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Abstract: The development of integrated circuits and packaging technology has led to smaller and
smaller transmission line sizes and higher and higher operating frequencies up to nearly 100 GHz.
However, the skinning depth of transmission lines due to eddy currents becomes smaller and smaller
as the operating frequency of coplanar wave guide (CPW) transmission lines becomes higher and
higher, while the reduction of device size makes the skinning depth consistent with the surface
roughness of the device. In this paper, the concept of modified roughness coefficient was proposed
based on the existing correlation factor. The concept of threshold modified roughness coefficient was
proposed with a 20 dB reflection coefficient as the threshold value. The effect of surface roughness
on transmission line transmission performance at frequencies above 100 GHz up to 1000 GHz was
investigated. It was found that when the operating frequency of the signal was greater than the
threshold roughness coefficient, the effect of surface roughness on the transmission line reflection
coefficient should be considered. The modified roughness coefficient in this paper could quickly
determine the effect of surface roughness on transmission line performance at different frequencies.

Keywords: surface roughness; skin depth; CPW transmission line; modified rough coefficient

1. Introduction

Integrated circuits (ICs) and electronic packages continue to evolve toward minia-
turization due to the development of technology. In addition, the processing technology
of microelectromechanical systems (MEMS) has further intensified this process. At the
same time, the transmission speed of electronic products is also increasing, with signal
transmission rates approaching or even exceeding 100 GHz [1,2]. However, phenomena
such as skin effect at high frequencies are becoming more and more serious, especially
when the skin depth is comparable to the coplanar wave guide (CPW) transmission line
surface roughness, which can seriously affect the CPW transmission line impedance. These
phenomena can lead to degradation of transmission line signal performance and signal
integrity issues, especially in ultra-high frequency (UHF), and must therefore be considered
during the design process. According to the experimental results in [3], a 10–50% higher
loss of rough conductor was obtained compared with smooth conductors.

Some work has been done concerning the surface roughness related problems at
multigigahertz. In 1949, Samuel Morgan researched the effect of surface roughness on
conductor losses using a 2D surface distortion model [4]. Subsequently, several dedicated
geometry models were proposed to describe the surface roughness of the conductor, such as
the rectangular shape [5], triangular shape [4,6], hexagonal pyramid [7], hemisphere [8,9],
stacked snowball [10–12], semi-cylindrical [13], certain arrangements of spheres [14], in-
finite periodic structures [15], and fractal geometries [16–20]. Although these geometry
surface roughness models were easy to understand and simple, they were only suitable
for some specific structures. In addition, the filament model [21] and stochastic macro-
model [22] were also used to describe the surface roughness problems. During the surface
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roughness analysis, the root mean square (RMS) of the surface height was mostly used
during the modeling [9,23–28]. On the other hand, analytical models were also used to
study the surface roughness of the conductors, such as the gradient model [29–35], state-
space formulation [33], Green’s function [36–38], fast Fourier transformation (FFT) [39],
method of momentum (MoM) [40], small perturbation method [24], and Gaussian func-
tion from Campbell’s theorem [27,28]. Some other researchers added correction factors
to change the smooth surface models to rough surface models [11,41]. This was a fast
way to determine the surface roughness effect on high frequency devices. Finally, some
methodologies were proposed based on the aforementioned research results [42–44]. Levie
et al. [6] examined the effect of surface roughness of solid electrodes on electrochemical
measurements and presented a model and its mathematical consequences describing the
effects in a semi-quantitative way.

In this paper, we proposed a modified roughness coefficient based on the present
theory. The proposed modified roughness coefficient could be used to determine the effect
of surface roughness on the reflection coefficient at ultra-high frequency. We calculated the
critical modified roughness coefficient according to the critical reflection coefficient and
maximum frequency of different transmission lines with different surface roughness.

