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Effects of Random Rough Surface on Absorption by
Conductors at Microwave Frequencies
Leung Tsang, Fellow, IEEE, Xiaoxiong Gu, and Henning Braunisch, Member, IEEE

Abstract—The effects of a random rough surface on the absorp-
tion by a metallic surface at microwave frequencies are analyzed
by using two methods: the analytic small perturbation method and
the numerical method of moments method. The results show sig-
nificant difference between absorption of a rough surface and that
of a smooth surface. The absorption depends on the root mean
square height, correlation length, and correlation function of the
random rough surface. The similarities with and differences from
Morgan’s classical result and the Hammerstad and Bekkadal for-
mula are discussed. It is shown that for multiscale rough surfaces,
saturation of absorption does not occur, or occurs at much higher
frequencies.

Index Terms—Conductors, method of moments (MoM), pertur-
bation methods, rough surfaces.

I. INTRODUCTION

THE roughness of the interfaces between layers, especially
in microelectronic packaging based on organic materials,

is often used to facilitate the adherence of the copper structures
to the dielectrics. Since the speed of interconnects is rapidly
increasing to the multi-GHz region, the roughness of the sur-
face can have significant effects on signal integrity. Existing
commercial software tools do not allow users to model the
surface roughness of the substrates accurately. Presently, the
common results are due to Morgan’s classical paper [1] and
the Hammerstad and Bekkadal formula [2]. There are recent
analyses [3] the results of which are consistent with Morgan’s.
However, in Morgan’s analysis and in these other analyses, a
periodic rough surface is used, often with rectangular grooves.
The Hammerstad and Bekkadal formula is

(1)

The absorption ratio in (1) depends only on the root mean square
(RMS) height of the rough surface profile, besides the skin
depth .

In this letter, we use the model of random rough surfaces. A
random rough surface is characterized by RMS height, correla-
tion length, and correlation function. The advantage of using a
random rough surface model is the resemblance with the sur-
faces occurring in copper interconnects. Furthermore, by mea-
suring surface profiles, the random rough surface characteristics
can be extracted quantitatively. The absorption due to these pro-
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files is calculated by two methods: the analytic small perturba-
tion method of Rayleigh and Rice to second order (SPM2, where
2 stands for second order) [4], [5] and the numerical method of
moments (MoM). The result of absorption based on SPM2 is in
terms of the spectral density of the random rough surface. The
use of SPM2 is needed because absorption deals with power and
SPM2 conserves energy to second order.

II. RANDOM ROUGH SURFACES

Foratwo-dimensional(2-D)problemofrandomroughsurface,
the height function is treated asa stationary random process.
The two point ensemble average of the random process is

(2)

where is the correlation function. Two common cor-
relation functions are the Gaussian correlation function with

l and exponential correlation function with
l , where l is the correlation length. The expo-

nential correlation profile appears significantly rougher than that
for the Gaussian correlation function. In generating the rough-
ness profiles [6], we use the spectral density function
which is the Fourier transform of the correlation function. The
spectral density of the Gaussian correlation function is given by

l/2 l 4 and that of the exponen-
tial correlation function by l 1 l [4].
Note that because the spectral density of the exponential cor-
relation function decays slowly with increasing , the surface
contains multiscale roughness.

III. ANALYTIC SMALL PERTURBATION METHOD

Consider a 2-D problem with a random rough surface profile
. Let be the magnetic field that is in the direction.

Then

(3)

where and 1 . Here, is the skin
depth 2 , and is the conductivity of the conductor,

is its magnetic permeability, and 2 is the angular fre-
quency.Weuse asecond order smallperturbation method, setting

(4)

Following Morgan [1], we assume that the magnetic field on the
surface is a constant

(5)
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Balancing (5) to second order gives

(6.1)
(6.2)

(6.3)

where is the Fourier transform of and is the
Dirac delta function.

The power absorbed by the conductor, for a given width in
the direction and length in the direction, is obtained from

(7)

Calculating the power absorbed to second order leads to

(8)
Taking the ensemble average of (8), using the property

(9)

and simplifying the results gives

(10)

The first term in (10) is the absorption for a smooth surface,
; the ratio of rough to smooth surface absorption is

(11)
A SPM2 method was also used by Sanderson [7] and the result

for internal surface displacement is expressed in terms of spectral
density. However, (11) has an integrand that asymptotically ap-
proaches as becomes large. Thus the integral
is convergent even for the exponential correlation function.

