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Abstract—Signal integrity (SI) issue is a critical concern as
the data rate continues to increase and SI analysis is heavily
dependent on simulations. Inaccurate simulation data may
result in inadequate design decisions influencing high-speed
digital design and optimization. The surface impedance
boundary condition (SIBC) concept is generally utilized in
commercial electromagnetic (EM) solvers, which is considered
to be an efficient technique as the interior region of the
conductor of interest does not need to be included in the
numerical procedure. The first-order SIBC has been
incorporated into many EM simulation tools widely used in
industries. In this paper, the limitations of the first-order SIBC
in 2D simulations for PCB transmission lines are analyzed and
demonstarted for the first time. Different PCB transmission
lines with various cross-sectional geometries are simulated in a
commercial 2D EM solver with and without the implementation
of the first-order SIBC to reveal the effect on the simulated
transmission line behaviors. It is found that the accuracy of the
simulations with the first-order SIBC decreases as the edge of
the signal conductor in the cross-section becomes narrower. The
possible solutions are proposed to overcome the issue.
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I. INTRODUCTION

As the data rate and clock frequencies increase, signal
integrity (SI) issue has become a more critical concern in the
design of high-speed interconnects. Often ST analysis relies on
simulations. Inaccurate or unreliable simulation data may lead
to inadequate design decisions which may result in delay in
the market release of a product. The surface impedance
boundary condition (SIBC) concept utilized in many
commercial electromagnetic (EM) solvers is generally
considered to be an efficient technique enabling accelerated
simulations as the interior conducting region of the conductor
of interest does not need to be included in the numerical
procedure [1].

Frequency-dependent conductor loss resulted from skin
effect is critical in SI analysis. The calculation of the field
distribution inside the conductor can be simplified under skin
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effect condition [2]. SIBCs constructed upon skin effect
theory include the material properties of the conductor and
define the approximate relationships between the tangential
components of the electric and magnetic fields or between the
normal and tangential components of the magnetic field [3],
[4]. In computational electromagnetics, SIBCs are categorized
by the order of approximation. The first-order SIBC does not
take into account the curvature of the interface between the
conductor and dielectric, and the field variation along the
conductor surface [5]. The inherent drawbacks limit the
application area of the first-order SIBC. SIBCs of high order
have been developed in [6]-[8] allowing the improvement in
simulation accuracy and the expansion in the concrete
application of surface impedance boundary concept.
However, it was found that the first-order SIBC is widely used
in the EM simulation tools with high market share in the
industry [9]-[12].

Surface roughness is a principle consideration for high-
speed digital design as it may introduce significant increase in
the conductor loss of a PCB transmission line. The surface
roughness correction factor is commonly treated as a
modification to the SIBCs defined on the conductor/dielectric
interface [13]. Therefore, suitable SIBC is essential for an
accurate simulation.

In this paper, the limitations of the first-order SIBC in 2D
simulations for PCB transmission lines are analyzed and the
results are demonstrated for the first time. PCB transmission
lines with various cross-sectional geometries are simulated in
one commercial EM solver with and without the
implementation of the first-order SIBC. The simulated
transmission line behaviors are compared to reveal the effect
of the first-order SIBC. It is found that the accuracy of the
simulations with the first-order SIBC decreases as the edge of
the signal conductor in the cross-section becomes narrower.

PCB striplines with smooth conductors are modeled and
examined in Section III after the brief introduction to the first-
order SIBC in Section II. It can be expected that similar
conclusions are applicable for the microstrip-lines since SIBC
is not a function of transmission line type. Through the
comparisons of conductor loss and per-unit-length resistance,
the impact of the first-order SIBC on the simulated conductor
loss of smooth conductors is illustrated. Based on this finding,
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the effect on the modeled conductor loss for rough conductors
is further investigated in Section IV. The possible solutions
are proposed in Section V to overcome the limitations of the
first-order SIBC.

II. PHYSICAL BACKGROUND OF THE FIRST-ORDER SIBC

A. Derivations of the First-Order SIBC

The first-order SIBC, also known as Leontovich
approximation [14], was introduced in the 1940’s as a
pioneering investigation on the problem of field distribution
calculation inside the conductor accounting for skin effect. A
simplified derivation procedure of the surface impedance
expression for a flat smooth conductor is exhibited in [2]. The
critical derivations and prominent assumptions are adopted in
this paper in order to show the physical background of the
first-order SIBC. It is assumed that the conductor has a
conductivity of o and the dielectric has a permeability of u
and permittivity of €.