2. Theoretical Analysis
2.1. Ideal Impedance of the Planar Transmission Line

Figure 1 shows the structure of a CPW transmission line in radio frequency (RF). The
metal layer was deposited on the substrate layer. Subsequently, the signal and ground lines
were patterned on the substrate. The RF signal is transmitted from the RF input of the
coplanar waveguide between the ground and signal lines and finally to the RF output. In
Figure 1, s is the distance between the signal line and ground line, w is the width of the
signal line, wg is the width of the ground line, t is the thickness of the metal layer, ti is the
think of the insulator layer (insulator layer is typically used in semi-conductor substrate
like Si), and h is the thickness of the substrate; εr is the relative permittivity of the substrate.
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Figure 1. Structure of a transmission line: (a) top view; (b) section view.
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The characteristic impedance, usually 50 or 75 Ω, is a very important parameter of
the transmission line. Impedance matching between the transmission line, the device, and
the measurement instrument will result in the most efficient signal transmission. For the
common coplanar waveguide transmission line in the microwave field, its characteristic
impedance can be calculated by its geometric parameters and relative dielectric constant of
the substrate. According to the present research results, the characteristic impedance of the
CPW transmission line shown in Figure 1 can be expressed as [45]

Z0 =
30π√

εe

K(k)
K(k′)

(1)

where εe is the effective dielectric constant of CPW transmission line, and can be expressed as
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√
1− k2, k1 = sinh(πa/2h)
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1. Therefore, the characteristic impedance of the CPW transmission line can

be obtained by Equations (1)–(3) once we obtain the CPW substrate material and structure.
In the practical applications, a reflection coefficient is typically used to describe the

impedance match of the transmission line. According to transmission line theory, the
reflection coefficient of the transmission line, Γ, can be expressed as

Γ =
ZL − ZS
ZL + ZS

(4)

where ZL is the impedance of the transmission line, and ZS is the internal impedance
of the signal source or the test equipment. For the microwave circuit, the characteristic
impedance of the transmission line equals the internal impedance of the signal source or
the test equipment, and typically is 50 Ω.

In engineering use, the S parameter is used to represent the reflection coefficient. With
the S parameter, Equation (4) can be written as

S11 = 20 log|Γ| = 20 log
∣∣∣∣ZL − ZS
ZL + ZS

∣∣∣∣ (5)

where S11 is the reflection coefficient in dB.

2.2. The Real Transmission Line Impedance Considering Surface Roughness

However, the aforementioned equations are based on the ideal model. Figure 2 is the
surface of the scanning electron microscope (SEM) image of a sputtered deposited gold
thin film surface. It can be seen that the surface of the Au thin film consists of many grains
of the same size. When the grain size corresponds to the surface roughness of the device,
especially in MEMS devices, the aforementioned equations need to be modified.

According to Maxwell’s equations [46],

v
S E · da = 1

ε0
Qenc

v
S B · da = 0∮

L E · dl = −
s

S
∂B
∂t · da∮

L B · dl = µ0

(
I0 + ε0

s
S

∂E
∂t · da

) (6)
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where is S the closed surface, da and dl are the infinitesimal area and infinitesimal length,
E is the electric field, B is the magnetic flux density, ε0 is the dielectric constant in vacuum,
L is the closed curve, µ0 is the permeability of vacuum, Qenc is the electrical charge in the
closed surface, and I0 is the current of the conduction current of the conductor.
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According to Maxwell’s equations [46], 

Figure 2. The SEM of a sputtered deposited Au film surface.

Figure 3 is the illustration of the eddy current. As shown in Figure 3, when a conductor
is fed with a high-frequency alternating current I, a vortex magnetic field H is generated
around the conductor current in the counterclockwise direction according to the fourth
term of Equation (6). Accordingly, according to the third term of Equation (6), the vortex
magnetic field generates a new vortex electric field, which in turn generates a vortex current
(IW in Figure 3), i.e., electromagnetic induction. The closer to the center of the conductor,
the stronger the vortex electric field generated by electromagnetic induction. As shown in
Figure 3, near the inside of the conductor, the newly generated vortex electric field cancels
out with the original electric field; near the surface of the conductor, it superimposes with
the original electric field, which leads to the concentration of current inside the metal
conductor at the surface of the metal conductor.
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In high frequency circuits, the skinning depth is defined as the depth at which the
current density decays to its surface value of 1/e (approximately 0.37). Therefore, the
skinning depth can be expressed as

