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Abstract—As the data rate of high-speed digital systems is
getting higher, the conductor loss can no more be modeled
assuming perfectly smooth conductor surfaces for even the
smoothest foils available. The Huray model, based on the
analytical calculation of the additional loss due to the
scattering/absorption from conductive spheres on a smooth plane,
has been presented to account for this issue. However, in practice
it is very difficult to determine the parameters of the model. A
modeling approach relating the parameters of the model to the
conductor roughness profiles is needed. In this paper an
investigation of the scattering by metal hemispheres, including
their interaction, is performed. A method is brought up to
estimate the multi-level physical model’s parameters using the
scanning electron microscope (SEM) or optical cross-sectional
profile imaging. Accurate modeling of the frequency-dependent
conductor loss is achieved.

Index Terms—SKkin effect, surface roughness, striplines, printed
circuit boards, signal integrity

I. INTRODUCTION

Frequency-dependent conductor loss in one of the most
important factors for high-speed signal integrity (SI) design.
The additional conductor loss due to foil surface roughness is
no longer negligible [1-4].

To account for this issue, the empirical surface roughness
correction factor was brought up by Hammerstad [5]. However,
its accuracy breaks down for frequencies above SGHz or for
rough foil with RMS roughness level above 2um [6].

In recent years, the Huray model [7-11], assuming certain
conductive structures (pyramidal stacked spheres) on a smooth
surface, has gained popularity. Good correlation with
measurement results for frequencies up to 50GHz has been
shown. However, determining the model parameters has
always been a problem. To implement the Huray model,
empirical estimation or fitting is often required for two reasons.
Firstly, the diameter and number of spheres “inside” the
pyramidal stacks are not observable by scanning electron
microscope (SEM). Secondly, the Huray model assumes no
interaction among the stacked spheres. The spheres shielded or
hidden beneath other spheres are supposed to account for less
loss than the spheres fully exposed to the wave front. However,
for Huray model the loss of the pyramidal stack is calculated by
the superposition of power absorbed and scattered from each
sphere completely exposed to the incident wave. Thus,
theoretically it is questionable that an accurate Huray model
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can be built by extracting parameters only through observing
SEM images. Practically it means that the set of model
parameters needs to be obtained by fitting and tuning the Huray
model.

To get rid of the parameters fitting and tuning process, the
authors would like to use the idea of multi-level hemispherical
model [12] [13]. This model extends the hemispherical model
[14] by stacking smaller spheres on top of bigger ones. It shows
the potential of utilizing geometrical information to establish
the parameters for modeling, since the dimensions of the bigger
and smaller spheres might be determined by observing the SEM
or optical cross-sectional images. Compared to the parameters
tuning approach shown in [12], the proposed method models
the interactions among the spheres and the fitting process based
on measured insertion loss is no longer needed.

In Section I, the traditional modeling with uniform spheres
is analyzed to present the impact from the sphere size to the
frequency-dependence of surface roughness correction factor.
Section III provides the investigations of the interaction among
the smaller and bigger spheres for a typical multi-level surface
roughness model. Validations are shown in Section IV using
3D full-wave simulated striplines and a fabricated printed
circuit board (PCB).

II.

Before introducing the proposed modeling approach, we
would like to take a look at derivation of surface roughness
correction factor and introduce some necessary parameters. As
Fig.1 illustrates, the rough surface is modeled by adding
spheres to a smooth conductive plane. The incident plane
wave’s Poynting vector is expressed as [14, (26)]:

FoOIL ROUGHNESS MODELLING WITH UNIFORM SPHERES

1 1
S=§|E0|'|H0|=EH|HO| (1)

where |Ey| and |Hy| are the magnitude of the magnetic and
electric field. The impedance is defined using 7 = /ly/ €&

The total cross-section of a sphere ( Oiprq; ) is the
superposition of scattering (os.,) and absorption cross-section
(Oaps) [11,(10.62)]:

Ototal = Osca t Oaps )

As [8, Fig.18] demonstrated, within the bandwidth from
IMHz to 100GHz, scattering is almost negligible compared to
absorption (0., K 0dgps) for the spheres with radius smaller
than 1um. Thus, we assume that the total cross-section of the
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sphere is equal to its absorption cross-section (Ootar & Oaps)-
With known number of uniform spheres (N) and under the
assumption of no interaction between the spheres, the loss due
to absorption is calculated using:

Paps = N+ S dgps 3)

In addition to power absorbed by the spheres, the loss due to
the smooth conductor surface (Pgy,00:1) Needs to be taken into
account. The total power loss of the rough conductor (P) is
expressed therefore as:

P = Psnootn + Pabs
= Psmooth N * S Oaps 4
The power loss of a lossy conductor plate (Pg00cr) With area
equal to Agmoosn 1S [14, Equ. 31)]:

Psmootn = w ) IHOI2 * Asmootn 5)
where § = 1/./fomu, is the skin depth (for a non-magnetic
conductor), ¢ is the conductivity of the conductor, and p, is the
permeability of free space. Typically to account for the
additional power loss due to surface roughness, the resistive
surface roughness correction factor (K), relating the total power
loss to the loss due to the smooth conductor, is defined [8, Equ.

