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ABSTRACT
A method of extracting the effective copper surface roughness of a laminate in situ is
introduced. The rough copper attenuation as a function of surface roughness is removed from the
total attenuation. The residual loss is fit to coefficients, and an error is calculated based on the
remaining apparent surface roughness contribution. When the error is minimized or when the
apparent surface roughness contribution is nearest zero, the effective surface roughness is found,
and the dielectric attenuation is isolated by subtracting the rough copper attenuation from the total
attenuation. Using this extracted dielectric loss, broadband causal laminate electrical properties
are calculated with higher accuracy than that of existing methods which neglect copper surface
roughness. Previous methods of extracting laminate material properties that consider copper
surface roughness rely on cutting the sample to make a cross-section and observe the surface
roughness directly. This new method does not require a cross-section of the sample and instead,
only uses S-parameter measurements of stripline traces.
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Chapter 1: Introduction
Data rates in the Ethernet market space are increasing to 56 gigabits per second using
four level pulse amplitude modulation (PAM4). This signal operates at 28 gigabaud per second.
Transmission line design presents Signal integrity (SI) challenges at these speeds. Modeling
ensures adequate SI performance for this application. Models need to be accurate, be fast, and
include all sources of reflections and attenuation.
The electrical attenuation of stripline transmission lines has several sources. They include
heat losses from the conductor and its surface finish, heat losses from the dielectric, and
scattering from coupling, reflections, or emissions. The conductor surface finish, or surface
roughness, is the texture of the conductor surface. The texture can be observed by crosssectioning a printed circuit board (PCB) and viewing the profile of the copper with an optical
microscope or Scanning Electron Microscope (SEM). It can also be found by profilometer, a
device that rolls a sensor across a surface and monitors the height as it is moved. The surface
roughness is quantified in three ways. First is the average maximum peak to valley height of five
consecutive sampling lengths within a measurement, Rz[1]. Figure 1 shows a plot of the level of
Rz and Ra relative to the surface profile, where Ra is the average height of the copper.

Figure 1 Copper profile with Rz and Ra.
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Second is the root mean square (rms) surface roughness or the rms value of the profile with
respect to its average height. Last is the ratio of average peak-to-valley distance to the apparent
period of the peaks and valleys, QR[2]. Knowing the surface roughness quantity helps to model
transmission line performance.
A common solution for capturing the PCB’s transmission line performance inside a
prototype is measuring the transmission lines within the same panel as the prototype itself. The
laminate and copper perform similarly within a panel. Therefore, the preferred method is to
capture the surface roughness of the copper, the laminate dielectric constant, and laminate loss
tangent using traces within the same panel as the prototype. This eliminates designing,
fabricating, and buying samples solely for material property characterization. Ideally, sample
analysis does not destroy the sample.
Several studies extract the behavior of copper and dielectric electrical properties in situ
using stripline traces. The work in [3] presents a method to extract the dielectric constant and
loss tangent of PCB laminate with stripline traces in situ. The method uses a least square basis to
extract the transmission line’s broadband RLGC values. However, the method neglects
attenuation from copper surface roughness thus, yielding inaccurate loss tangent values.
“Analysis of Test Coupon Structures for the Extraction of High Frequency PCB Material
Properties” extracts broadband permittivity of PCB laminate using a measurement of a single
transmission line [4]. The method’s purpose is to understand what has changed qualitatively
between design and fabrication by correlating simulation and measurement of the structure. It is
not for calculating accurate material properties. The paper does not explicitly mention surface
roughness as a simulation variable but can be accounted for in single cases by adjusting
conductivity or loss tangent.
Other studies characterize laminate material property in situ while accounting for surface
roughness. In [5], three PCB’s with stripline traces are made and measured. The only design
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difference is the foil treatment. The surface treatment of each sample is quantified using SEM
cross-section analysis. The loss curves of each PCB trace are fit to a polynomial equation. The
coefficients of the equation relate to the surface treatment in terms of Rz. A later work relates
surface roughness to QR instead of Rz [2]. Extrapolating the surface roughness polynomials to
zero yields the smooth copper and dielectric attenuation. Another work accounts for surface
roughness with an alternate approach[6]; the method extracts dielectric properties in situ by using
measurements of wide and narrow stripline traces on the same printed circuit board. By assuming
the dielectric loss and surface roughness are the same, the method calculates the loss coefficients
from the polynomial equation in [5]. The loss coefficients are used to calculate the laminate
dielectric properties. However, the extracted dielectric properties were ambiguous within the
same PCB.
The cost from creating three printed circuit boards is impractical, but using multiple
traces on the same PCB is more economical. Nonetheless, both methods destroy the sample to
acquire the surface roughness. In addition, the copper surface roughness attenuation contribution
defined by these methods is not related to an analytical copper surface roughness correction
factor.
Behavioral models predict rough copper attenuation. The Hammerstad model was the
first popular method to account for surface roughness [7]. It was based on a work from [8]
relating surface roughness losses to basic geometric assumptions about the rough copper profile.
The Hammerstad model only works with very smooth copper, and a scaling factor needed make
the equation work for rougher copper. However, the altered equation loses its physical
relationship to the actual surface roughness. “Surface Roughness” in The Foundations of Signal
Integrity shows copper surface roughness resembles arbitrary stacks of spheres and presents a
copper surface roughness model, the snowball model, using this observation [9]. The work in [10]
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simplifies the snowball model by making the stacks of spheres uniform. This model is called
Hexagonal Close-packing of Equal Spheres (HCPES).
This paper introduces a method of extracting laminate effective copper surface roughness
in situ. The effective surface roughness is one number that quantifies the surface roughness
behavior of the laminate. Using the effective surface roughness value, the proposed method
isolates laminate attenuation and increases laminate material property extraction accuracy.
Further, the method only uses measurements of striplines, and the striplines remain intact after
this analysis as opposed to destroyed as other techniques require.
Next in Chapter 2, the paper discusses a brief history of surface roughness relating to
transmission line attenuation. The chapter presents the most arcane and contemporary studies as
well as their usage case, and it closes with a detailed summary of the proposed method.
In Chapter 3, prior art is explained in detail and applied to simulated transmission lines
with HCPES surface roughness, and plots and charts show the extracted permittivity values. The
proposed method is then applied to the same transmission lines, and plots and charts show the
extracted permittivity and effective surface roughness values. In Chapter 4, the prior art and
proposed method are applied to measured striplines, the extracted permittivity is plotted, the
extracted effective surface roughness is documented. Both chapters end with observations,
discussion, and conclusions of the findings. The paper ends with conclusions in Chapter 5.
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Chapter 2: Background Information about Surface Roughness
Surface roughness is a specialized topic that is still developing. Measurement laboratories
know how to measure surface roughness: view the profile of a PCB cross section with an SEM or
measure it with a profilometer. However, methods relating the surface roughness to loss of a
printed circuit board are less known and agreed upon. This chapter discusses a brief history of
relating copper surface roughness to extra attenuation, and presents a documented method to
account for rough copper attenuation while finding laminate electrical material properties.
Finally, the last section presents this work’s proposed contribution, extracting the effective copper
surface roughness in situ.
Section 2.1: Hammerstad Copper Surface Roughness Model
Several publications postulate the behavior of surface roughness. The first was in The
American Institute of Physics in 1948. Samuel P. Morgan reported attenuation at wavelengths of
3 cm that were 10% to 60% higher than the expected value [8]. He developed an equation to
account for copper surface roughness attenuation based on the geometry in Figure 2 using a
correction factor. To account for the surface roughness, the attenuation constant is multiplied by
the correction factor. The attenuation constant is the real part of the propagation constant,
represented by α as in (1).
𝜸 = 𝜶 + 𝒋𝜷

where,
α is the attenuation constant and
β is the phase constant.

( 1)
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Figure 2 Cross sections used to surface roughness equations taken from [19]

Hammerstad took the results from [8] and fit them to a generalized equation known as the
Hammerstad model (2) [7].
𝟐

𝚫 𝟐

𝝅

𝜹

𝜿 = 𝟏 + 𝒕𝒂𝒏−𝟏 [𝟏. 𝟒 ( ) ]

( 2)

Where,
𝜅 is the correction factor,
Δ
𝛿

and is the ratio of rms surface roughness to skin depth.
The correction factor of (2) approaches two as the ratio of surface roughness to skin effect
increases. Thus, this equation only works for small surface roughness values. Therefore, the
Hammerstad model works well for traces that have low surface roughness but, it is not a general
case. Equation (3) has an extra multiplier to make the Hammerstad model a general case [11].
𝟐

𝚫 𝟐

𝝅

𝜹

𝜿 = 𝟏 + 𝒕𝒂𝒏−𝟏 [𝟏. 𝟒 ( ) ] (𝑺𝑭 − 𝟏)

(3)

Where,
SF is a scaling factor.
The scaling factor is a number found through comparing the measured and modeled attenuation
for experimental scaling factors until the attenuation curves are well matched. Therefore, this
equation is best when using an iterative optimization to create a behavioral model of the surface
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roughness. Nevertheless, there is little physical meaning to this model since this it is far removed
from its origin.
Section 2.2: Rz, IPC-4562A-WAM1 Definition of Surface Roughness
The Institute of Printed Circuit boards, IPC, was established in 1957 and is used widely
today to govern PCB manufacturing tolerances. IPC TM-650 2.2.17A quantifies the surface
roughness as Rz and Ra [12]. Ra is the roughness of the smooth, untreated side of the copper foil
and Rz is the roughness of the textured, treated side of the copper foil. Per section 1.2 of [12], the
profile is defined as “the average maximum peak to valley height of five consecutive sampling
lengths within a measurement length. This value is approximately equivalent to the values
determined by microsectioning techniques.” Foil profiles are placed into four categories:
standard, low profile, very low profile, and no treatment or roughness. Table 1 shows the values
of Rz for each category.
Table 1 Catagories of IPC surface roughness profiles [13]