δ =

√
2

ωµrµ0σ
(7)

where ω is the frequency of the input current in rad/s, µr is the relative permeability of the
conductor, µ0 is the permeability of vacuum, and σ is the conductivity of the metal. Figure 4
shows the relationship between the skinning depth of Cu and the operating frequency.
Figure 4a shows that the skin depth of Cu is a very thin portion of the metal surface and
decreases rapidly with increasing operating frequency. When the frequency increases from
0.1 GHz to 100 GHz, the skin depth of Cu rapidly decreases from 6.8 µm to 0.4 µm. When
the frequency is greater than 20 GHz, the skin depth of Cu metal is less than 0.5 µm, as
shown in Figure 4b.
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However, according to the current distribution for a rough surface conductor at high
frequency in [42], the roughness peaks and valleys acted as discontinuities to current
propagation, which increased the conductor resistance. Therefore, the impedance of the
real transmission line is equaled to Equation (1) multiplied by a correction factor,

Zrough = Z0rR (8)

where rR is defined as a rough factor. According the results of Groiss [46], it can be described by

rR = 1 + e
−( δ

2Rq )
1.6

(9)

where Rq is the RMS roughness of the conductor.
By defining the ratio of RMS roughness and skinning depth as a modified roughness

coefficient, then the modified roughness coefficient can be expressed as

rδ
R =

δ

Rq
(10)

Then, the rough factor in Equation (9) can be expressed as

rR = 1 + e−(
rδ
R
2 )

1.2

(11)
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Accordingly, the reflection coefficient of the actual transmission line can be expressed as

Γ =
Zrough − Zs

Zrough + Zs
(12)

If Zs = Z0, the reflection coefficient can be expressed as

Γ =
Zrough − Z0

Zrough + Z0
(13)

By substituting Equations (8) and (9) into Equation (13), we obtain that

Γ =
rRZ0 − Z0

rRZ0 + Z0
=

rR − 1
rR + 1

=
e
−( δ

2Rq )
1.6

2 + e
−( δ

2Rq )
1.6 (14)

Then, S11 can be expressed as

S11 = 20 log |Γ| = 20 log

∣∣∣∣∣∣ e
−( δ

2Rq )
1.6

2 + e
−( δ

2Rq )
1.6

∣∣∣∣∣∣ (15)

By substituting Equation (10) into Equations (14) and (15), we obtain that

Γ =
e−(

rδ
R
2 )

1.6

2 + e−(
rδ
R
2 )

1.6 (16)

S11 = 20 log

∣∣∣∣∣∣∣
e−(

rδ
R
2 )

1.6

2 + e−(
rδ
R
2 )

1.6

∣∣∣∣∣∣∣ (17)

Therefore, we can use the modified roughness coefficient to analyze the electrical
performances of the CPW transmission line.

3. Results and Discussion

In practical engineering applications, the reflection factor of a CPW transmission
line is generally required to be no less than 20 dB in absolute value. This translates into
a dimensionless constant of 0.1, meaning that only 10% of the input signal is allowed
to be reflected. Substituting 0.1 into Equation (13), a simple calculation shows that the
CPW transmission line impedance is about 61.1 Ω. For the sake of description, 61.1 Ω
is considered the CPW transmission line threshold impedance, and 20 dB is considered
the CPW transmission line threshold reflection coefficient, as shown in Figure 5 for Γc
and Sc. After the impedance value was greater than the threshold impedance, the CPW
transmission line was considered to have an impedance mismatch with the signal source or
test equipment, and the transmission line could not be used at that frequency. The next step
was to analyze the theoretical results obtained in Section 2 by means of a specific model.
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Figure 5. Relationship between reflection coefficient and impedance of the transmission line:
(a) without units; (b) in dB.