For a good conductor with high conductivity, the
conduction current J is much larger than the displacement
current jwD. Consequently, Ampere’s law can be written as

VxH =~ f =oE 1)
Taking the curl of Faraday’s law yields
Vx (VX E) = —jouv x H )

In the derivation, the free charge is assumed to be
negligible and the source of the electric field is assumed as the
time-varying magnetic field, which allows the reduction to
Gauss’s law

3)
With the application of the vector identity, (2) is re-written

V-eE=0

as
V2E = jouV x H “

Substituting (1) into (4) and multiplying by o at _I:))oth sides

gives the diffusion equation for the current density J

V2] = jwuc] ®)

Assuming the current is in z-direction, the solution to the
diffusion equation is found as

J, = Jyeraes ©
where § is the skin depth and expressed as
2
= [— @)
wuo

Integrating (6) gives the expression of the total current
density fT

> °, . 1.
Jo= [ Jee @ = ~2f6G -1 ®)
0

The surface impedance qu is defined as the ratio of the

electric field at the conductor surface and the total current
density, which yields

. Ey 1
Zs_]—»__(l'l'])g ©)

T
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The real part of the surface impedance is the per-unit-
length frequency-dependent series resistance and the
imaginary part is generally expressed as jwL, where L is the
internal inductance. The real and imaginary parts should
satisfy the K-K relationship [15], [16].

The first-order SIBC forces the tangential component of
electric field equal to the term n X H,,, multiplying by the
surface impedance Z;.

B. Critical Assumptions for a Valid First-Order SIBC

The first-order SIBC is only valid under a set of critical
assumptions. First, the incident wave upon a conductor is
assumed to be perpendicular to the surface and there is no
variation in the field distribution along the interface between
conductor and dielectric. Second, the conductor has to be flat
and infinite thick in half-space, which implies § < T, where
T is the conductor thickness. Third, the source of the incident
wave is at infinity and the dielectric material is linear,
homogeneous and isotropic [4].

Noticeable violations of the aforementioned assumptions
in the structure of typical PCB transmission lines are that the
thickness of the conductors is not infinite large and the
conductors are not flat. Therefore, the implementation of the
first-order SIBC is considered to be problematic in the
simulations, especially when there are sharp edges in the
cross-sections of PCB transmission lines.

III. SIMULATION BASED ANALYSIS

Different PCB transmission lines with various cross-
sectional geometries are simulated in 2D in one commercial
EM tool with and without the application of the first-order
SIBC. Smooth conductors with finite conductivity are
employed in the simulations. A set of comparisons of the
simulated transmission line behaviors are made to illustrate
the impact of the first-order SIBC. The simulations without
the implementation of first-order SIBC, namely, the
simulations with the direct solve or solve inside option, are
treated as the references.

Assuming 28 Gbps data rate for the simulated single-
ended PCB channels, the conductor loss, per-unit-length
resistance and internal inductance at 14 GHz and 28 GHz are
singled out for the comparisons. As aforementioned, PCB
striplines are used as examples for the illustration. It is assured
that all simulated results converged.

A. The 2D Simulation Models

Representative cross-sections of the real PCB striplines
are shown in Fig. 1 and Fig. 2 indicating the under etched and
over etched scenarios, respectively. The first subscript in the
geometrical parameters denote the cross-sectional shape of the
signal trace, which is a trapezoid. The second subscript
expresses under or over etched profile of the signal conductor.
Table I and Table II summarize the values of the cross-
sectional geometries in Fig. 1 and Fig. 2, respectively.

To reveal the limitations of the first-order SIBC and how
the accuracy of the simulation changes with the cross-
sectional shape of the signal trace when the first-order SIBC
is applied, the striplines with the special cross-sections are
simulated and the 2D models are demonstrated in Fig. 3. The
subscripts in the dimensional parameters represent the shapes
of the signal conductors in the cross-sections. Table III gives
the values of the geometries.
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Fig. 1. A representative cross-section of real PCB striplines with under (a)
etched scenario.

|
H,
HT,O 1 W =
TO1
T 5
~ ,,,Af,TT,o,

" Wros Hg,

Hro,

|

(®)
Fig. 2. A representative cross-section of real PCB striplines with over
etched scenario.
Hg,
TABLEI. VALUES OF THE GEOMETRIES IN FIG. 1 L .
| i
Hrua Hruz Wrui Wrua Tru N =
3.2 mil 3.8 mil 4.8 mil 6.0 mil 1.2 mil Bl W
TABLEII. VALUES OF THE GEOMETRIES IN FIG. 2 I
(0
HTAO.I HTAO.Z WT.OJ WT,O.Z T'EOA
- - - - - Fig. 3. The 2D models of the striplines with special shaped signal
3.2 mil 3.8 mil 3.0 mil 6.0 mil 1.2 mil conductors: (a) circle, (b) ellipse, (c) rectangle.