Foil Profile
Standard
Low Profile
Very Low Profile
No Treatment or Roughness

Rz [um]
N/A
10.2
5.1
N/A (defined as 0.43 in IPC TM-650 section 3.5.6)

Since Ra is smooth, Rz is the parameter defining surface roughness per the IPC. Psuedo
standards of surface roughness, including Hyper Very Low Profile (HVLP), Reverse Treated Foil
(RTF), and Ultra Low Profile (ULP), have no physical meaning and are used by laminate vendors
to describe proprietary treatment methods.
Other papers describe surface roughness with alternative quantities. The next section
discusses one such metric and a method that uses that metric to account for surface roughness in
3D simulations.
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Section 2.3: “QR” and Effective Roughness Dielectric (ERD)
The work of [2] introduces QR as a quantity to describe surface roughness.
𝑸𝑹 =

𝑨𝒓

(4)

𝚲𝒓

Where,
Ar is the peak-to-valley amplitude of the copper surface profile,
and Λr is the quasi-period of the copper surface profile.
When both sides of a trace are considered, the value is the sum of the QR of each side.
𝑸𝑹 =

𝑨𝒓𝟏

|

𝚲𝒓𝟏 𝒐𝒙𝒊𝒅𝒆

+

𝑨𝒓𝟐

|

𝚲𝒓𝟐 𝒇𝒐𝒊𝒍

(5)

Where,
oxide is the smooth side,
and foil is the rougher, treated side.
Several studies reference QR [2, 6, 14, 15], and one method, in particular, improves QR
quantification [14]. The method uses imaging processing techniques and a “profile cleaning”
algorithm to extract Ar. ERD, a fictitious substance, is applied to traces in 3D simulations to
represent the surface roughness attenuation [15]. The ERD properties are determined by relating
QR to the dielectric constant (εr), loss tangent (tanδ), and the modeled ERD thickness (see Figure
3). ERD’s usage is similar to the modified Hammerstad model with the scaling factor. The
modified Hammerstad model accounts for the behavior of surface roughness analytically, and
ERD accounts for surface roughness in 3D E.M. simulations.

9

Figure 3 Image taken from [23] showing the relationship between ERD and QR

QR and ERD gives more physical meaning to the value of surface roughness yet, it does
not explicitly relate to the copper surface roughness attenuation with an equation. Thus, QR and
ERD cannot be used to quantify surface roughness attenuation associated with its value.
Section 2.4: Snowball Surface Roughness Model and Hexagonal Close-packing of Equal
Spheres
SEM imagery reveals the copper surface profile resembles a collection of stacked spheres
[16]. The work of [16] used this observation to account for the surface roughness power loss by
constructing electromagnetic models that mimics spheres in the presence of transmission lines. A
generalized equation known as the snowball model accounts for the added power loss in the form
of a correction factor. The snowball model is,
𝒋

𝜿(𝝎) = 𝟏 + ∑𝒊=𝟏 (

𝟔𝝅𝒂𝟐𝒊 𝑵𝒊
𝑨

)(

𝝈𝒊,𝒂𝒃𝒔 (𝟏)

𝝈𝒊,𝒊𝒏𝒄𝒐𝒎𝒊𝒏𝒈

) [𝟏 +

𝜹
𝒂𝒊

+

𝜹𝟐
𝟐𝒂𝟐𝒊

−𝟏

]

(6)

10
Where,
𝑎𝑖 is the radius of the sphere,
𝑁𝑖 is total number of spheres with radius 𝑎𝑖 ,
A is that surface area of the flat trace,
𝛿 is the skin depth,
𝜎𝑖,𝑎𝑏𝑠 (1)

and 𝜎

𝑖,𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔

is the ratio of smooth to matte copper area.

This approach is accurate when creating surface roughness correction factors from SEM images.
The work of [10] simplifies (6) by making it a function of surface roughness in terms of
Rz . The method assumes the spheres are closely packed and equal size. The closely packed
assumption means the entire copper surface is rough and,

𝜎𝑖,𝑎𝑏𝑠 (1)
𝜎𝑖,𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔

becomes 1. The geometry is

11 stacked uniform spheres with a hexagonal base. Collectively, these assumptions create the
Hexagonal Close-Packing of Equal Spheres (HCPES) model.
𝜿𝑯𝑪𝑷𝑬𝑺 = 𝟏 + 𝟔𝟔 (

𝝅𝒓𝟐
𝑨𝑯𝑬𝑿
𝜹 𝜹𝟐
𝟏+ + 𝟐
𝒓 𝟐𝒓

)

(7)

Where,
r is the radius of the spheres and is related to Rz by
𝒓=

𝑹𝒛
𝟏𝟖.𝟐𝟒𝟏𝟗

,

(8)

and
𝑨𝑯𝑬𝑿 = 𝟔𝒓𝟐 √𝟑 (

𝟏
√𝟑

𝟐

+ 𝟏) .

(9)

AHEX is the surface area of one stack of spheres.
The Snowball method is a way to relate the structure of the surface roughness to added
copper attenuation, and the HCPES is a simplified version of the Snowball method that relates
surface roughness values in Rz to added copper attenuation. Real structures validated both
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methods in the works where they are presented. The proposed method uses the HCPES model
because one number represents surface roughness in the model, and the proposed method sweeps
the surface roughness in one dimension.
The next method discusses the first laminate material property extraction technique that
accounts for copper surface roughness, DERM.
Section 2.5: Differential Extrapolation Roughness Measurement
Differential Extrapolation Roughness Measurement, DERM, is an in-situ approach to
measuring laminate electrical properties. DERM uses three manufactured striplines with identical
geometry that differ in copper surface roughness. The attenuation of each sample without
fixturing effect is measured, and AFR or TRL de-embedding techniques remove the fixturing
effects from the measurement. Measuring the profile of each PCB cross-section with a SEM
reveals the copper surface roughness (see Figure 4). Equations (10) and (11) extract gamma, and
thus the total measured attenuation and phase constant, from the ABCD-parameters derived from
the measured S-parameters.
𝑻𝑨𝑩𝑪𝑫 = [

𝜸=

𝑨 𝑩
]=[
𝑪 𝑫

𝐜𝐨𝐬𝐡(𝜸𝒍) 𝒛𝟎 𝐬𝐢𝐧𝐡(𝜸𝒍)
𝐬𝐢𝐧𝐡(𝜸𝒍)
]
𝐜𝐨𝐬𝐡(𝜸𝒍)

(10)

𝒛𝟎

𝐚𝐫𝐜𝐜𝐨𝐬𝐡(√𝑨∙𝑫)
𝒍

(11)

The measured attenuation of each sample in [5] is fit to the three terms in (12), and the
coefficients are plotted against the known surface roughness (see Table 2, Figure 5, Figure 6, and
Figure 7).
𝜶𝒕 = 𝑲𝟏 √𝝎 + 𝑲𝟐 𝝎 + 𝑲𝟑 𝝎𝟐

(12)
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Figure 4 Image of PCB cross section taken from [5]
Table 2 Measured surface roughness with SEM and the associated coefficients of (15) from [5]

Measured surface roughness
1.50E-06
3.00E-06
7.00E-06

K1
1.39E-06
2.20E-06
2.31E-06

K2
3.40E-11
2.07E-11
1.75E-11

K3
2.68E-24
2.33E-23
3.19E-23
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2.50E-06
2.00E-06

K1

1.50E-06
1.00E-06
5.00E-07
0.00E+00
0.00E+001.00E-062.00E-063.00E-064.00E-065.00E-066.00E-067.00E-068.00E-06

surface roughness

Figure 5 K1 from (15) vs measured surface roughness using the values in Table 1
4.00E-11
3.50E-11
3.00E-11

K2

2.50E-11
2.00E-11
1.50E-11
1.00E-11
5.00E-12
0.00E+00
0.00E+001.00E-062.00E-063.00E-064.00E-065.00E-066.00E-067.00E-068.00E-06

surface roughness

K3

Figure 6 K2 from (15) vs measured surface roughness using the values in Table 1
4.50E-23
4.00E-23
3.50E-23
3.00E-23
2.50E-23
2.00E-23
1.50E-23
1.00E-23
5.00E-24
0.00E+00
0.00E+001.00E-062.00E-063.00E-064.00E-065.00E-066.00E-067.00E-068.00E-06

surface roughness

Figure 7 K3 from (15) vs measured surface roughness using the values in Table 1
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Surface roughness vs. the attenuation coefficients is fit to a second-order polynomial
equation. Extrapolating the coefficients to zero surface roughness results in the coefficients of
smooth copper attenuation. By looking at (16), this sets b, c, and d from (13), (14), and (15) zero,
finding a, e, and f. Knowing these values separates the dielectric and rough copper attenuation
seen in (16) and (17)
𝑲𝟏 = 𝒂 + 𝒃

(13)

𝑲𝟐 = 𝒄 + 𝒆

(14)

𝑲𝟑 = 𝒅 + 𝒇

(15)

𝜶𝒄,𝒓𝒐𝒖𝒈𝒉 = 𝒂√𝝎 + 𝒃√𝝎 + 𝒄𝝎 + 𝒅𝝎𝟐 .