O

P
K= (6)
Psmooth
By inserting (1), (4) and (5) into (6), K is expressed as:
2:n-N
K=1+ *Ogps (7)

Uo " @+ 8 Asmootn

The absorption cross-section (g,,s) of an electrically small
sphere of radius a and skin depth & can be calculated [8, Equ.
(6)] as:

3rkda? @®)

5, 62

l1t+gtgz
where k = 2w /A, A = ¢+ (f\/&,)7 %, c is the speed of light and
& is the dielectric permittivity. Notice that the surface
roughness correction factor expressed by (7) is independent of
the dielectric material property because &, is canceled out by

the product of n = \/ g/ o€, and o,y presented by (8).

A conductive sphere

Ogps =

Incident wave ?
. AN V4 scattering
. - 5
ption
N d ] AN

| The smooth conductor |

Fig.1. Scattering and absorption of a plane wave by a conducive sphere

The authors would like to point out that the
frequency-dependence of absorption cross-section ( ggps ),
which is the critical factor to determine the surface roughness
correction factor (K), is dependent on the sphere radius (a) due
to (8). As (7) demonstrates, the number of balls (V) and smooth
conductor area (Asmootn) Only scale the frequency-dependent
part of (7). To illustrate this, two examples are created with
sphere radius (a) equal to 0.63um and 4.0 um, and the
corresponding absorption cross-sections are calculated using

(8) assuming air dielectric substrate. As Fig.2 shows, the
smaller sphere with a = 0.63um leads to a more ‘linear’
absorption cross-section, while the larger sphere’s absorption

cross-section tends to bend-down as frequency goes up.
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Fig.2. Absorption cross-section (g,ys) of a sphere with radius equal to 0.63um
(a) and 4.0um (b)

III. MULTI-LEVEL SURFACE ROUGHNESS MODEL

To observe the foil surface roughness, a cross-section sample
of the stripline is removed from a fabricated PCB, and
encapsulated in an epoxy-based compound to make the
cross-section of the copper layer of interest perpendicular to the
plane of view. To remove the scratches or mechanical damage
caused by the cutting, the surface to be viewed is polished with
sand paper and diamond polishing compound until the metal
surfaces are shiny and no obvious scratches on the surfaces can
be observed using an optical microscope. According to the
SEM image of the cross-section sample shown in Fig.3, we can
observe that the conductor surface has a fractal-type structure.
It can be noted that the first-order protrusions on the trace
surface are relatively large features with size close to 1-2 um
while small second-order protrusions have sizes from 0.1 to 0.6
um. This is quite close to the geometries considered in [12]
[13] calling for the multi-level models for roughness.

The multi-level roughness modeling was first suggested in
[12]. As Fig.4 illustrates, the first order protrusions are placed
on the flat and smooth surface and the second-order protrusions
are placed on the surface of the first-order protrusion.

According to an idea of the additive multi-level roughness
modeling shown in [13, Equ. (11)], the expression for the
uniform spheres (3) can be easily extended to the multi-level
structure assuming no interaction between the spheres. The
two-level model’s absorption loss is calculated using the
numbers of first-order and second-order protrusions (N;, N,)
and their absorption cross-sections (0,ps15 Tabsz):

Polever =S+ (Nl *Oapsy + No - a'absz) (9)
The absorption cross-sections (0,ps1, Oaps2) can be calculated
using (8) for known first- and second-order hemisphere radii
(a,, a,). Notice that the o,,; of a hemisphere is calculated

using the o,,s of a sphere divided by two. The two-level
surface roughness correction factor is derived by extending (7):
n: (Nl *Oaps1 + No - O-absz)
Yo" @8 Asmootn

According to the frequency-dependence analysis illustrated
by Fig.2, the second-order protrusion contribute with a more
‘linear’ term, providing more degrees of freedom compared to
the first-order model (7). Notice that (9) is based on the

Kalevet =1+ (10)
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assumption of no interaction among the spheres. However, as
we mentioned in the introduction section, the sphere shielded or
hidden beneath other spheres are supposed to contribute less
loss than the sphere fully exposed to the wave. To relate the
parameters of the roughness model to the geometry, interaction
among spheres should be taken into account.

