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Abstract—To model additional conductor loss due to foil
surface roughness various empirical or physical models have been
brought up to provide surface roughness correction factors for the
per-unit-length (PUL) resistance assuming certain roughness of
foil conductors. However for striplines on typical printed circuit
board, different sides of the traces and references planes may have
different surface roughness levels due to the fabrication process.
Traditionally engineers may calculate surface roughness
correction factors using averaged roughness level of the upper
and lower sides of the trace. However this empirical estimation
may lead to inaccurate modeling results especially when the
stripline is not vertically symmetrical or the differences among the
roughness levels of planes are significant. In this project, a
methodology is presented to calculate the resistance of a stripline
with different surface roughness levels on upper and lower sides
of the trace and reference planes. After separating the resistances
contributed by different smooth planes, each plane’s resistance is
corrected independently using corresponding surface roughness
correction factor. The stripline’s resistance is obtained by
combining the corrected resistances of different planes.

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

[. INTRODUCTION

Conductor loss is an increasingly important factor affecting
the signal integrity (SI) performance for high-speed channels. It
has been quite evident that the skin-effect formulas ignoring
foil surface roughness underestimate attenuation as frequency
goes up to tens of gigahertz [1-3]. Various approaches [4-9]
have been proposed to calculate the frequency-dependent
surface roughness correction factor using the cross-sectional
profile or the root-mean-square (RMS) roughness levels.

However, the previously proposed surface roughness
modeling approaches assumed equal roughness on all
conductor surfaces instead of modelling realistic stripline
structures consisting of four rough planes (the upper and lower
sides of the traces, and the upper and lower reference planes).
Actually, different surface roughness levels on different planes
can be commonly observed due to printed circuit boards (PCB)
fabrication process. To provide better adhesion between copper
and epoxy resin, various foil treatments are applied by PCB
vendors to roughen up certain sides of the planes [10-13]. In
addition, the electrodeposition (ED) process leads to foil with
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one side smoother and the other side rougher [6][13]. As the
SEM image shows in Fig. 1, the upper and lower sides of the
trace, as well as the upper and lower reference planes have
noticeable difference in terms of surface roughness levels.
Traditionally SI engineers may use the averaged surface
roughness levels of all planes to calculate the surface roughness
correction factor, assuming different planes have similar
contribution to the total resistance. However, as section II will
show, the averaging approach leads to results with low
accuracy. A more precise modeling approach is needed.

The authors will start from the analysis of the PUL resistance
contributions of different smooth planes. The surface
roughness correction factors determined by approaches
presented in [4-9] are applied to the smooth planes’ resistances
accordingly. The rough single-ended or coupled stripline
resistance is calculated by combining the corrected resistances
of each rough plane.

Fig.1. The SEM image of a stripline. It can be observed that different planes
(upper and lower sides of the trace and the referene) on stripline have different
surface roughness.

II. SINGLE-ENDED STRIPLINES

A. Conductor loss of striplines

Let us start from some basics about stripline conductor loss.
The upper and lower ground planes of the stirpline have the
same potential, and the signal line has different potential. The
cross-section of the stripline is illustrated in Fig.2(a). As
frequency goes up the AC resistance due to skin effect will
cause the current distribution concentrated on the edges. In a
vertically asymmetrical stripline (h; # h,), the resistances of
the upper (R, ) and lower edges (Rj,,) of the line will differ due
to unbalanced cross-sectional area where the current is flowing.
According to [14, (5-18)], Ry, and Rj,, are modeled using the
resistances of the trace (R;, R;,) and reference plane (R, R,2)
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in series:
Ry = Ry + Ry
1
Ry = Rz + Ry @

According to [14, (5-19)], the total resistance of a stripline is
modeled by the resistances of the upper and lower portions
(Rp1, Ryy) in parallel. The total resistance of the single-ended
stripline with smooth surfaces is expressed therefore as:

_ Rp1 - Rpp _ (Rer + Rr1) * (Rt Rp2 )

R. = =
* Rpi+Rnz  Ru+Ry+Ry+Ry,

(2)
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Fig.2. (a) Current distribution in the trace and reference planes of a smooth
stripline [14, Figure 5-8]. The resistance of the upper and lower side of the
trace, as well as the upper and lower reference planes are expressed as Ry, Ry,
R,1 R, respectively. (b) The equivlent resistance circuit for a single-ended
stripline.