(16)

𝜶𝒅 = 𝒆𝝎 + 𝒇𝝎𝟐 .

(17)

Using (17), αd is known, and the following equations calculate the laminate material
properties. In (20) and (21), c is the speed of light and in (20) β is the phase constant from the
measured γ.
𝒙

𝜺′𝒓 = 𝒙√
𝒙+𝒚

𝜺′′
𝒓 = 𝒙√

(18)

𝒚

(19)

𝒙+𝒚

𝜷𝒄 𝟐

𝒙=( )

(20)

𝝎

𝒚=(

𝟐𝒄𝜶𝒅 𝟐
𝝎

)

(21)

𝑫𝑲 =  𝜺′𝒓

𝑫𝑭 = 𝒕𝒂𝒏𝜹 =

(22)
𝜺′′
𝒓
𝜺′𝒓

(23)
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The purpose of DERM is to extract laminate material properties. Incidentally, the
coefficients b, c, and d quantify surface roughness, but the variables b, c, and d may be unique for
a given sample. Further, b, c, and d may change with new trace geometry and similar surface
roughness. The proposed method uses rough copper relationship from DERM as a surface
roughness coefficient to form a new, robust method of surface roughness extraction and laminate
material characterization technique.
Section 2.6: Proposed Contribution
This work presents a method of capturing the effective copper surface roughness in situ
without destroying the sample. The surface roughness is called effective because surface
roughness is position dependent, and the extracted surface roughness is one number used to
calculate the general attenuation due to the foil profile. This assumption is valid since the foil and
its treatment does not change relative to position, and is valid as long as the vendor, material, and
process stays the same for subsequent builds.
This proposed method here gives the user the ability to predict the attenuation of future
builds when the trace width or stack-up changes. In practice, this could reduce the number of
prototypes for signal integrity purposes to one. In addition, this method extracts the surface
roughness without destroying the sample, thus savings time and money. The next paragraphs
describe the method in detail and Figure 8 shows the process in a flow chart.
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Figure 8 Flow chart of the proposed method.

Total attenuation coefficient of a stripline trace is separated into dielectric and copper
contributions as
𝜶𝒕𝒐𝒕𝒂𝒍 = 𝜶𝒄,𝒓𝒐𝒖𝒈𝒉 + 𝜶𝒅

(24)

Where, the rough copper contribution is commonly defined as [17]
𝜶𝒄,𝒓𝒐𝒖𝒈𝒉 = 𝜿𝜶𝒄,𝒔𝒎𝒐𝒐𝒕𝒉

(25)

Here, κ is the copper surface roughness correction factor defined in (7). In [5], total attenuation
follows
𝜶𝒕 = 𝑲𝟏 √𝒇 + 𝑲𝟐 𝒇 + 𝑲𝟑 𝒇𝟐 .

(26)

K1, K2, and K3 are the coefficients obtained by fitting the measured attenuation and f is the
frequency. Note that in [5], angular frequency is used, but in this work, f is used to conform to
common measurement practices. Dielectric attenuation is defined as [5]
𝜶𝒅 = 𝒈𝒇 + 𝒆𝒇𝟐 .

Equating (24) to (26) and using (25) and (27) in (24) results in

(27)
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𝑲𝟏 √𝒇 + 𝑲𝟐 𝒇 + 𝑲𝟑 𝒇𝟐 = 𝜿𝜶𝒄,𝒔𝒎𝒐𝒐𝒕𝒉 + 𝒈𝒇 + 𝒆𝒇𝟐

(28)

Note that, equations (14) through (17) show that K2 and K3 have components of rough copper and
dielectric. Thus, the dielectric attenuation cannot be obtained directly by fitting the left hand side
of (28). If the copper surface roughness is known, the dielectric contribution is calculated by
subtracting the rough copper attenuation from the total attenuation (see equations (24) and (28)).
However since the surface roughness is not known, equation (28) is modified to include surface
roughness correction factor as a function of surface roughness and frequency resulting in (29) and
(30).
𝑲𝟏 √𝒇 + 𝑲𝟐 𝒇 + 𝑲𝟑 𝒇𝟐 − 𝜿(𝒇, 𝑹𝒛 )𝜶𝒄,𝒔𝒎𝒐𝒐𝒕𝒉 (𝒇) = 𝒈𝒇 + 𝒆𝒇𝟐 + 𝒆𝒓𝒓𝒐𝒓(𝒇, 𝑹𝒛 )

(29)

𝑲𝟏 √𝒇 + 𝑲𝟐 𝒇 + 𝑲𝟑 𝒇𝟐 − 𝜿(𝒇, 𝑹𝒛 )𝜶𝒄,𝒔𝒎𝒐𝒐𝒕𝒉 (𝒇) =  𝑲′𝟏 (𝑹𝒛 )√𝒇 + 𝑲′𝟐 (𝑹𝒛 )𝒇 + 𝑲′𝟑 (𝑹𝒛 )𝒇𝟐

(30)

Where Kn’(Rz) are the coefficients of the fit of the left hand side of (29) and (30).
In theory, there is a value of Rz in (29) and (30) where error(Rz) and K1`(Rz) are zero. This
value of Rz is the effective surface roughness. To find the effective surface roughness, Rz is swept
from 0 to a reasonable value that is based upon knowledge of the PCB laminate from the
datasheet. Two figures of merit are monitored: K1’(Rz) and error(Rz). Where,
𝒆𝒓𝒓𝒐𝒓(𝑹𝒛 ) =

∑∞
𝒇=𝟎|𝜶𝒅,𝒓𝒆𝒄𝒐𝒏𝒔𝒕𝒖𝒄𝒕𝒆𝒅 (𝒇,𝑹𝒛)−𝜶𝒅,𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 (𝒇,𝑹𝒛)|
𝒎𝒂𝒙(𝒆𝒓𝒓𝒐𝒓(𝑹𝒛 ))

(31).

Where,
𝜶𝒅,𝒓𝒆𝒄𝒐𝒏𝒔𝒕𝒖𝒄𝒕𝒆𝒅 (𝒇) =  𝑲′𝟐 (𝑹𝒛 )𝒇 + 𝑲′𝟑 (𝑹𝒛 )𝒇𝟐

(32)

and,
𝜶𝒅,𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 (𝒇) =  𝜶𝒕 (𝒇) − 𝜶𝒄,𝒓𝒐𝒖𝒈𝒉 (𝒇).

(33)

Equations (32) and (33) calculate the dielectric attenuation using the effective surface
roughness, and equations (34) and (35) calculate εr and tanδ.
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𝜺𝒓 = −

𝒂𝟐𝒅 −𝜷𝟐
𝝎𝟐 𝝁𝜺𝟎

𝒕𝒂𝒏𝜹 =

𝟐𝜶𝒅 𝜷
𝜷𝟐 −𝜶𝟐𝒅

(34)

(35)

The proposed method of extracting laminate effective copper surface roughness in situ
quantifies the surface roughness behavior of the laminate. Using the effective surface roughness
value, the proposed method isolates laminate attenuation and increases laminate material property
extraction accuracy. Further, the method only uses measurements of striplines, and they remain
intact after this analysis as opposed to DERM, where they are destroyed.
Chapter 3 presents case studies of extracting material properties from simulated lossy
transmission lines that include surface roughness using various methods. The results from each
method are summarized at the end.
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Chapter 3: PCB Laminate Electrical Properties and Surface Roughness
Extraction using Simulated S-parameters
This chapter presents the theory of several in situ laminate permittivity extraction
methods and implements these methods using simulated transmission lines. The simulated
transmission lines are created with an analytical model from [17] that is validated with CST
Design Studio. The laminate material properties and the surface roughness are inputs to the
simulation. Using a simulated lossy transmission line enables direct comparison of the known
input values to the output of the laminate permittivity extraction methods. The study considers the
following methods: least square basis, De-embedding, DERM, and the proposed method. The end
of the chapter has a quantitative comparison of each method, and concludes with a discussion.
Section 3.1: Validation of the Conductor Loss Model
A simple stripline model is simulated in CST 2016 Design Studio, and an analytic
transmission line model is created using the equations from [17]. Figure 9 shows the parameters
of both models, and these parameters are set to:

•

h1 = 9.8 mils

•

h2 = 9.1 mils

•

t = 0.6mils

•

w = 9 mils

•

εr = 3.65 @ 10 GHz

•

tanδ = 0

•

length = 4 inches

Figure 9 Parameters of the analytical stripline model taken from [17]
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Broadband lossless dielectric properties of the laminate are calculated using equations from [18]
𝜺𝒓 (𝝎) =  𝜺′∞ +

∆𝜺′
𝒎𝟐 −𝒎𝟏

𝒍𝒏

𝒘𝟐 +𝒋𝝎
𝒘𝟏 +𝒋𝝎

𝒍𝒏𝟏𝟎

(36)

Where,
𝒘𝟏 = 𝟏𝟎𝒎𝟏 ,

(37)

𝒘𝟐 = 𝟏𝟎𝒎𝟐 ,

(38)

and m1 = 4 and m2 = 12. The value of m1 and m2 are chosen, and this paper uses the values
chosen from the equation’s original source [18]. Figure 10 compares the attenuation from CST
and the analytical model, which agree, and this validates the analytical smooth copper
attenuation.