Figure 6 shows the roughness factors for different RMS surface roughness and the
roughness factor at different operating frequencies. From Figure 6a, when the RMS surface
roughness Rq was less than 50 nm, the roughness factor rR did not increase with frequency
in the frequency range of 1 GHz to 100 GHz. When the RMS surface roughness Rq was equal
to 50 nm, the roughness factor rR increased approximately in the frequency range from
1 GHz to 100 GHz. As the roughness factor measured the transmission line impedance,
Figure 6a shows that for the transmission lines operating at 100 GHz, the RMS surface
roughness had a limited effect on the impedance when the RMS roughness is less than
50 nm. Curran et al. [42] pointed out that the measured resistance of a transmission line
with surface roughness was over 1.2 times to that of an ideal smooth transmission line.
Gold et al. [28] showed that the insertion loss of a transmission line with RMS surface
roughness of 1 µm at 65 GHz was about 3 times that of an ideal smooth transmission line.
Therefore, higher surface roughness led to more significant effects on the transmission line
performance.
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(b) the maximum frequency was 1000 GHz.

However, current microelectronic devices are developing towards the very high fre-
quency and even far-infrared frequency domain. With the continuous progress in the
fabrication process, microelectronic devices will be applied to the ultra-high frequency
and even far-infrared frequency domain in the future. In fact, there were already some
applications of microelectronic devices in the far-infrared domain [1,2]. Therefore, the
roughness factor beyond 100 GHz was considered in the next content.
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From Figure 6b, when the operating frequency varied from 1 GHz to 1000 GHz, a
decrease in the RMS surface roughness also led to a large change in the roughness factor.
For example, the roughness factor increased by 0.6 when Rq = 50 nm for a frequency range
of 1 GHz to 1000 GHz, as shown in Figure 6b. In addition, the roughness factor increased
by 0.1 when Rq = 20 nm for a frequency range of 1 GHz to 1000 GHz. This indicated that
the RMS surface roughness had a significant effect on the device performance at ultra-high
frequencies and in the far-infrared frequency domain.

Next, the surface roughness at high frequencies was studied from the perspective
of CPW transmission line impedance. As shown in Figure 7a, when the RMS surface
roughness Rq was less than 50 nm, the CPW transmission line impedance Zrough basically
does not change with the increase of operating frequency in the frequency range from
1 GHz to 100 GHz. As Rq increased to 50 nm, the transmission line impedance Zrough
increased by approximately 2 Ω over the frequency range from 1 GHz to 100 GHz. This was
different from the previously proposed transmission line threshold impedance of 61.1 Ω.
Therefore, the impedance mismatch caused by nanoscale surface roughness was basically
not considered in the 100 GHz frequency range.
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As shown in Figure 7b, the increase in transmission line impedance due to the RMS
surface roughness became particularly pronounced when the operating frequency increased
to 1000 GHz. From Figure 7b, it can be seen that the transmission line impedance increased
to its threshold impedance of 61.1 Ω at 721 GHz for RMS surface roughness Rq = 30 nm,
which is shown at point A (721, 61.1). At the same time, the operating frequency at
which the transmission line threshold impedance was reached decreased rapidly with
increasing Rq. At Rq = 40 nm, the threshold frequency decreased to 405 GHz, as shown in
point B (405, 61.1) in Figure 7b. When Rq = 50 nm, the threshold frequency decreased to
261 GHz, which was shown at point C (261, 61.1) in Figure 7b. Figure 7 showed that as the
transmission line RMS surface roughness increased, the transmission line operating band
became narrower in order not to affect its transmission performance.

The correspondence between the modified roughness coefficient and the transmission
line impedance is shown in Figure 8. After a simple calculation, the modified roughness
coefficient was 2.58 when the threshold impedance was reached, which was defined as the
threshold modified roughness coefficient, as shown at point D (2.58, 61.1) in Figure 8. It
can be seen that the transmission line impedance increased as the modified roughness coef-
ficient decreased. The threshold modified roughness coefficient, like the transmission line
threshold impedance, was a measure of the reflection rate of the transmission line signal up
to 10%. As can be seen in Figure 8, the use of a roughness factor simplified the formulation
of the roughness problem. An impedance mismatch between the transmission line and the
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signal source occurred regardless of the RMS surface roughness of the transmission line
and the operating frequency, if the roughness factor was less than 2.58.
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Because the reflection coefficient is more widely used in practical engineering applica-
tions, next, the problems related to nanoscale surface roughness were investigated from the
perspective of transmission line reflection coefficient.