Compared to the case with smooth foil surfaces, additional
conductor loss due to absorption and scattering is introduced
when rough foil surfaces are taken into account [7]. The
resistance  increment is usually modeled wusing a
frequency-dependent correction factor [4-9]. Different planes
with different roughness levels can be modeled by four
independent surface roughness correction factors (K;;, K;»,
K., K, illustrated in Fig. 3).
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Fig.3. A stripline with four rough planes. Surfcae roughness correction factors
for the upper side of the trace (K ), lower side of the trace (Ky,), upper
reference plane (K,,), lower reference plane (K,,) are used to model the
resistance of corresponding rough planes.
The resistances contributed by the top and bottom portions of
the stripline with rough foil surfaces are expressed as:

Rpisr = Kot "Ry + Koy Ry 3)

Rpasp = Kz * Rz + K * Ry
According to (2), the expression of the total resistance of the
single-ended stripline with four rough planes is:

Rhl,SR i RhZ,SR

Reesr =
e Rp1sr + Ruzsr

_ (Ke1Re1 + KrRi1) (K2 Rea + KipRyra)

Kt1Re1 + KiqRyq + KipRep + Ko Ry

Thus, if the resistance contributed by different smooth planes

(R¢1, Rez, Ry1, Ryp) can be calculated, the rough stripline can be

modeled using (4) with known surface roughness correction

factors (K1, K¢z, K1, Kyp). However, a 2D or 3D solver only

provides the total PUL resistance of the stripline (not the plane

contributions). In the following subsection, an approach to

calculate the resistances of four smooth planes (R;q, R¢2, Ry1,
R,.,) will be presented.

)

B. Resistances contributed by different planes

Since the distances between the reference planes and the
trace (h, and h,) are the determinant factors for the resistance
[14], two additional 2D models with vertically symmetrical
geometry are created to calculate the upper and lower portions’
resistance (Ryq, Ry,) of the stripline. As Fig. 4 illustrates, the
current distribution in the upper and lower portions of these
models are supposed to be the same due to the symmetry.

b1
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|
- Rez
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[ Rez
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Fig4. By introducing two additional vertically symmetrical models, the
resistances of the upper portion of the striplines (R, ) and lower portion of the
striplines (Ry,) are calculated using the resistances (Rsy n1. Rsy,n2) Of the 2D
models illustrated by (a) and (b).

The resistances contributed by the upper (Rs,, 1) and lower
(Rsyn2 ) portions are calculated in models (a) and (b).
According to (2), the upper and lower portions are in parallel.
Thus, the resistances of the upper and lower portions of the
stripline are calculated as:

Rpy = 2Rsy,h1
Rpp, = 2Rsy,h2

)

By inserting (5) into (2), the total resistance of the stripline
can be modeled as:
2 ‘R .
S vt el
sy,h1 sy,h2
To verify the modeling approach presented by (6), a
single-ended stripline model with cross-sectional geometry
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shown in Fig. 5 is created using Ansys Q2D [15]. The total
resistance of the stripline (Rg,) is calculated directly by the 2D
simulation for reference. Two additional 2D models with
symmetrical geometry (illustrated by Fig.6) are created to
calculate the resistances of the stripline’s upper and lower
portion (Rsy p1 and Ry, ).

hy = 5mil
e

I
t=13mil | w=73mil
hig = 10 mil

Fig. 5 The cross-sectional geometry of the single-ended stripline.
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Fig. 6. Two additional 2D models with symmetrical geometry are introduced.
Model (a) and (b) are vertically balanced with trace to reference distance equal
to hy and h,.