Figure 10 Smooth copper losses from CST (black) and the analytical model (blue with circles)
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Next, tanδ is changed from 0 to 0.009 and dielectric attenuation is added to the analytical
model with a standard equation of the attenuation coefficient from a plane-wave propagation
constant (see (39)).
𝝁𝟎 𝜺′

𝜶𝒅 = 𝝎 [

𝟐

𝜺′′

𝟏⁄
𝟐

(√𝟏 + 𝜺′ − 𝟏)]

(39)

Tanδ in CST is updated with the same value. Figure 11 shows that the attenuation plots
are well matched. The analytical transmission line model has been validated and is more
convenient than CST, and is thus used for subsequent simulations. The next several sections go
over the theory of the laminate material extraction techniques and apply them to simulated
transmission lines.

Figure 11 Insertion loss of smooth copper and dielectric using CST stripline model (black) and the
analytical model (blue with circles)
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Section 3.2: Least Square Basis Method
This section describes the theory of the Least Square Basis method of extracting laminate
permittivity [3], an in situ method that uses measurements of two stripline transmission lines. The
Least Square Basis method calculates the propagation constant of a uniform transmission line
from two transmission line measurements and isolates the dielectric losses using a least square
approximation. This method uses the transmission line parameters RLGC.
Section 3.2.1: Capturing the Propagation Constant
This method obtains the propagation constant from two measured transmission line Sparameters [19]. Equation (40) converts the S-parameters of each transmission line, S, to
transmission parameters, M.
𝑴=

𝟏
𝑺𝟐𝟏

[

𝑺𝟏𝟐 ∗ 𝑺𝟐𝟏 − 𝑺𝟏𝟏 ∗ 𝑺𝟐𝟐 𝑺𝟏𝟏
].
−𝑺𝟐𝟐
𝟏

( 40)

The transmission parameters are set equal to several cascaded transmission parameters as in
equation (41) and Figure 12).

X

T

Y

Figure 12 Signal flow graph of a typical measurement.
𝑴 = 𝑿𝑻𝒀

(41)

Where,
−𝜸𝒍

𝑻 = [𝒆

𝟎

𝟎]
𝒆𝜸𝒍

(42)

T is a transmission matrix of the transmission line where γ is the propagation constant and
l is the length of the transmission line. X and Y are the transmission parameters between the
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reference plane of the transmission parameters, M, and the transmission line, T. X and Y are
assumed to be the same, but do not need to be.
Applying the above technique for two transmission lines, S-parameters are first
measured, and M matrices are obtained for two transmission lines; the subscripts or superscripts
‘i’ and ‘j’ in the equations (43 – 45) distinguish between the transmission lines. An eigenvalue
equation is developed below [19].
𝑴𝒊𝒋 𝑿 = 𝑿𝑻𝒊𝒋

(43)

Where,
𝑴𝒊𝒋 = 𝑴𝒋 𝑴𝒊
𝑻𝒊𝒋 = 𝑻𝒋 𝑻𝒊

−𝟏

(44)

−𝟏

(45)

The eigenvalues of 𝑇 𝑖𝑗 are 𝜆 = 𝑒 ±𝛾(𝑙𝑖−𝑙𝑗) . From here, 𝑀𝑖𝑗 is M, and the eigenvalues of M are
found using (46) and (47).
𝑴𝒙 = 𝝀𝒙

(46)

Where,
x is the eigenvector.
𝝀𝟏,𝟐 =

𝑴𝟏𝟏+𝑴𝟐𝟐±√(𝑴𝟏𝟏−𝑴𝟐𝟐)𝟐 +𝟒∗𝑴𝟐𝟏∗𝑴𝟏𝟐
𝟐

(47)

Where,
𝟏

𝟏

𝟐

𝝀𝟐

𝝀 = (𝝀𝟏 + ).

(48)

In (47), the sign in front of the root could be positive or negative. To eliminate this
choice, the study in [20] is considered; in [20], equation (49) is used to find λ instead of (47).
𝝀 =

𝒃
𝟏
𝑴 − 𝑴
𝒂/𝒄 𝟏𝟏 𝒂/𝒄 𝟏𝟐
𝒃
𝟏−
𝒂/𝒄

𝑴𝟐𝟐 +𝒃𝑴𝟐𝟏 −

(49)

Where,
𝒃𝟐 𝑴𝟐𝟏 + 𝒃(𝑴𝟐𝟐 − 𝑴𝟏𝟏 ) − 𝑴𝟏𝟐 = 𝟎
𝒂 𝟐

𝒂

𝒄

𝒄

( ) 𝑴𝟐𝟏 + (𝑴𝟐𝟐 − 𝑴𝟏𝟏 ) − 𝑴𝟏𝟐 = 𝟎.

(50)
(51)
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Equations (50) and (51) are solved for b and a/c respectively using the quadratic equation, and
they yield the same values. The values of b and a/c are chosen so |b| < |a/c|.
Finally, the propagation constant is found using (52).
𝜸=

𝒍𝒏(𝝀)

(52)

𝒍𝒊 −𝒍𝒋

Section 3.2.2: Least Square Basis Method Theory
The Least Square Basis method calculates the propagation constant of a uniform
transmission line from two transmission line measurements and isolates the dielectric losses using
a least square approximation [3]. This method uses the transmission line parameters RLGC.
Equation (53) is the propagation constant in terms of RLCG.
𝜸 = √(𝑹 + 𝒋𝟐𝝅𝒇𝑳)(𝑮 + 𝒋𝟐𝝅𝒇𝑪)

(53)

Assuming 𝑅 ≪ 𝑗2𝜋𝑓𝐿, (54) is made from the first two terms of a binomial expansion of (53).
𝑹

𝑪

𝑮

𝑳

𝟐

𝑳

𝟐

𝑪

𝜸 = 𝒋𝟐𝝅𝒇√𝑳𝑪 + √ + √

(54)

Equation (54) is separated into real and imaginary parts, and the real part is the
attenuation constant, α. The attenuation constant is further separated into conductor and dielectric
attenuation, αc and αd (see (55)).
𝜶𝒄 =

𝑹(𝒇)
𝟐

𝑪

𝑮(𝒇)

𝑳

𝟐

√ 𝜶𝒅 =

𝑳

𝑳

𝑪

𝑪

√ 𝒁𝟎 = √ 

(55)

The method assumes the captured propagation constant from (52) using [19] follows the
behavior described by equations (53) through (55). The measured propagation constant has both
αc and αd, and the dielectric attenuation contribution must be isolated to extract the laminate
permittivity. Equations (56) through (61) develop a least square basis to relate alpha to the R and
G parameters.
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𝑹𝟐𝑫𝑪𝒊𝒏𝒊𝒕

𝑹(𝒇) = 𝑹𝑺 √

𝑹𝟐𝑺𝒊𝒏𝒊𝒕

+𝒇

(56)

Where,
𝑹𝑫𝑪𝒊𝒏𝒊𝒕 =

𝒍

(57)

𝝈𝑨

𝝅𝒇𝒎𝒊𝒏 𝝁𝒄

𝑹𝑺𝒊𝒏𝒊𝒕 = √

𝝈

.

(58)

𝑮(𝒇) = 𝑮𝟎 + 𝒇 ∗ 𝑮𝒅

(59)

𝑮𝟎 = 𝟎

(60)

𝑹𝟐𝑫𝑪𝒊𝒏𝒊𝒕

𝑿(𝒇) = [√

𝑹𝟐𝑺𝒊𝒏𝒊𝒕

+ 𝒇 𝒇]

(61)

In (57) and (58), σ is conductivity which is 5.81x107 siemens per meter in this study. The variable
A in (57) is the cross-sectional area of the stripline trace, and the cross-section is defined as width
times thickness of the trace ignoring trace etch factor. In (58), fmin is the lowest non-DC known
frequency of transmission line propagation constant, and µc is the conductor permeability.
Assuming copper is the conductor material, µc is µ0. Finally, X(f) is the least square basis.
Equation (62) isolates the dielectric attenuation contribution using the least square
approximation.
𝑹𝑺

(𝑿𝑻 𝑿)−𝟏 𝑿𝑻 𝜶𝒎𝒆𝒂𝒔 = [𝟐𝒁

𝟎

𝑮𝒅 𝒁𝟎
𝟐

]

(62)

To find Z0, the impedance profile of the transmission line is measured with a TDR, or is
calculated from the S-parameters. The value of the impedance profile is Z0 with a slight positive
slope due to attenuation. Z0 can also found by simulating the 2D electromagnetic fields of the
stripline cross section. Using Z0 in and the two values obtained in (62), Rs and Gd are found, and
αd is found using (59) and (55). Last, broadband permittivity is calculated with (34) and (35)
using the dielectric loss from (55).
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Section 3.2.3: Least Square Basis Method Applied to Simulated Stripline
In this section, the method described in Section 3.2.2: is applied to a simulated
transmission line. Two stripline models are created with the following parameters. Again, the
permittivity is calculated with [18] as described in Section 3.1:

•

Width: 0.3875 mm

•

Thickness: 17.5 um

•

Conductivity: 5.813e7

•

Ground plane to ground plane height: 0.4975 mm

•

Height from ground to signal conductor: 0.315 mm

•

Relative permittivity: 3.8 at 10 GHz

•

Loss tangent at 10 GHz: 0.009

The transmission lines differ in length: li is 50 mm and lj is 60.912 mm. The difference is
10.912 mm and the surface roughness is set to zero.

Figure 13 εr captured from smooth copper transmission lines using Least Square Basis method. The
plots contain the same data with different y-axis limits.
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Figure 14 tanδ captured from smooth copper transmission lines using Least Square Basis method. The
plots contain the same data with different y-axis limits.

