation length. 

This is a harsh condition that is difficult to achieve on practice. For example for the 50-

mil long and 13 mil wide conductor the number of elements in the array discretized with 

the step of 0.13 μm (lACR/10) is 25 ∙ 106, which cannot be handled by CST. The minimum 

discretization step for the conductor of this size that allowed to successfully generating a 

functional CST model was 3 μm, which is not enough to adequately describe the realistic 

profiles with the available computational resources. However, the main goal of this work 

is to investigate the possibility of creating a full-wave model for surface roughness, and 

not to model particular roughness profiles. On the other hand, discretization steps below 

1μmmight be reached if a more powerful computer is used, or the rough surface is 

generated directly in CST using VB scripting.  

It should be noticed that generated surface cannot be imported into CST directly. 

In order to import the surface, it needs to be converted to a closed triangulated solid 

volume by internal Matlab function sufr2solid. This function returns generates faces and 

vertices of a solid body which can be saved as an STL file using the stlwrite function 
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(open-source implementation) [48]. The STL file generated by stlwrite can be imported 

directly to CST or any other 3D solver that supports it. 

3.3.3.  Surface Roughness Modeling in CST Microwave Studio. Because of 

the small-scale details of the rough surface the full wave simulations of it require very 

fine mesh. This leads to extremely high requirements for memory and CPU power which 

restricts the size of modeled structure. That is why the stripline model needs to be as 

short as possible. To perform the full-wave simulation the 54mil long 13 mil width 

stripline was created in CST. To maintain the 50 Ohm characteristic impedance a 

dielectric with ε=4.3 and tanδ=0.005 (representing a low-loss dielectric like Megtron 6) 

was used. The cross-section of the signal conductor is 3x13mil, and the distance between 

the ground planes is 19.5 mil. The vertical boundary conditions were set to magnetic 

walls to represent infinite span of the ground planes. A solid with the rough surface was 

generated in Matlab as described above and imported to CST as an additional layer added 

on top of the smooth central conductor. The length of the rough solid is 50 mil, leaving 2 

mil of smooth conductor adjacent to both waveguide ports to allow performing correct 

excitation of the structure by the ports. The discretization step was set to 4 μm. All 

conductors are modelled as lossy metal with 𝝈 = 𝟓. 𝟖 ∙ 𝟏𝟎𝟕 S/m. 

It is important to notice that in order to reach the correlation length close to real 

roughness the discretization step should be less than 1μm. However, such small step 

makes it impossible to import generated roughness to CST. The minimum step which 

allows to run simulation is 2 μm and higher.  

The implementation of the stripline structure with rough surface is presented in 

Figure 3.30 and Figure 3.32. To minimize the mesh requirements two symmetry planes 

were defined (as shown in Figure 3.31, reducing the total number of mesh cells 

approximately by 4. 
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Figure 3.30. Stripline structure to model the surface roughness 

 

 

Figure 3.31. Boundary condition and planes of symmetry used for simulation. Blue – 

magnetic walls, green – electric walls 

 

 

Figure 3.32. Zoom of the end of the trace with surface roughness 
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The frequency domain FEM solver was chosen for full wave analysis for two 

reasons. Firstly, the generated rough surface is naturally described by a tetrahedral mesh 

used in the FEM solver. And, secondly, the transmission coefficients calculated by the 

FEM solver do not suffer from truncation errors common for the time-domain solver 

resulting in “ripples” in the obtained curves. The amplitude of these parasitic ripples 

might be comparable to the effect of roughness itself, making the investigation with the 

TD solvers virtually impossible.  

The efficiency of the model is demonstrated by the Table 3.4, showing the total 

number of tetrahedrons and simulation time per 1 frequency for different values of dx. 

 

Table 3.4. Tetrahedrons and time required for different discretization step 

 
dx, μm Tetrahedrons Time per 

frequency 

6.0 41,892 0.9 min 

5.0 58.657 1.2 min 

4.0 82,551 2.5 min 

3.0 210,209 4.3 min  

 

As can be seen, the model is quite efficient, requiring only 4 min per frequency 

for dx=3 μm. Extrapolating the results in the table the simulation time per frequency for 

dx=1 μm and dx=0.1 μm can be estimated as 45 min and 5500 min (3.8 days) 

correspondingly.  

Besides the simulation time some time is spent on the importing of the rough 

surface. This time can be relatively long, reaching 10 min for dx=3 μm, however this 

operation needs to be performed only once per model. 