The comparison between directly simulated R, and
modeled R, using (6) is performed. According to Fig. 7 (b),
the modeled Ry, has a very good match (below 3% difference)
with the directly simulated R,,.
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Fig. 7. (a): Rp a(m?i R, calculated using the additional 21; r)nodels illustrated
by Fig. 6; (b): comparison between R, simulated directly by the 2D model and
Ry, modeled using Ry, and Ry,,.

In addition to calculating the resistances of the upper and
lower portions of the stripline, the contribution from the
reference plane and the trace can be further separated by
assigning a perfect electric conductor (PEC) to the trace or
reference plane. For example, to calculate the resistance of the
upper side of the trace (R;;) for the stripline illustrated in Fig.5,
the 2D model illustrated by Fig. 8 (a) is created. By assigning
PEC to the reference planes, the resistance of reference plane is

PECR
excluded. R, 1

to the resistance of the two symmetrical ‘upper sides’ of the
trace in parallel. Thus, the resistances of different planes are
calculated:

is calculated by the 2D model, and it is equal

Ry = 2RIZE
Ru =205
Ry, = 2R
Rrp = 2RZEES

PECR pPECT pPECR PEC,T
Roynis Ryt » Rsyny and Ry are calculated by the

2D models illustrated by Fig.8 (a-d) respectively.
By inserting (7) into (2), the resistance of the stripline can be
modeled as:
2 (Rynr + R - (RGR +Ryng)

where,

Rse ' ' ®
PEC,R PEC,T PEC,R PEC,T
Rsy,hl + Rsy,hl + Rsy,hz + Rsy,hz

To validate the modeling approach expressed by (8), using
the stripline geometry in Fig.5, the resistances of four different
planes are calcaulted using the additional models illustrated by
Fig. 8. The modeled R, calculated by (8) has a good mach with
simulated R, as Fig. 9(b) shown.
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PEC ¢ h'l Copper i hl
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h, h;
N o Copper ."I_.___.] PEC
A
h, h,
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Fig.8. Four additional 2D models are introducted to calculate resistances of the
upper side of the trace R, (a), upper reference plane R,.; (b), lower side of the
trace R, (c), and lower reference plane R, (d).
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Fig.9. (a): Resistances contributed by the upper side of the trace R,;, upper
reference plane R,, lower side of the trace R;,, and lower reference plane R,,;
(b): comparision between R, calculated by the 2D solver and Ry, modeled
using (8).

C. Striplines with different roughness levels on the planes

After calculating the resistances of four smooth planes (R4,
R:,, R4, Ry,), four independent surface roughness corrections
factors can be easily taken into account. By inserting (7) into
(4), the resistance of the stripline can be modeled as:

Z(KthPEC,R + KrlRPEC,T)(KtzRPEC,R + KTZRPEZ,ZT)

_ sy,h1 sy,h1l sy,h2 SY, (9)
se,SR — PEC,R PEC,T PEC,R PEC,T
Kfley,hl + KTley,hl + Kfz Rsy,hZ + KTZRsy,hZ

To validate (9), using the stripline illustrated by Fig.5, three
cases with rough surfaces are created using Ansys Q2D. The
surface roughness is modeled using Hammerstad approach [4].

To calculate the modeled Ry, s, the resistances contributed
by different planes are determined by introducing four
additional 2D models illustrated by Fig. 8. The surface
roughness correction factors (K;q, K1, Ki2, K;2) are calculated
using the expression presented in Hammerstad’s paper [4]
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(same model is used by the 2D solver). The comparison
between the modeled R,y calculated using (9) and Q2D
simulated Rg, s is shown in Fig. 10. Good agreement can be
achieved with the difference below 5%. The traditional
modeling approach using averaged RMS roughness levels of
four surfaces is presented for the third case. As can be seen,
averaging roughness leads to poor agreement.
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Fig.10. Three cases with rough surfaces are created. Comparison between the
modeling and simulation is presented.