The error of the dielectric constant calculation is 1.3% and the error of the loss tangent
calculation is 5.1%. The small discontinuity near 7 GHz in Figure 13 and Figure 14 is due to the
phase constant transitioning from π to -π. Further, the calculation is inaccurate after this
transition, and the associated problem is more pronounced in the dielectric constant results.
Assuming phase changes with a constant slope with respect to frequency causes the phase
discontinuity. The discontinuity is defeated by unwrapping the phase by adding or subtracting a
varying value instead of π. The correct phase shift is calculated first by subtracting the phase
difference between the two consecutive points when the phase shifts from -π to π from the phase
itself from all points immediately after the shift to the last point. Also subtract an additional value
which is the difference between the point before the phase shift and the second point before the
phase shift. The algorithm is shown in a flow chart below.
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Figure 15 Unwrap algorithm flow chart

Figure 16 εr captured from smooth copper transmission lines using Least Square Basis method
considering phase with a changing slope. The plots contain the same data with different y-axis limits.

Figure 17 tanδ captured from smooth copper transmission lines using Least Square Basis method
considering phase with a changing slope. The plots contain the same data with different y-axis limits.
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The error of the dielectric constant calculation is now 0% and the error of the loss tangent
calculation is 4.44%.
Next, an experiment is performed to find how the method responds to the presence of
copper surface roughness. Five microns of copper surface roughness are added to the
transmission lines per (7) on page 10, the method is applied again, and Figure 18 and Figure 19
show the results. Remember (7) creates a broadband surface roughness correction factor that uses
one number for surface roughness as its input.

Figure 18 εr captured from rough copper transmission lines using Least Square Basis method. The
plots contain the same data with different y-axis limits.

Figure 19 tanδ captured from rough copper transmission lines using Least Square Basis method. The
plots contain the same data with different y-axis limits.
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The error of the dielectric constant does not change. However, the error of loss tangent
results increases to 47%. This is expected, because copper surface roughness increases
attenuation related to √f, f, and f2 (see (16)), and αc in this method only dependent upon √f. Thus,
the extra f and f2 dependent attenuation is contained in the residual attenuation after removing the
copper. The added √f attenuation is contained in the rough copper attenuation; the f dependent
attenuation is contained in the dielectric losses, and the f2 attenuation is neglected [3], causing
additional error. Table 3 has the tabulated results. The next section repeats these experiments
using the De-embedding method. The De-embedding method isolates the uniform transmission
line, T, by de-embedding X and Y (see Figure 12 on page 22) using calibration techniques and
applies equations from [4] to calculate εr and tanδ.
Table 3 Tabulated results from the Simulated Least Square Method

Item
Surface Roughness
[um,Rz]
εr at 10 GHz
tanδ at 10 GHz

Experimental
Value

Known Value

Percent error [%]

N/A

5

N/A

3.844
0.01205

3.8
0.009

1.15
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Section 3.3: De-embedding method
The De-embedding method extracts laminate material properties using two transmission
line S-parameters and, in practice, a calibration technique to remove fixture effects [4]. The
calibration technique implemented by the author of the De-embedding research journal is known
as Automatic Fixture Removal (AFR). However, the Thru-Reflect-Line is an alternate approach
that yields similar results. TRL is described next as it was AFR’s predecessor and its theory lends
itself to the theory of AFR. However, AFR is the technique deployed in [4] and in this paper for
the De-embedding method.
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Section 3.3.1: TRL Calibration
TRL calibration is in-fact a second-tier calibration commonly called de-embedding. Deembedding techniques isolate the device under test by effects from fixturing and test leads. The
matrix that represents the fixturing and test leads is called an error box, and the error box of a
typical measurements is shown in Figure 20. Equation (63) describes the total matrix.
𝑴 = 𝑿𝑻𝑫𝑼𝑻 𝒀

(63)

X

TDUT

Y

Figure 20 Signal flow graph of a typical measurement.

X and Y are the error boxes, and TDUT represents the device under test. Error boxes are calculated
using these calibration techniques. The transmission parameters of the error boxes are inverted
and multiplied by the measured transmission parameters of the fixtured device under test to
isolate the device under test (see (64)).
𝑻𝑫𝑼𝑻 = 𝑿−𝟏 𝑴𝒀−𝟏

(64)

TRL calibration requires three standards. Standards are physical structures with specific
properties and are measured using a VNA or TDR. Thru (T) is the first standard for TRL. The
Thru is a line that is twice the length of the fixture connected to the device under test. This matrix
T is different from the isolated transmission line, T, mentioned above. Here, we use TDUT to
distinguish between the Thru standard and the isolated transmission line (DUT). The line (L) is
the second standard. The line’s length is the length of the Thru plus an extra length l. The value of
l determines the usable frequency bandwidth of the calibration by (65):
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𝜽 =

𝒇∙𝒍∙𝟑𝟔𝟎√𝜺𝒓
𝒄

(65)

L is valid at frequencies where θ is between 0° and 180°. In practice, the usable bandwidth is
limited to 20° and 160°. Reflect (R) is the last standard, and it is a line of the same length as the
fixture ending in a short or open. Each standard is a two port S-parameters with rows and
columns represented by n, and m respectively (Tnm, Rnm, Lnm).
TRL implementation is not unique. More equations are available than unknowns, and the
error box can be found with different approaches. The following is the implementation according
to [18]. The error box matrix of X and Y is defined as
error box = [

𝑺𝟏𝟏 𝑺𝟏𝟐
]
𝑺𝟐𝟏 𝑺𝟐𝟐

(66)

The first calculation is for 𝑒 −𝛾𝑙 .
𝒆

−𝜸𝒍

=

𝟐
𝑳𝟐𝟏𝟐 +𝑻𝟐𝟏𝟐 −(𝑻𝟏𝟏 −𝑳𝟏𝟏 )𝟐 ±√[𝑳𝟐𝟏𝟐 +𝑻𝟐𝟏𝟐 −(𝑻𝟏𝟏 −𝑳𝟏𝟏 )𝟐 ] −𝟒𝑳𝟐𝟏𝟐 𝑻𝟐𝟏𝟐

𝟐𝑳𝟏𝟐 𝑻𝟏𝟐

(67)

This γ is the propagation constant for the structure in X and Y which includes connectors. It is
different from the γ in a uniform transmission line without connectors. Next, S22 is found by
𝑺𝟐𝟐 =

𝑻𝟏𝟏 −𝑳𝟏𝟏
𝑻𝟏𝟐 −𝑳𝟏𝟐 𝒆−𝜸𝒍

(68)

S21 is assumed to be equal to S12, and is found by
𝑺𝟐𝟏𝟐 = 𝑻𝟏𝟐 (𝟏 − 𝑺𝟐𝟐𝟐 ).

(69)

Last, S11 is determined using
𝑺𝟏𝟏 = 𝑻𝟏𝟏 − 𝑺𝟐𝟐 𝑻𝟏𝟐

(70)

The sign in front of the square root in (67) is found using the reflect standard or choosing the sign
so the real and imaginary parts of γ are positive. Usage of the reflect standard is not discussed in
this work.
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X and Y from Figure 20 are removed from the measurement described by (63) by solving (64).
This concludes the theory of TRL. AFR is another way to calculate the error box and is
discussed next.
Section 3.3.2: Automatic Fixture Removal
AFR, alternate method to TRL, is used to create the error boxes X and Y, and is described
by Missouri University of Science and Technology [21 or 22]. AFR uses one standard, the Thru.
Assuming the Thru is a mirror image of itself upon its center (X = Y-1) leads to the following
signal flow graph.

Figure 21 Signal flow graph of a thru.

Equations (71) and (72) come from the signal flow graph in Figure 21 assuming S12 = S21.
𝑻𝟏𝟏 = 𝑺𝟏𝟏 +

𝑻𝟐𝟏 =

𝑺𝟐𝟏 𝟐

𝟏−𝑺𝟐𝟐 𝟐

𝑺𝟐𝟏 𝟐 𝑺𝟐𝟐
𝟏−𝑺𝟐𝟐 𝟐

(71)

(72)

The error box has three unknowns and the Thru signal flow graph yields two equations.
To get the third equation, an expression for S11 is created using time domain reflectometry (TDR)
of the Thru. T11 and T21 are transformed from frequency to time domain. The point in time of the
50% crossing of T21 is the delay of the Thru (see Figure 23). T11 is set to zero at all points in time
later or at the Thru’s delay, removing the second half of the Thru (see Figure 22). S11 is found by
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transforming the manipulated waveform back into the frequency domain. The magnitude of S22
must be less than or equal to one [21]. The expected passivity is checked using (73).

Figure 22 TDR of T11 and S11

Figure 23 Step response of T21.
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𝑻𝟐𝟐

|

𝑻𝟐𝟏

|<𝟏

(73)

Applying TRL or AFR to a DUT on a test fixture isolates the DUT from the test fixture.
In this study, the DUT is a uniform transmission line isolated with AFR using two striplines of
different lengths. The De-embedding method, described next, uses this DUT to extract
permittivity in a unique manner.
Section 3.3.3: Theory of the De-embedding Method
The De-embedding method starts by isolating part of a stripline transmission line using
AFR as described above. Then, the real and imaginary parts of the permittivity are calculated
separately. First, εr' is calculated from the frequency domain time delay, τg(f), and the length of
the isolated transmission line (see (74)), l. The frequency dependent time delay is the frequency
domain group delay (75).
𝜺′𝒓 (𝒇) = (

𝒄𝟎 ×𝝉𝒈 (𝒇) 𝟐

)

𝒍

𝝉𝒈 (𝒇) = −

(74)

𝒅𝝋(𝒇)
𝒅𝒇

(75)

Where, φ is the S21 phase of the isolated DUT, c0 is the speed of light and l is the length of the
transmission line.
Using the Kramer-Kronig relationship, causal εr’ and tanδ are calculated using [18],
𝜺′𝒓 = 𝜺′𝟐 +

|𝜺′𝟐 −𝜺′𝟏 |
𝒙(𝒍𝒐𝒈(𝒇𝟐 )
𝐥𝐨𝐠(𝒇𝟐 )−𝐥𝐨𝐠(𝒇𝟏 )

𝒕𝒂𝒏𝜹 =

𝟏
𝜺′𝒓 (𝒇)

𝒙

|𝜺′𝟐 −𝜺′𝟏 |
𝐥𝐨𝐠(𝒇𝟐 )−𝐥𝐨𝐠(𝒇𝟏 )

− 𝒍𝒐𝒈(𝒇))

𝒙(𝟎. 𝟔𝟖𝟐).