The first-order SIBC is implemented on all conductor TABLEIIL.  VALUES OF THE GEOMETRIES IN FIG. 3
surfaces. The surfaces of the conductors are smooth and the
conductivity is 5.8 x 107 S/m . For all simulations, the
relative permittivity and loss tangent of the dielectric at 1.0 He 4.2 mil Hg 4.2 mil Hy, 3.2 mil
GHz are 3.7 and 0.002 , respectively, indicating the
MEGTRON 6 material. The Djordjevic model described in
[17] is applied to each 2D simulation. de 3.0 mil ag 4.0 mil We 6.0 mil

/ / b 2.0 mil Tr 1.2 mil

Para. Value Para. Value Para. Value

He, 3.8 mil Hg 3.8 mil Hr, 3.8 mil

B. Simulation-based Analysis

The effect of the first-order SIBC on the per-unit-length
resistance for various cross-sections is revealed in Fig. 4 to
Fig. 8. The first-order SIBC starts to lose accuracy in the
simulations as the edge of the signal conductor becomes
narrower. The reason behind is the first-order SIBC is no
longer valid at the edges due to the violations of the flat and
thick conductor assumptions in the cross-sections.

(%)
(=3
=1

Simulation error:
at 14 GHz: 0.72%
at 28 GHz: 0.70%

[a]
W
[}

[
(=3
f=}

The over-etched trapezoidal shape has the narrowest edge.
Thus, it is considered to be an extreme case for the comparison
of the per-unit-length internal inductance. The results are
exhibited in Fig. 9 with the zoom-in view at low frequencies
where the simulation error reaches its maximum value of
58.02% at 10MHz. The error reduces to 14.99% and 14.46%
at 14 GHz and 28 GHz, respectively. 0 5 10 15 20 25 30

(=3
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W
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— — —Circle, with first-order SIBC
Circle, without first-order SIBC

Per-unit-length resistance (ohm/m)
9
[=]

With the per-unit-length resistance, capacitance and total Frequency (GHz)

inductance extracted from the 2D simulations, the per-unit- Fig. 4. Comparison of the per-unit-length resistance when the cross-
length conductor loss is calculated using [18] section of the stripline signal conductor is a circle.
a, ~ 0.5R/\/Z, (10) where the characteristic impedance Z, = /L/C.
¢ .5R/4/
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Simulation error:
at 14 GHz: 0.85%
at 28 GHz: 0.76%
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Fig. 5. Comparison of the per-unit-length resistance when the cross-
section of the stripline signal conductor is an ellipse.
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Fig. 6. Comparison of the per-unit-length resistance when the cross-
section of the stripline signal conductor is a rectangle.
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Simulation error:
at 14 GHz: 8.83%
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Fig. 7. Comparison of the per-unit-length resistance when the cross-
section of the stripline signal conductor is an under-etched trapezoid.

Fig. 10 demonstrates the comparisons of conductor loss
for the striplines with both under-etched and over-etched
trapezoidal cross-sections when assuming 3 inches length.
The conductor loss in the simulation with the first-order SIBC
and over-etched trapezoidal signal trace is 6.16% and 5.33%
smaller than the references at 14 GHz and 28 GHz,
respectively.

The relatively smaller simulation errors in the conductor
loss comparison against to that in the per-unit-length
resistance and internal inductance comparisons is explainable
based on (10). Since both per-unit-length R and L are under
estimated with the first-order SIBC applied to the simulations,
the error in conductor loss becomes relatively smaller.
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Fig. 8. Comparison of the per-unit-length resistance when the cross-
section of the stripline signal conductor is an over-etched trapezoid.
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Fig. 9. Comparison of the per-unit-length internal inductance for the
stripline with the over-etched trapezoidal signal conductor: (a) comparison
of the per-unit-length internal inductance from 10 MHz to 30 GHz, (b)
comparison of the per-unit-length internal inductance from 10 MHz to 2
GHz (the zoom-in view of Fig. 9 (a) at low frequencies).