III. COUPLED STRIPLINES MODELING

To model the coupled stripline pair, the expressions for the
single-ended stripline, (2) and (4) are extended for common and
differential mode (derivation is given in the Appendix). The
resistances of the stripline pair with smooth (R,,) and rough
planes (R, sr) are expressed as:

Rm _ (Rtl,m + er,m) ) (th,m + er,m) (10)
Rtl,m F er,m * th,m + er,m

_ (Kthtl,m + Krerl,m) i (KtZRtZ,m + KTZRrZ,m)
SR Ke1Reym + KraRrim + KeaReom + Ko Ryom

R

(11

where, m represents the mode (common or differential). To
calculate the resistances contributed by different planes, we use
an idea similar to that in (7), i.e. the resistances of upper side of
the trace (R;q m), upper reference plane (Ryq ), lower side of
the trace (R;.,), and lower reference plane (R,,,, ) are
calculated using additional models illustrated by Fig.11.
Relationship between the surface contributions and the four
model resistances are given (similar to the single-ended case)

by:
_ 5 pPECR
Rtl,m =2 sy,hl,m
_ PEC,T
er,m - ZRsy,hl,m
PEC,R (12)
R = 2R}’
t2m sy,h2,m
_ opPECT
er,m - 2Rsy,hz,m

To validate (10) the stripline pair illustrated by Fig.12 is
used. The differential and common mode resistances of four
planes (R;1m, Ry1m» Ream Rr2m) are calcaulted using four
additional models illustrated by Fig. 11.
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Fig.11. Four 2D models are introducted to extract resistance contributed by the
upper side of the trace Ry, ,, (), upper reference plane R, ,, (b), lower side of
the trace Ry, (c), and lower reference plane R, ,, (d).
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Fig.12. The cross-sectional geometry of the coupled stripline pair.

To validate the proposed rough surfaces modeling approach
expressed by (11) on three coupled pair with different
roughness on the surfaces illustrated by Fig. 13, three rough
cases are created. The simulated R,  is calculated directly by
Q2D, and modeled R,,y is calculated using (11) with
Ri1m Reims Rezms Ryzpm Obtained  from  (12)  and
Ki1,Kr1, K2, Ky, calculated by Hammerstad model’s
expression. As can be seen from Fig. 13 good agreement
between the simulated and modelled resistances is achieved in
all three cases.

The validation is also performed using CST 3D models [16]
presented in Fig. 14 and 15. Since the dielectric substrate in the
models is air, there is no dielectric loss. For practical low-loss
transmission lines with R < wL, the attenuation factor can be

calculated as: a = O.SR\/C_/L [17, (2.85a)]. Thus, the
attenuation factors of the 3D models with lossless dielectric
material are proportional to the resistances and the surface
roughness correction factors can be used to correct the
attenuation factor directly.

As Fig. 14 and 15 illustrate, the surface roughness is
modelled using the hemispheres placed on the smooth planes.
The surface roughness correction factor for the rough surface is
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calculated using the ratio of the rough and smooth attenuation
factors in the model in Fig. 14. Analytical surface roughness
models are not used here to avoid additional inaccuracies due to
approximated correction factor. For simulation of practical
PCB traces, a certain roughness model will be needed.
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Fig.13. Three cases with rough surfaces are created. The compairiosn between
the modeling and simulation is presented.

radius: r = 3pm
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© )
Fig.14. The smooth trace (a) and rough trace (b) are simulated using CST. The
attenuation factors (c) are calcualted using the simulated insertion loss. The
surface roughness correction factor (d) is the ratio of the rough and smooth
attenuation factors.

Two cases with rough surfaces are simulated by CST. The

modeled a,, is calculated using the proposed approach by
introducing four additional models. As Fig. 15 shows, a good
match is achieved between the simulation and the modeling
results in two cases: smooth trace / rough reference planes, and
rough trace / smooth reference planes.
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Fig.15. Two cases with rough surfaces are created. The compairiosn between
the modeled and simulated a,. and a4, is presented.