(76)

(77)

Where,
𝜀2′ is the real permittivity at the highest known frequency from (74) or an arbitrarily high
frequency.
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𝜀1′ is the real permittivity at the frequency of interest from (74),
f1 is the frequency of interest,
and f2 is the highest frequency or an arbitrarily high frequency.
Section 3.3.4: De-embedding Method Applied to Simulated Stripline
This section uses the same stripline models from Section 3.2.3: . AFR calibration isolates
a 10.912 mm section of trace and 𝜀1′ and 𝜀2′ are calculated using (74). Where, 𝜀1′ is the relative
permittivity at the frequency of interest and 𝜀2′ is the relative permittivity at 1 THz. Since data at 1
THz is not available, the data is extrapolated to that point by converting the frequency vector to
base-10 log scale and calculating the linear regression line of εr.

Figure 24 Extrapolated raw data to 1 THz

The broadband material calculation does not behave as expected, and thus the dielectric
material property extraction is erroneous. Equations (76) and (77) calculate causal broadband
laminate material properties. Figure 26 and Figure 27 show the results. This is likely due to the
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material model used in the simulation. The same issues are found when implementing this
method to S-parameters from the same structure modeled in CST (see Figure 25).

Figure 25 Extrapolated εr from CST data

In Figure 24 and Figure 25, the fitted line was calculated using all data points. Limiting
the data points from approximately 1 GHz to the maximium frequency would create a flat line,
and the extrapolated value at 1 THz would be approximately the same as the value at 10 GHz.
That means the |ε2’ – ε1’| would be zero, making tanδ zero, and zero is also an incorrect value for
tanδ.

38

Figure 26 Initial εr calculated using the De-embedding Method

Figure 27 Initial DF calculated using the De-embedding Method

Unfortunately, this method could not be applied successfully to simulated data. The
reason is because the dielectric model used to simulate the transmission line is not physical; the
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relative dielectric should have approximately a linear negative slope across the entire frequency
band [4]. Thus, physical equations break down under the assumptions of the simulation. This
method is applied again to measured data in the next chapter, and another method is implemented
with simulated transmission lines in the next section.
Section 3.4: Application of DERM PCB material property extraction
As described in Section 2.5: DERM extracts the smooth copper attenuation with three
striplines differing in surface roughness. These three five inch stripline transmission lines are
synthesized with the same parameters as Section 3.2.3: and Section 3.3.4: . The surface roughness
of the lines are the same as the work in [5]: 1.5 um, 3 um, and 7 um. Figure 28 shows the
insertion loss of the three lines.

Figure 28 Insertion losses of the three lines used for the DERM technique

The propagation constant is calculated using (10) and (11) from page 11. Fitting the
attenuation of each line to (12) results in the attenuation coefficients, K1, K2, and K3. The
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coefficients for each attenuation curve are fit to a second degree polynomial with 𝑅𝑧2, R, and √𝑅𝑍
terms using a least square approximation. Figure 29, Figure 30, and Figure 31 show the results.
𝐾𝑓𝑖𝑡 = 𝐶0 + 𝜔𝐶1 + 𝜔2 𝐶2

Figure 29 Fit of K1 Coefficients from equation (16)

(71)
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Figure 30 Fit of K2 coefficients from equation (16)

Figure 31 Fit of K3 coefficients from equation (16)

In DERM, εr and tanδ are calculated with (18 – 23) per [5]. Figure 32 and Figure 33 show
the results of the method. The ‘X’ in Figures 29 and 30 is the point of εr and tanδ, respectively,
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from the input parameters. The word ‘accepted’ is used in the legend to indicate that it is the
known value. The word ‘experimental’ is used in the legend to indicate the value has been
calculated by the DERM method.

Figure 32 εr calculated per the DERM method. The plots contain the same data with different y-axis
limits.

Figure 33 tanδ calculated per the DERM method. The plots contain the same data with different y-axis
limits.

The error in εr is 0% and the error in tanδ is 7%. Table 4 has the tabulated results. The
error values in the results are very low, and this shows accurate extracted tanδ values are
achievable when surface roughness is considered. The trend of K1 and K3 are different than the
reported graphs in [5] suggesting the surface roughness and/or dielectric model used in this
simulation may have inaccuracies.
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Table 4 Tabulated results of applying the DERM method to simulated transmission lines.

Item
Surface Roughness
[um,Rz]
εr at 10 GHz
tanδ at 10 GHz

Experimental
Value

Known Value

Percent error [%]

N/A

5

N/A

3.8
0.00833

3.8
0.009

>1
7.44

Section 3.5: Application of Proposed Contribution
This section implements the proposed method on simulated transmission lines. This
proposed method isolates laminate attenuation while considering surface roughness and increases
laminate material property extraction accuracy. The added attenuation from surface roughness is
assumed to behave as described by (7) from page 10 and (25) from page 15.
Since simulation isolates the transmission line, the propagation constant of the
transmission line is calculated using (10) and (11) from page 11. The simulated transmission line
model with the following parameters is created:

-

H1: 0.4975 mm [19.9 mils]

-

H2: 0.315 mm [12.6 mils]

-

εr: 3.8 at 10 GHz

-

DF: 0.009 at 10 GHz

-

Trace width: 0.3875 mm [15.5 mils]

-

Trace thickness: 17.5 um [0.7 mils]

-

Trace length: 10 cm [3.9 in]

-

Surface roughness: 5 um, Rz

Beta is unwrapped after calculating the propagation constant. The surface roughness, Rz,
is swept from 0 to 10 um, and K1’ and Error are found with (30) and (31). Figure 34 shows K1’
and Figure 35 shows Error.
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Figure 34 K1` per (30) applied to a simulated transmission line.

Figure 35 Error per (31) applied to a simulated transmission line.

Rz of the model is found when the error is at a minimum or 𝐾1′ is nearest zero. Using (34)
and (35), tanδ and εr are calculated with αd,measured and β. Figure 36 and Figure 37 show the results.
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The method produced effective surface roughness of 4.78 um when error and K1’ are nearest 0.
This results are consistent with simulated effective surface roughness, 5 um. The error of εr is
0.04% and the error of tanδ is 2.2%. This is the lowest error of all the methods. Table 5 has the
tabulated results.

Figure 36 εr from αd,measured. The right plot is the same data as the left with narrower y-axis limits.

Figure 37 tanδ from αd,measured. The right plot is the same data as the left with narrower y-axis limits.
Table 5 Tabulated results from the proposed method

Item
Surface Roughness
[um, Rz]
εr at 10 GHz
tanδ at 10 GHz

Experimental
Value

Accepted Value

Percent error [%]

4.78

5

4.4

3.8016
0.0092

3.8
0.009

0.04
2.2
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Section 3.6: Observations, Discussion, and Conclusions
Four methods of extracting the electrical laminate material properties from simulated
transmission lines are presented: Least Square Basis, De-embedding, DERM, and the proposed
method. The Least Square Basis method robustly finds εr and DF of laminates with smooth
copper striplines. In the presence of surface roughness, the DF appears higher than actual while εr
remains accurate. The De-embedding method did not perform well with the simulated models.
The logarithmic slope of the synthesized εr from CST and the model descried in Section 3.1
starting on page 18 at low frequencies does not behave as the De-embedding method expects. The
De-embedding method expects the logarithmic slope of the extracted εr to always be negative and
near constant up to 1 THz, and the extracted εr of the simulated transmission line has a positive
slope at low frequencies leading to the inaccurate results. DERM calculated the laminate DF
more accurately than either the Least Square Basis or the De-embedding method in the presence
of surface roughness. In addition, the shape of the K1’ curve in Figure 29 was not consistent with
the data from the original report. This means that the surface roughness model used could be nonphysical.
The presented method produced the most accurate results in the presence of surface
roughness. In addition, the value of the extracted surface roughness is very close to actual as well.
At the time of this writing, this is an unprecedented result in the study of surface roughness.
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Chapter 4: PCB Laminate Electrical Properties and Surface Roughness
Extraction from Measured Striplines
Vector network analyzers (VNA), or time domain reflectometers (TDR), perform
transmission line S-parameter measurements, and the S-parameter reference plane is at the end of
the test leads. The test leads connect to coaxial connectors, launching the signals into the
transmission line. The signal velocity throughout the transmission line is not uniform, because the
trace and connector medium differ. Therefore, the propagation constant, gamma, cannot be
measured directly, and a process is needed to isolate the gamma of the trace. This section
describes two methods to calculate gamma from measurement: the eigenvalue method and
transmission line method. Once the propagation constant is obtained, the method described above
extract the laminate permittivity.
This chapter presents the results from using the Least Square Basis, De-embedding, and
the proposed method with a set of measured transmission lines. The propagation constant of the
transmission line is extracted with the eigenvalue and transmission line method. The DERM
method cannot be implemented at the time of this writing, because the samples required are not
available. The chapter begins with the results of propagation constant extraction.
Section 4.1.1: Extracting the Propagation Constant with the Eigenvalue method
In this section, the propagation constant is extracted by measuring two transmission lines
and using the methods described in Capturing the Propagation Constant. The Eigenvalue Method
to capture the propagation constant uses the S-parameters of two transmission lines with an
eigenvalue equation to isolate the propagation constant. The second method, de-embedding the
connector effects with AFR by calculating the S-parameters describing the connector effects from
one measurement of a stripline transmission line and removes these effects with matrix math.
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Two line lengths within a printed circuit made from Panasonic Megtron 6N are available.
The line lengths are 81.2 mm and 162.5 mm. Table 6 shows the attenuation coefficient (alpha),
and phase constant (beta) for the Δ line length extracted with the Eigenvalue method. The next
section shows alpha and beta extracted with the same transmission lines using the Transmission
Line method.
Table 6 Alpha and Beta for available lines