(®)
Fig.3. SEM images of the cross-section sample of a stripline with magnification
equal to 4K (a) and 35K (b).

The second-order protrusion

The first-order protrusio

The smooth conductive plane —»

Fig.4. Two-level structure for surface roughness modeling.

To investigate the problem, a two-level surface roughness
3D model is created with one first-order sphere (radius
a; = 1.9um) and second-order spheres (radius a, = 0.46um,;
number N, = 92) surrounding the first-order sphere as Fig.5
shows. Using the CST MoM solver, the absorption
cross-sections of the two-level roughness model (051eye1), first
order sphere (o;) and the second order sphere (o, ) are
calculated. By comparing the actual cross-section of the
two-level structure oyeve; to the superposition of the
cross-sections of the structure elements a; + N, g, presented in
Fig.6 it is obvious that the superposition severely overestimates
the total cross-section (green dashed curve vs. the solid red
one). This is easy to explain by non-uniform distribution of

energy on the surface of the structure (see numerical examples
in the next section) which leads to different contributions for
different second-order spheres. To account for this effect, we
propose to add a compensation factor (k,,) to the superposition
formula:

an

The coefficient k,N, can be understood as the effective
number of the second-order protrusions. By tuning the value of
the compensation factor it is possible to approximately match
the actual 0;)eve1 curve (see Fig.5 — black dashed curve). The
value of the compensation factor best fitting the actual
cross-section curve was estimated as 0.33.

Oztevel = 01 + ky " Ny * 05,

The big

inner sphere
The 1% order sphere’s cross-section ()
(radius a; = 1.9um; number N; = 1)

Two level roughness model’s
cross-section 0)evel "The outer
smaller sphere
The 2= order sphere’s cross-section (03)

(radius a, = 0.46um; number N, = 92)

Fig.5. 3D CST two-level model consisting of one inner first-order sphere and
many second-order spheres .
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Fig.6. Absorbtion corss-section for two-level spherical structure (Fig.5).
Comparison of actual and calculated curves.

To test the robustness of the proposed approximation
approach, the authors modeled the first-order protrusion using a
cone as Fig.7 shown. The absorption cross-section of the inner
cone (o) and outer spheres (o,) are calculated by CST. The
Oslevel 1S modeled using (12) with k, = 0.33. Good match
between the modeled and simulated 0;)eye) is shown in Fig.8.
This result means that the estimated compensation factor is
weakly sensitive the shape of the first-order protrusions.

By introducing the compensation factor k,, the final formula
for the surface roughness correction factor (Kyjepe;) can be
written by modifying (10):
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1" (N1 " Gabst + knNyOapsz)
Uo ' @+ 6 Agmooth

Kztever = 1 + 12)

_ (1 + N1 Oaps1 ) + (1 + Nk Ny Oaps2 ) _1
UowSAsmooth HUow8Asmooth
= Kl + KZ -1

where the total number of the first-order protrusions is N;, and
the compensated total number of second-order protrusions is
k,N,. K, and K, are the surface roughness correction factors
for the first- and second-order protrusions expressed in the form
of (7).
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Height of the cone H = 2.6um
Fig.7. 3D CST two-level surface roughness model consisting of one inner cone
and many second-order spheres .
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Fig.8. Absorbtion corss-section for two-level conical structure (Fig.7).
Comparison of actual and calculated curves.

IV. VALIDATIONS

A. Numerical validations based on 3D simulations

To illustrate the feasibility and accuracy of the proposed
method, a 3D model of a transmission line is created and
illustrated in Fig.9. The wave propagates from one port to
another port (the ports are illustrated by the red surfaces) with
vertical electrical field vector. To enforce TEM wave, the upper
reference plane is assgined as PEC and the lower singnal trace
is assigned with copper. The dielectric substrate is air. The two
sides perpendicular to the propagation direction are perfect
magnetic walls (tangential magnetic field at the sides is zero).
The per-unit-length (PUL) attenuation factors (the real-part of
the solver-calculated propagation constant) of the rough line
(@rougn) and the smooth copper slab (@gmooen) are calculated

PR TAR AT

by the CST frequency-domain solver models shown by Fig.9
(a) and (b).

(b)
Fig.9. Transmion line with rough (a) and smooth (b) surfaces. The first-order
proturtions are modeled using bigger hemispheres with radius a; = 3um, and
the total big hemisupere number N; = 18. The second-order protrusions are
modeled using smaller hemispheres with radius a, = 0.5um, and the total
small hemipshere number N, = 114.