IV. CONCLUSION

This paper provides a more comprehensive modeling for
striplines with different surface roughness on different planes
compared to the traditional roughness averaging approach. The
resistances contributed by the planes are calculated using four
additional stripline models, and corrected by independent
surface roughness correction factors accordingly. According to
2D and 3D simulation results, the total modeled resistances for
single-ended and coupled striplines provide much better
accuracy compared to the models with averaged roughness.

V. APPENDIX

The derivation of (10) for common and differential mode is
shown in this section. Let us take a closer look at the current
distribution of a coupled stripline pair. As Fig.A-1 illustrates,
the exclusive return path for the left or right trace is expressed
as R,, and the mutual return path is expressed as R,,.

Reference

erz
Fig.A-1. Illustration of current distribution of balanced coupled striplines.

When the separation between two traces (s) is infinite, there
is no coupling between lines and R,, = 0. When the separation
between two traces (s) is zero (a single ended line) no exclusive
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return path exists and R, = 0. The definition of PUL nodal
resistance matrix (R) for balanced coupled lines is shown in
(A1), and the matrix elements R,; and R,; are calculated by
(A2) and (A3).

nl_,. [k _ [Rn1 R21]
] =[] wherer= [ 27| @

V;
whenV, =0, Ry =75=Re+ Ry + Rem (A2)
1
v
whenV; =0, Ryy =7-= Ry (A3)
1

Matrix R can be converted to the modal (common-differential)
from (R,,) by the following transformation:
0.5(Ry1 + Ry1) 0 ]
A4
0 2(Ryy = Ryp)] AV
—0.5]. . _[05 —1
0.5 ]’ = 05 1 ]
e  For the differential mode, according to (A4):

Raqa = 2(Ryy — Rp1) = 2(R, +R,) (A5)
The upper and lower portions of the stripline are in parallel. As
Fig.A-2(a) shown, (A5) is expanded as:

Raa = 2[(Rey + Rr)II(Rez + Ry2)]
Ri1 +Ry1) (R +R
Rt R Bt R
Ri1 + Rp1 + Rz + Ry
For the differential mode, the left and right portions are in
series:

Ri1aa = 2Rt15 Rr1aa = 2Rr1; Rivaa = 2Re1; Reyaa = 2R (A7)

Rn = ()™ R-T; = |

Where, T, = H

Thus, expression (A6) is converted to the same form as (10):
O-S(Rtl,dd + er,dd) s O-S(th,dd + th,dd)
0.5(R¢1 + Ry + Rz + Ryp)

_ (Rtl,dd + er,dd) : (th,dd + th,dd) (A8)

Rdd=2'

Ri1,aa + Rriaa + Rezaa + Rezaa

Rey Ry 2Ry

(a) (b)
Fig.A-2. The equivlent stripline resistance circuit for differentail mode (a) and

common mode (b).

e  For the common mode, according to (A4):
1 1
Ree = E(Rll +Ry1) = E(Rt + Ry +2Rm)  (A9)

The upper portion and lower portion are in parallel. As
Fig.A-2(b) shown, (A9) is expanded as:

1
Ree = E [(Rtl + Rr1 + 2Rpn) || (Rez + Rrz + 2Rpimz)]

_ l . (Rtl + R+ 2erl) ) (th + Ry + Zerz) (AlO)
2 Ry + Ry + 2Ry + Rz + Rea + 2Ry

For the common mode, the left and right portions are in
parallel:
Rigec = 0.5Rey; Rpqee = 0.5(Rrq + 2Rpm1)
RtZ,cc = 0-5Rt13 RTZ,L‘C = O-S(er + 2er2)

(Al1)

Expression (A10) is therefore results in the same form as (10):
_ l . (ZRtl,cc + Zer,cc) - (ZRtZ,cc T 2Rt2,cc)
2 (ZRtl,cc T 2Rr1,cc + 2Rt2,cc + 2Rt2,cc)

_ (Rtl,cc + er,cc) : (th,cc + th,cc) (AIZ)
Rtl,cc ¥+ er,cc a5 RtZ,cc + th,cc

Thus, (10) is derived by combining (A8) and (A12).

cc
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