Δ Line Length

Alpha

Beta

81.3 mm

Section 4.1.2: Extracting gamma with the transmission line method
The coaxial connectors, the transition from connector to stripline, and a portion of the
stripline are de-embedded using Automatic Fixture Removal, a method of creating a model that
represents the connector effects with one measurement of a transmission line and removing said
S-parameters with matrix math.
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Table 7 shows the attenuation and phase constant after isolating the transmission line.
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Table 7 Attenuation and phase constant using the transmission line method

Δ Line Length

Alpha

Beta

81.3 mm

Section 4.1.3: Application of the Least Square Basis Method of PCB Laminate Material
Property Extraction
Here, the Least Square Basis is applied to the propagation constant extracted using the
Eigenvalue Method. The Least Square Basis method separates the copper and dielectric losses
using a least square approximation with a basis chosen to solve for Rs and Gd from equations
(56) and (59) on page 24. The dielectric attenuation coefficient is calculated using (55) on page
23, and finally, the permittivity is calculated using (34) and (35) on page 17. Figure 38, Figure
39, Table 8, and Table 9 compare the reported values on the data sheet to the extracted values.
The figures and tables show agreement with εr and disagreement with tanδ. As mentioned in
Section 3.2.3: additional attenuation from surface roughness has √f, f, and f2 dependencies, and
dielectric attenuation has f and f2 dependencies. Therefore, in the presence of unaccounted surface
roughness, tanδ is reported higher than actual after material property extraction. This is seen in
the results of the Least Square Basis method in the Figure 36 mentioned above. This behavior
also occurred when applying the Least Square Basis method to a simulated transmission line that
includes copper surface roughness further supporting the hypothesis presented in this paragraph.
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The εr curve in Figure 38 starts high and changes less as frequency increases. This
behavior is consistent with how relative permittivity should behave, thus the results look valid.
The plots show the results and the specified values from the vendor’s datasheet.

Figure 38 εr extracted from measured data using the Least Square Basis method. The plots contain the
same data with different y-axis limits.
Table 8 Tabulated εr results using the Least Square Basis Method

Frequency
1 GHz
6 GHz
12 GHz
18 GHz
23 GHz
29 GHz
34 GHz
40 GHz
45 GHz
50 GHz

Spec. εr
3.40
3.37
3.35
3.35
3.34
3.34
3.34
3.34
3.34
3.34

Meas. εr
3.4895
3.4434
3.4286
3.4223
3.4173
3.4130
3.4093
3.4075
3.4048
3.4033

% error
2.6322
2.1785
2.3465
2.1584
2.3143
2.1866
2.0760
2.0201
1.9410
1.8952
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Figure 39 tanδ extracted from measured data using the Least Square Basis method
Table 9 Tabulated tanδ results using the Least Square Basis Method

Frequency
1 GHz
6 GHz
12 GHz
18 GHz
23 GHz
29 GHz
34 GHz
40 GHz
45 GHz
50 GHz

.

Spec. tanδ

2.0000e-003
3.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
5.0000e-003
5.0000e-003
5.0000e-003

Meas. tanδ

6.5453e-003
6.5890e-003
6.6032e-003
6.6093e-003
6.6141e-003
6.6182e-003
6.6218e-003
6.6236e-003
6.6262e-003
6.6277e-003

% error

227
119
65
65
65
65
65
32
32
32
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Section 4.1.4: Application of the De-embedding method of PCB Laminate Material
Property Extraction
The de-embedding method, as described in Section 3.3.3: is applied using the
propagation constant extracted using AFR. The value 𝜀2′ is found through logarithm scale
extrapolation. Figure 40 shows the raw data and the extrapolated curve that is used to obtain 𝜀2′ .
As opposed to simulation, the figure shows the extrapolated values fits the raw data well at the
highest frequencies, therefore if the dispersion of the material is following this trend, the
extrapolated value can be trusted.

Figure 40 The extrapolated curve resulting in ε’2 and the raw data used for the extrapolation
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Equations (10) and (11) were used to calculate gamma from the transmission line ABCD
parameters. The bandwidth of the calculation is 10 MHz to 50 GHz with 10 MHz steps. Figure
41, Figure 42, Table 10, and Table 11 show results compared to the reported value on the data
sheet.

Figure 41 εr extracted from measured data using the De-embedding method. The plots contain the
same data with different y-axis limits.
Table 10 εr results using the De-embedding method.

Frequency
1 GHz
6 GHz
12 GHz
18 GHz
23 GHz
29 GHz
34 GHz
40 GHz
45 GHz
50 GHz

Spec. εr
3.40
3.37
3.35
3.35
3.34
3.34
3.34
3.34
3.34
3.34

Meas. εr
3.4857
3.4464
3.4312
3.4223
3.4169
3.4118
3.4083
3.4047
3.4022
3.3999

% error
2.5194
2.2659
2.4226
2.1571
2.3020
2.1498
2.0453
1.9386
1.8612
1.7920
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Figure 42 tanδ extracted from measured data using the De-embedding method. The plots contain the
same data with different y-axis limits.
Table 11 tanδ results using the De-embedding method

Frequency
1 GHz
6 GHz
12 GHz
18 GHz
23 GHz
29 GHz
34 GHz
40 GHz
45 GHz
50 GHz

Spec. tanδ

2.0000e-003
3.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
5.0000e-003
5.0000e-003
5.0000e-003

Meas. tanδ

9.8818e-003
9.9945e-003
10.0388e-003
10.0649e-003
10.0807e-003
10.0957e-003
10.1061e-003
10.1166e-003
10.1243e-003
10.1312e-003

% error

394.0899
233.1495
150.9693
151.6215
152.0174
152.3930
152.6513
102.3327
102.4863
102.6240

The values in these tables are similar to those of the results from the measured Least
Square Basis method. The consistent results suggest two ideas: each method is working as
intended; the added attenuation from surface roughness is increasing the reported tanδ in both
methods. Again, this method reports tanδ that are higher than specified by the material vendor.
These results are expected since the De-embedding method does not account for surface
roughness, and the results are useful for modeling losses due to surface roughness by lumping
surface roughness attenuation into tanδ.
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Section 4.1.5: Application of Proposed Contribution
The 81.3 mm propagation constant from the eigenvalue method, a method of isolating the
propagation constant with two transmission lines and an eigenvalue equation, and the 81.3 mm
propagation constant from the transmission line method, a method of calculating the propagation
constant by isolating a small section of stripline by de-embedding the connector effects and using
standard equations to back calculated the propagation constant from ABCD parameters, are
considered, and are referred to as DUT1 and DUT2 respectively. The build-up of the laminate
that surrounds the trace and the trace dimensions is shown below. Note: the same values were
used in the simulated transmission line for convenience.

-

H1: 0.2 mm [8 mils]

-

H2: 0.1925 mm [7.7 mils]

-

εr: 3.4 at 1 GHz

-

DF: 0.00 at 1 GHz

-

Trace width: 0.24 mm [9.6 mils]

-

Trace thickness: 15 um [0.6 mils]

The surface roughness listed on the advertisement is hyper very low profile (HVLP), thus
the surface roughness correction factor in (7) is found by sweeping Rz from 0 to 5 um in (8). The
error and K1’ are found per (30) and (31).
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Figure 43 error with respect to DUT1 and DUT2
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Figure 44 K1’ with respect to DUT1

Figure 43 through Error! Reference source not found. show the error and K1’ values f
or DUT1 and DUT2. The error and K1’ value nearest zero for each DUT are appoximately the
same. This means when error is lowest, the apparent surface roughness, as defined by the
proposed method, is also the lowest. In addition, since both yield the same result, either can be
used to define the effective copper surface roughness.
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The phase constant slope is assumed to change with frequency and the unwrapping
process is done to accommodate this behavior, and εr and tanδ are found using the (34) and (35)
for both propagation constants and both αd,measured and αd,reconstructed.
Figures 48 through 59 show the dielectric constant and loss tangent extracted from DUT1
and DUT2 from αmeasured and αreconstructed.

Figure 45 εr of DUT 1 and DUT2 with αmeasured. The plots contain the same data with different y-axis
limits.

Figure 46 εr of DUT 1 and DUT2 with αreconstructed. The plots contain the same data with different y-axis
limits.
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Figure 47 tanδ of DUT1 and DUT2 with αmeasured. The plots contain the same data with different y-axis
limits.

Figure 48 tanδ of DUT1 and DUT2 with αreconstructed. The plots contain the same data with different yaxis limits.