Using the proposed approach illustrated by (12), the first and
second order protrusion correction factor (K;, K,), and the total
two-level surface roughness correction factor (K,jepe;) are
calculated using known geometry information and illustrated in
Fig.10 (a). It can be observed that the K, has more ‘linear’
frequency-dependence and contributes more to Kyjepe; as
frequency goes up. Since the dielectric substrate is air, there is
no dielectric loss. For practical low-loss transmission lines with
R < wL and G K wC, the attenuation factor can be calculated

as:
L A LR
axaR |TH36 0 (3

where R,L,G, and C are the PUL parameters of the
transmission line. Thus, since in the air-filled line G = 0, the
attenuation factors of the models in Fig.9 is proportional to the
resistance, and the surface roughness correction factor can be
used to correct the attenuation factor directly.

By multiplying &gmootn bY Kziever, the modeled oy g, is
calculated. According to Fig.10 (b), the modeled and simulated
Qrougn can achieve a good match with an error below 5%. The
surface power loss density on the line conductor is also
calculated in CST. According to Fig.11, it can be seen that the
power loss is not distributed on protrusions evenly. Instead,
most of the power is lost at the ‘crests’ of the first-order
protrusions, causing certain second-order protrusions to
contribute more than others, which implies that the interaction
compensation factor (k,) brought up by the authors is
necessary.
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Fig.10. (a) surface roughness correction factors for the first and second order
protrusions and the the total two-level model. (b) comparision between the
simulated and modeled PUL attenuation factors.

Fig.11. Surface power loss density at 35 GHz (calculated by CST)

B. Modeling using measured data

Let us apply the proposed approach to a differential stripline
pair on a fabricated PCB. Using known geometrical
information of the stripline [4, Fig.8-9], the smooth PUL
resistance (R) is calculated by a 2D solver. After 2X-Thru
[16-18] de-emebdding of the 1.3-inch thru line and 16-inch
total line, the dielectric material’s properties were extracted
using the methodology described in [3][4] and presented in Fig.
12. A combination of the optical [16] and SEM microscopy
(Fig. 3) is used to determine the parameters of the model. The
optical imaging is used primarily to determine the size of the
first order protrusions by examining the cross-section profile
presented in Fig.13 according to [19]. The radius of the
first-order protrusions was set equal to averaged height of the
cross-section variations, which, in turn was estimated as 2 um.

The radius of the second-order protrusions was estimated as 0.2
um by examining Fig.3.
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() (b)
Fig.12. Dielectric parameters of the stripline used for validation (a) relative
permittivity (DK). (b) dielectric loss tangent (DF)
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Fig.13. Profiles of the signal conductors obtained using optical microscopy.

The length of the profile (I,,) is obtained by calculating the
length of the curve shown in Fig. 13. Using the assumption of
equivalent area, the number of first of-order protrusions (N, ) is
calculated using the ratio between the total surface area of the
first-order hemispheres (S;5;) and one first-order hemisphere’s
surface area (S;5¢):

N, = Sist 2%' (lp)2
Sisto 2m(ry)?
Assuming that the superposition of all second-order spheres’
largest cross-sectional areas (4,,4) is equal to the surface area
of the first-order sphere (S;,;), the number of second order

spheres is calculated:
_ Sast _%' (lp)z

n(r2)?

According to Fig.13, the width of the profile sample is
w=120um. The smooth conductor area is calculated assuming a
square tile with length equal to w. Thus, Agpern = W2.

The surface roughness correction factors calculated using
(12) are illustrated in Fig.14 (a), and the transmission line
attenuation factors calculated using the one- and two-level
models are shown in Fig. 14 (b) and (c). The measured
attenuation factor is obtained using [4, (18)]. It can be observed
that the frequency-dependence of the attenuation factor
modeled with only the first-order protrusions is not correct.
Even after tuning for the number of spheres or area size, the
curve can only be scaled, giving good agreement either at low
or high frequencies, but not in the entire frequency range.
While by using the two-level model as Fig.14 (c) demonstrates,
the results can be significantly improved.

(14)

(15)

) =
Aan
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Fig.14. (a) The surface roughness correction factors; (b) The modeling results
only using the first-order protrusion correction factor (K ); (¢c) The modeling
results using the two-level correction factor (K;jeyel)
V. CONCLUSION
Observation of SEM images of fabricated striplines suggest
that the multi-level surface roughness model has a potential to
improve accuracy of surface roughness modelling. By
introducing a factor to compensate the interaction effect among
the first and second order protrusions (spheres), the absorption
cross-section of the multi-level roughness structure can be
estimated relatively easily.

Compared to the one-level modeling approach, the proposed
approach can provide results with more accurate
frequency-dependence by introducing the bigger and smaller
spheres with different absorption cross-section. The parameters
of the model can be relatively easily determined from the SEM
and optical cross-sectional images, allowing to avoid
complicated model parameter tuning process.
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