Therefore, it is considered to be a coincidence for the
simulations modeled in the 2D EM simulation tool under the
study in this paper that the simulated conductor loss obtained
with the first-order SIBC implemented could have a
seemingly acceptable error when compared to the reference
data. However, accuracy has been lost for the simulated per-
unit-length resistance and internal inductance. The first-order
SIBC should be avoid using for the PCB transmission lines
with trapezoidal signal conductors in the cross-sections.
Cautions should also be given for the applications where the
surface impedance value is important for the analysis.
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Simulation error:
at 14 GHz: 2.92%
at 28 GHz: 2.47%
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Fig. 10. Comparisons of the conductor loss when assuming 3 inches
length: (a) comparison of the conductor loss for the stripline with the
under-etched trapezoidal signal conductor, (b) comparison of the
conductor loss for the stripline with the over-etched trapezoidal signal
conductor.

IV. THE EFFECT OF THE FIRST-ORDER SIBC ON THE
CONDUCTOR LOSS FOR ROUGH CONDUCTORS

The complex-valued causal Huray roughness correction
factor was introduced in [13] and the expression is

n
K:
H.(w)=1 +Z —11
i\ —1/2 1D
S e (@Y
L
where
6ma’N;
= i (12)
Ahex
= 2 13
wl - lliZMO' ( )

where a;, N; and Ap,, are the snowball radius, total
snowball number and a section of smooth surface area defined
in the classical Huray surface roughness model [19],
respectively.

The surface impedance of a smooth conductor has the
following expression

Zs,smooth = Rsmooth +].Q)Lintfsmooth (14)

Multiplying (14) by (11) gives the surface impedance of
the rough conductor. The real part of Zg ,og, is the
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constructed per-unit-length resistance of the rough conductor.

The corresponding per-unit-length internal inductance can be

calculated from the imaginary part using

Im(Zs_rough)
)

Lint,rough = (15)

Assuming a;, N; and A, have the numbers listed in
Table IV and taking the modeled striplines with the over-
etched signal conductors as example, the comparisons of the
constructed per-unit-length resistance and internal inductance
are illustrated in Fig. 11, describing the impact of the first-
order SIBC on the simulated results when the conductor
surfaces are rough.

TABLEIV. 'VALUES OF THE PARAMETERS IN HURAY MODEL
a; N; Apex
0.5 um 50 9.4%9.4 pm?
700
B Simulation error:
£ 000 at 14 GHz: 19.74%
c at 28 GHz: 18.73% -7
5 500 ¢ - ]
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g 7
2 400 [ 7
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< 300 7
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g -
= 200 7
2 s
g | .
5 100 r[== —Over-etched trapezoid, with first-order SIBC
&~ 0 Over-etched trapezoid, without first-order SIBC
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Frequency (GHz)
(a)
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— — —Over-etched trapezoid, with first-order SIBC
Over-etched trapezoid, without first-order SIBC

60

40

Simulation error at I0MHz: 50.07%

Internal inductance (nH/m)

0 L L I L L
0 5 10 15 20 25 30
Frequency (GHz)
(b

Fig. 11. Comparisons of the per-unit-length resistance and internal
inductance for the stripline with the over-etched signal conductor and
rough surfaces: (a) comparison of the per-unit-length resistance, (b)
comparison of the per-unit-length internal inductance.

V. THE POSSIBLE SOLUTIONS

The direct solve in the numerical procedure without the
application of the first-order SIBC is considered to be the most
accurate. However, the implementation of the surface
roughness models requires the surface impedance concept.
The possible solutions to this problem are proposed as the
following:
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1) Building the real rough surfaces in a 3D EM solver and
using direct solve.

2) Incorporating SIBCs of higher order into the 2D EM
tool.

3) For given a;, N; and Aj,,, constructing the per-unit-
length circuit parameters for a transmission line with rough
surfaces based on the simulated results of the corresponding
model with smooth conductors. Direct solve is needed in the
2D simulations.

VI. CONCLUSION

In this paper, the limitations of the first-order SIBC in the
2D simulations for PCB transmission lines with both smooth
and rough conductor surfaces are analyzed for the first time.
Various transmission lines are simulated in a commercial EM
solver with and without the implementation of the first-order
SIBC. It is found that the simulation accuracy decreases as the
edge of the conductor in the cross-section becomes narrower.
The possible solutions are discussed and proposed to
overcome the limitations of the first-order SIBC.
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