The εr results when using αd,reconstructed and αd,measured within the same DUT are very similar.
However, the tanδ plots using αd,measured are much more noisy than the plots using αd,reconstructed.
Since αd,reconstructed is calculated using a polynomial equation, the noise on the reconstructed plots
are from the noise within the phase constant vector. The difference between the calculated and
specified permittivity values are closer than those of previous methods.
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Table 12 through Error! Reference source not found. show the tabulated results
compared to those within the Megtron 6N datasheet.
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Table 12 Tabulated summary of results related to 𝜶𝒅,𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 and DUT 1

Item
Surface Roughness [um,Rz]
εr at 1 GHz
εr at 6 GHz
εr at 12 GHz
εr at 18 GHz
εr at 23 GHz
εr at 29 GHz
εr at 34 GHz
εr at 40 GHz
εr at 45 GHz
εr at 50 GHz
tanδ at 1 GHz
tanδ at 6 GHz
tanδ at 12 GHz
tanδ at 18 GHz
tanδ at 23 GHz
tanδ at 29 GHz
tanδ at 34 GHz
tanδ at 40 GHz
tanδ at 45 GHz
tanδ at 50 GHz

Datasheet Value
1.35 um
3.40
3.37
3.35
3.35
3.34
3.34
3.34
3.34
3.34
3.34
2.0000e-003
3.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
5.0000e-003
5.0000e-003
5.0000e-003

CalculatedValue
N/A
3.4895
3.4434
3.4286
3.4223
3.4173
3.4131
3.4094
3.4075
3.4049
3.4033
2.4999e-003
3.1939e-003
3.5595e-003
3.6579e-003
3.7273e-003
3.8713e-003
3.8805e-003
3.9865e-003
4.2314e-003
3.9844e-003

Percent error [%]
N/A
2.6331
2.1793
2.3472
2.1592
2.3151
2.1874
2.0767
2.0208
1.9417
1.8960
24.9953
6.4630
11.0132
8.5536
6.8170
3.2177
2.9872
20.2695
15.3714
20.3110

Table 13 Tabulated summary of results related to 𝜶𝒅,𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 and DUT 2

Item
Surface Roughness [um,Rz]
εr at 1 GHz
εr at 6 GHz
εr at 12 GHz
εr at 18 GHz
εr at 23 GHz
εr at 29 GHz
εr at 34 GHz
εr at 40 GHz
εr at 45 GHz
εr at 50 GHz
tanδ at 1 GHz
tanδ at 6 GHz
tanδ at 12 GHz
tanδ at 18 GHz
tanδ at 23 GHz
tanδ at 29 GHz
tanδ at 34 GHz
tanδ at 40 GHz
tanδ at 45 GHz
tanδ at 50 GHz

Datasheet Value
1.35 um
3.40
3.37
3.35
3.35
3.34
3.34
3.34
3.34
3.34
3.34
2.0000e-003
3.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
5.0000e-003
5.0000e-003
5.0000e-003

Calculated Value
N/A
3.4887
3.4427
3.4284
3.4222
3.4172
3.4130
3.4092
3.4083
3.4058
3.4027
3.4271e-003
3.1594e-003
3.6209e-003
3.8190e-003
3.8644e-003
4.0304e-003
4.0560e-003
4.1716e-003
4.1406e-003
4.3250e-003

Percent error [%]
N/A
2.6079
2.1587
2.3410
2.1559
2.3114
2.1853
2.0710
2.0450
1.9709
1.8782
71.3565
5.3130
9.4771
4.5238
3.3910
0.7602
1.3990
16.5677
17.1880
13.5004

63
Table 14 Tabulated summary of results related to 𝜶𝒅,𝒓𝒆𝒄𝒐𝒏𝒔𝒕𝒓𝒖𝒄𝒕𝒆𝒅 and DUT 1

Item
Surface Roughness [um,Rz]
εr at 1 GHz
εr at 6 GHz
εr at 12 GHz
εr at 18 GHz
εr at 23 GHz
εr at 29 GHz
εr at 34 GHz
εr at 40 GHz
εr at 45 GHz
εr at 50 GHz
tanδ at 1 GHz
tanδ at 6 GHz
tanδ at 12 GHz
tanδ at 18 GHz
tanδ at 23 GHz
tanδ at 29 GHz
tanδ at 34 GHz
tanδ at 40 GHz
tanδ at 45 GHz
tanδ at 50 GHz

Datasheet Value
1.35 um
3.40
3.37
3.35
3.35
3.34
3.34
3.34
3.34
3.34
3.34
2.0000e-003
3.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
5.0000e-003
5.0000e-003
5.0000e-003

Calculated Value
N/A
3.4895
3.4434
3.4286
3.4223
3.4173
3.4131
3.4094
3.4075
3.4049
3.4033
3.3482
3.4386
3.5277
3.6128
3.6837
3.7680
3.8384
3.9214
3.9913
4.0606

Percent error [%]
N/A
2.6330
2.1793
2.3472
2.1592
2.3151
2.1874
2.0767
2.0208
1.9417
1.8959
67.4118
14.6186
11.8065
9.6793
7.9069
5.8005
4.0412
21.5716
20.1736
18.7879

Table 15 Tabulated summary of results related to 𝜶𝒅,𝒓𝒆𝒄𝒐𝒏𝒔𝒕𝒓𝒖𝒄𝒕𝒆𝒅 and DUT 2

Item
Surface Roughness [um,Rz]
εr at 1 GHz
εr at 6 GHz
εr at 12 GHz
εr at 18 GHz
εr at 23 GHz
εr at 29 GHz
εr at 34 GHz
εr at 40 GHz
εr at 45 GHz
εr at 50 GHz
tanδ at 1 GHz
tanδ at 6 GHz
tanδ at 12 GHz
tanδ at 18 GHz
tanδ at 23 GHz
tanδ at 29 GHz
tanδ at 34 GHz
tanδ at 40 GHz
tanδ at 45 GHz
tanδ at 50 GHz

Datasheet Value
1.35 um
3.40
3.37
3.35
3.35
3.34
3.34
3.34
3.34
3.34
3.34
2.0000e-003
3.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
4.0000e-003
5.0000e-003
5.0000e-003
5.0000e-003

Calculated Value
N/A
3.4887
3.4427
3.4284
3.4222
3.4172
3.4130
3.4092
3.4083
3.4058
3.4027
3.4415e-003
3.5434e-003
3.6459e-003
3.7443e-003
3.8264e-003
3.9241e-003
4.0057e-003
4.1016e-003
4.1826e-003
4.0606

Percent error [%]
N/A
2.6079
2.1587
2.3410
2.1559
2.3114
2.1853
2.0710
2.0450
1.9709
1.8782
72.0726
18.113
8.8534
6.3918
4.3391
1.8978
0.1434
17.9679
20.1736
18.7879

64

Section 4.2: Observations, Discussion, and Conclusions
In chapter 4, the electrical properties of a measured printed circuit board are extracted
with the Least Square Basis method, the De-embedding method, and the Proposed Contribution
of this work. In all methods, εr comes in close to the expected value given on the laminate
datasheet. In the Least Square Basis and De-embedding methods, the extracted tanδ is much
higher than the expected value from the datasheets. This comes as no surprise because these
methods assume the copper attenuation is strictly from smooth copper. The De-embedding
method does perform slightly better, and that makes sense as well. The De-embedding method
uses a simplified version of the Hilbert Transform to calculate the tanδ from the delay of the
propagation constant. Since the tanδ is not completely accurate from this method, that suggests
that the εr is also affected by the surface roughness.
In the proposed contribution of this work, the extracted tanδ is close to the expected
values from the datasheets. However, there were clearly problems with the measurements and
these caused odd trends in some of the results. The reconstructed and measured attenuation both
yield similar results, but the reconstructed looks much cleaner. Thus, this paper recommends
using the reconstructed values to present the results.
The proposed contribution extracts more accurate results than the Least Square Basis and
De-embedding method. The DERM method was not possible to test. Thus, the proposed
contribution is a novel and accurate way to extract permittivity from PCB striplines.
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Chapter 5: Conclusion and Future Work
In this study, simulated and measured stripline transmission lines are used to extract
laminate permittivity using three known methods and one proposed method introduced within this
document. The new proposed method also extracts a new variable named the effective surface
roughness without damaging the sample. This variable is one number that characterizes the
surface roughness in terms of the IPC surface roughness variable, Rz. Further, this new method
accounts for the surface roughness while extracting laminate material properties which improves
the accuracy over contemporary methods at the time of this writing. Objectively speaking to the
data in this document, the proposed method reduces the tanδ error from 94% with the Deembedding Method and 109% with the Least Square Basis Method to as low as 0.14%. In
addition to better accuracy, the method extracted the surface roughness value without destroying
the sample. This using the proposed contribution in-situ of complex prototypes captures the
material properties without concern for the destruction of the board, and knowing the surface
roughness and material properties after one prototype allows the designer to confidently make
changes to improve the design without worrying about inaccuracies of the input to the models.
The effective surface roughness results from the proposed method are inconsistent. This
suggests the measurements have error and/or the PCB could have been designed better for this
application. The author has applied this method to other work that cannot be shared due to
proprietary nature of those mentioned studies, and the inaccuracies and unexpected trends are not
present in those works. To properly evaluate this method, a printed circuit board needs to be
constructed to experiment with the variables of the algorithm. In addition to varying the measured
samples, several samples need to be cross-sectioned to validate the method. Since the sole
purpose of the samples are only to further investigating the method, destroying them for
validation is acceptable.
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