As shown in Figure 9a, the absolute value of the reflection coefficient was less than
the threshold reflection coefficient by 20 dB over the entire operating frequency range
from 1 GHz to 100 GHz when the RMS surface roughness Rq was not greater than 50 nm.
Figure 9a shows that the RMS surface roughness had little effect on the reflection coefficient
of the transmission line when the operating frequency was below 100 GHz.
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As shown in Figure 9b, the effect of RMS surface roughness on the reflection coefficient
started to be significant when the operating frequency increased to 1000 GHz. At this point,
the threshold reflection coefficient could be reached at a small RMS surface roughness, and
the operating frequency at which the threshold reflection coefficient was reached decreased
rapidly with the increase in Rq. When Rq = 30 nm, the operating frequency at the threshold
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reflection coefficient was 721 GHz, which is shown at point E (721, 20) in Figure 9b. When
Rq increases to 40 nm, the operating frequency decreased to 405 GHz when the threshold
reflection coefficient was reached, which is shown at point F (405, 20) in Figure 9b. As Rq
increased to 50 nm, the operating frequency at the threshold reflection coefficient decreased
rapidly to 261 GHz, as shown at point G (261, 20) in Figure 9b.

Figure 9 shows that when the operating frequency was below 100 GHz, the effect
of roughness on the transmission line reflection coefficient was very small and could be
ignored. However, when the operating frequency increased to or over 100 GHz, the lower
surface roughness also caused the degradation of the transmission line performance.

Next, the relationship between the modified roughness coefficient and the reflection
coefficient was analyzed. As shown in Figure 10, the transmission line reached the threshold
reflection coefficient when the modified roughness coefficient was 2.58, which is shown
at point H (2.58, 20) in Figure 10. As the modified roughness coefficient decreased, the
absolute value of the reflection coefficient decreased rapidly.
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Figure 10 showed that, regardless of RMS surface roughness of the transmission line
and the operating frequency, if the modified roughness coefficient was less than or equal to
2.58, the electrical performance of the CPW transmission line degraded. Compared with
the correlation factor proposed in [8–12], the modified roughness coefficient proposed in
this paper could be a critical value to determine the effect of surface roughness and work
frequency on the S parameters of the transmission line.

4. Conclusions

This paper proposed a threshold impedance, a threshold reflection coefficient, and
a modified roughness coefficient for the effect of surface roughness on transmission line
transmission performance. The modified roughness coefficient considered the effects
of surface roughness and skinning depth. The effects of RMS surface roughness and
modified roughness coefficient on transmission line impedance and reflection coefficient
were analyzed. The following conclusions could be drawn:

(1) When the transmission line was operated in the frequency range of 100 GHz and
the RMS surface roughness was less than 50 nm, the effect of surface roughness on the
transmission line impedance and reflection coefficient was limited and basically negligible.

(2) When the transmission line worked at very high frequency and in even the far-
infrared frequency domain, the influence of RMS surface roughness on its impedance and
reflection coefficient should be considered. The larger RMS surface roughness had a more
significant influence of the transmission line transmission performance.
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(3) The maximum operating frequencies of the transmission lines for different RMS
surface roughness were given.

(4) Regardless of the RMS surface roughness and operating frequency, if the mod-
ified roughness coefficient was less than 2.58, an impedance mismatch occurred in the
transmission line.

(5) The modified roughness coefficient proposed in this paper described the relation-
ship between RMS surface roughness and transmission line impedance more clearly at
high frequencies.

With the current microelectronic devices operating at higher and higher frequencies,
transmission lines will also be used in the future for extremely high frequencies and even
in the far-infrared frequency domain. At that time, the surface roughness problem will
become an important issue for engineers. The method proposed in this paper can be used
as a guideline for engineers to quickly measure whether to consider the nanoscale surface
roughness problem or not, which is of certain guidance for engineering practice.
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