IV. NUMERICAL APPROACH USING MOM

Next, we solve the well known surface integral equation [6]

(12)
where on the surface and

(13)

The first integral in (12) is taken as the principal value with an
infinitesimally small piece subtracted out from the domain of
integration.

We apply the periodic boundary condition with the period .
It is a valid approximation to random rough surface scattering
provided that the period contains many peaks and valleys and
many correlation lengths, i.e., l [6]. Using MoM, the ma-
trix equation is

(14)

In the above equation, the matrix elements are as follows. For
,

(15)

(16)

where is the center of the th patch in the MoM discretiza-
tion and is Euler’s constant.

For

(17)

(18)

where
(19)

(20)
Note that the matrix elements include an infinite number of sum-
mations because of the use of periodic Green’s functions. The
unknowns to solve correspond to the normal derivative of mag-
netic field on the surface. After the surface integral equation is
solved, the ratio of power absorption is calculated by

(21)

where the integration is over the length in the direction. It
can be shown that as , the ratio in (21) approaches unity.
In the numerical implementation, we take 10l and surface
discretization is chosen as 10 l/10 10 .

To calculate the average power absorption, we use a
Monte–Carlo simulation approach. We generate a large number
of realizations of rough profiles. Solving the MoM equation we
then calculate the absorption ratio for every realization and the
average absorption is computed. In the simulations conducted
in this letter 600 realizations are used.
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Fig. 1. Power absorption ratio as a function of frequency from SPM2: Gaussian
correlation function (l = h) with varying RMS height.

Fig. 2. Power absorption ratio from SPM2: Gaussian surface (l = 1.5 h).

Fig. 3. Power absorption ratio from SPM2: Exponential surface (l = 1.5 h).

V. RESULTS AND DISCUSSION

A. SPM2 Results

Figs. 1–3 illustrate the SPM2 results of power absorption
ratio. In Fig. 1, the results are for a Gaussian correlation func-
tion with . The RMS height varies from 0.2 to 1.6 m.
We note that the absorption ratio increases with frequency. It
also increases with RMS height. In Fig. 2, the results are re-
peated for the case of 1.5 h. The absorption ratios are smaller
than those of Fig. 1 because a larger correlation length gives a
smoother surface. The results show that for the Gaussian corre-
lation function, saturation is consistent with Morgan’s findings.
In Fig. 3, the results are illustrated for surfaces with exponential
correlation functions exhibiting larger absorption than surfaces
with Gaussian correlation function. Also, the absorption ratio
results do not saturate which is distinctly different from the re-
sults given by Morgan and the Hammerstad and Bekkadal for-
mula. The results of Figs. 1–3 show that the absorption depends
on all three of the roughness characteristics: RMS height, cor-
relation length, and correlation function.

Fig. 4. SPM2 versus MoM: Gaussian surface (h = 1.2 �m).

Fig. 5. Power absorption ratio from MoM: Exponential surface (h = 2 �m).

B. SPM2 and MoM Comparison

As seen in Section III, the small perturbation method only
requires computation of one integral and thus it is convenient
for evaluating power absorption for different random rough
surfaces. However, SPM2 involves a second-order approxi-
mation and its accuracy needs to be verified. Fig. 4 compares
SPM2 results with MoM results. The modeled surface profiles
are Gaussian with 1.2 m and ( 2 h). In case
of a smoother surface ( 2 h), the SPM2 and MoM results
are in good agreement. The results also show saturation close
to 1.2 for the absorption ratio. In the case of a rougher surface

, the absorption ratio for SPM2 is larger than for MoM.
The difference is about 17% at 10 GHz.

Fig. 5 shows the simulated power absorption using MoM.
The modeled surface profile parameters are 2 m and
0.7 h with an exponential correlation function. In this
case, the roughness of the conductor is quite significant so that
the power absorption ratio goes up to around 3 at 30 GHz. In
contrast, the classical Hammerstad and Bekkadal formula would
approach an asymptotic value of only 2.

Extraction of spectral density from measured data and corre-
lation between measurement and theoretical model are currently
being investigated. Three–dimensional (3-D) surface data can
be obtained with an optical scanning system with a 90-nm res-
olution. We are also extending the approach to 3-D problems.
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