3.3.4.  Results and Discussion. Firstly, several simulations for different 

discretization steps changing from 3 to 6 μm were performed. The maximum difference 

in dB(S21) obtained for different discretization step was less than 1% in the entire 

frequency range, which means that for this particular model the discretization step of 6 

μm can be used (which provides short simulation time, allowing to perform parametric 

sweeps easily) without loss of accuracy.. For further simulations the dx=5 μm was used.  

As the next step the simulations were done for different roughness 

magnitude ℎ𝑟𝑚𝑠. In order to do it the rescaling function was used in CST, which allowed 
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avoiding regenerating the rough surface and reimporting it into CST. This can be done 

because different realizations of the rough surface produce virtually indistinguishable 

transmission coefficients as demonstrated by Figure 3.33. 

 

Figure 3.33. Five different realization of surface with the same parameters 

 

The result of the hrms sweep is presented in Figure 3.34 along with the 

corresponding experimental result from the literature [29].  

Figure 3.34. Modeled (a) and measured (b) insertion loss for different roughness 

magnitude up to 10 GHz 

 

At the first glance the obtained results agree very well with the measurements 

showing the same tendency of increasing slope of the curve.  
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However, upon closer examination it was noticed that the change of S21 slope is 

due to the change of the reflection coefficient due to the roughness. It can be better 

understood if the plots of S21 (Figure 3.35) and S11 (Figure 3.36) are analyzed together up 

to 50 GHz. It is obvious that the increased insertion loss corresponds to the increased 

reflection loss, and is actually caused by it, not by the roughness. This effect happens 

because the line is extremely short and has very small absolute value of insertion loss, 

such that even very weak reflections on the order of -20 to -40 dB might affect the 

transmission. To demonstrate it, the transmission loss was corrected by calculating 

|S21|
2
+|S11|

2
 (this quantity shows the absorption loss in the transmission line). As can be 

seen from Figure 3.37, the slope of the absorption loss curve remains constant above a 

certain frequency, however it does depend on the roughness magnitude. This result is 

very close to the results obtained by all other models reviewed in Section 3.2. 

To minimize the effect of reflections, the length of the transmission line was 

increased by multiplying the rough segment 2, 4 and 8 times. As can be seen from 

Figures 3.38, 3.39, 3.40, the contribution of the reflection loss to the slope decreases with 

the length of the line and for the length of 400 mil (x8) the correction for the reflection 

loss is not needed. 

 

Figure 3.35. Modeled insertion loss for different roughness magnitude up to 50GHz 
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Figure 3.36. Modeled return loss for different roughness magnitude up to 50GHz 

 

 

Figure 3.37. Absorption losses for striplines different roughness magnitude up to 50GHz 
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Figure 3.38. Modeled insertion losses for different length of stripline 

 

 

Figure 3.39. Modeled return losses for different length of stripline 
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Figure 3.40. Absorption losses for striplines of different length up to 50GHz 
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4. CONCLUSION 

The research presented in this thesis is dedicated to conductor-related loss in 

PCB. There are two sources of conductor losses – skin effect which relates to the finite 

metal conductivity and the effect of surface roughness. The conductivity of copper and its 

temperature dependency were investigated experimentally. The effect of surface 

roughness was modeled using full wave simulation in CST Microwave Studio. 

Conductivity of eleven copper types was evaluated using four probe technique at 

three temperatures. It should be noted that obtained conductivity values are different for 

all eleven copper types and are lower than nominal values of copper at room temperature. 

Whereas extracted temperature coefficients converge to values found in literature. 

Obtained results can be used in simulation related to signal integrity analysis and might 

prevent the underestimation of actual loss in transmission line.  This should be taken into 

account to better perform the signal integrity analysis. 

For surface roughness investigation the set of PCBs with different foil types and 

trace widths has been measured. Obtained S21 curves show expected results - losses 

increase in rough traces. However, it was also shown that in low loss transmission line, 

there is unusual behavior of S21 – the slope becomes frequency dependent. Literature 

review confirms this observation, however there was no explanation found of this effect. 

As an attempt to investigate and understand the nature of this observation, numerous full 

wave simulations have been performed for generated 3D rough surface. Although this 

model fails to predict frequency dependent slope of S21 curves, the methodology 

proposed in this work for 3D rough surface generation compatible with EM solvers can 

be used for further roughness effect investigation.  
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