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ABSTRACT An efficient transmission line model of high-speed cables is established, to predict its response
at a high-frequency region (up to 20 GHz). Especially, an appropriate conformal mapping technique is
applied to formulate the per-unit-length parameters of high-speed cables. Moreover, the skin and proximity
effects of the conducting wires and the outer shield are derived in the closed form. As a result, the AC
resistance/ inductance of all the conducting materials due to the skin and proximity effects are accurately
incorporated for both layered and unlayered conductors. Furthermore, the mixed-mode S-parameters are
precisely predicted for both balanced and unbalanced transmission line cables in the high-frequency region.
In addition, the effects of the nonuniformities and cable geometry deformation on the mode conversions
are also investigated. The proposed model is firstly validated with commercial software tools, COMSOL,
FEKO, and HFSS; then, we further performed physical measurements to verify our new algorithm.

INDEX TERMS High-speed cable, transmission line model, mixed-mode S-parameters, common-mode
(CM), differential-mode (DM), shielding, fixtures, skin effect, proximity effect.

I. INTRODUCTION

The first Ethernet network was developed by Xerox in the late
of 1970s, and the coaxial cable was used as the transmission
medium, in which the transfer rate was only about 3 Mbps.
After that, the standardization of the Ethernet was released
by the Digital Equipment Corporation (DEC), i.e., Intel and
Xerox, in 1979. Thereafter, in 1980 DIX standard named
as “thick Ethernet” was released. The speed rate of the
thick Ethernet was considered to be 10 Mbps, in which the
thick coaxial cable was utilized. After that, this standard was
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revised by the Institute of Electrical and Electronics Engi-
neers (IEEE) in 1983. Hence, the first IEEE standard, which
has the name IEEE 802.3, was released [1], and the thick
coaxial cable was standardized as 10BASES. Due to the limi-
tations of the thick coaxial cable, the twisted-wire pair (TWP)
Ethernet was applied and standardized as 10BASE-T, then
10BASE-CX was released for shielded TWP cables [2]. In the
1990s, the speed rate increased, and the Gigabit Ethernet was
developed, where the shielded copper was used and called
1000BASE-CX and 10GBASE-CX for the speed rate 1 Gbps
and 10 Gbps, respectively [3], [4]. Moreover, the develop-
ment of digital technology requires high-speed data rates in
order to transfer data reliably and safely between electronic
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devices. Therefore, efficient coding and modulation tech-
niques were developed, and the speed rate was increased
to 100 Gbps and 400 Gbps in 2010 and 2014, respectively,
where the standard 100GBASE-CR10 of the twin axial cop-
per cable for electrical signaling was released [5].

Since transmission line cables are strictly required in inter-
connecting high-speed electronic components, high-speed
transmission line cables with very low insertion/transfer
losses, low crosstalk, low mode conversions, and good sig-
nal integrity are required to be designed so that to transfer
high-speed data rates. It is worth mentioning that high-speed
data rates with 400 Gbps require bandwidths with gigahertz
ranges. Hence, the high-speed transmission line cables should
be designed to meet the requirement and the standards as
defined in I00GBASE-CR1 [6]. However, high-speed cables
design is only limited by using commercial software, which
mainly depend on full-wave solutions that have unreasonable
simulation time. Therefore, the disturbances and nonuni-
formities of a high-speed cable structure cannot be easily
studied using commercial software tools because they do
not provide us with the physical model of the investigated
phenomena, and their simulation time is very long. Hence,
it is impossible to perform thousands of simulations to study
the effect of the nonuniformities of the high-speed cables in
their normal performance. In [7], balanced and unbalanced
high-speed transmission line copper cabler with a longitudi-
nal shield was investigated using the finite element method
(FEM), where “intra-pair skew’ i.e., the propagation time
difference between the difference pair lines, was examined
using the impulse and step response of the cable. In [8]
and [9], the FEM solver in Ansoft HFSS software [10] was
used to study the spiral shield of a high-speed cable and
its negative effects in generating very narrow stop bands at
high frequency region, which is known as the ‘“‘suck-out”
effect. In [11], a SPICE circuit model of differential twinax
cable from the measured 4-port S-parameters was introduced
in order to study the cable transmission properties. In [12],
the suck-out effect of high-speed transmission lines was
explained by using periodic structure, where the full-wave
simulation method was used. Moreover, the electromag-
netic compatibility (EMC) of shielded twisted/untwisted pair
shielded high-speed transmission line cables for automotive
multi-Gig Ethernet application was investigated by using the
mixed-mode S parameters in [13].

Additionally, the transmission line theory was widely
applied to study different phenomena in transmission line
cables [14], [15], [16], [17], [18], [19]. In [14] and [15],
an efficient simulation methods of nonlinear transmis-
sion lines via model-order reduction and proper orthogo-
nal decomposition were proposed. In [16], signal balancing
method was implemented to diminish the mode conversions
in imperfectly balanced transmission lines. In [17], transmis-
sion line modeling is applied to analysis the dispersion in
coaxial lines with higher symmetries. In [18], an extraction
method is applied to obtain the characteristic impedance and
complex permittivity of transmission lines. Also, in [19], the
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FIGURE 1. Cross-section of a twinax cable.

characteristic impedance of planar transmission lines on lossy
substrates was extracted using the method of series resistance.

However, in all the overmentioned papers about high-
speed cables, the analysis was restricted only using full-
wave solutions provided by commercial software tools or
direct measurement testing because there are no accurate
theoretical models were developed for the high-speed trans-
mission line cables. Consequently, in this paper, our attention
will be focused on developing a transmission line model for
the high-speed cables, which is applicable at high-frequency
ranges, which help us to understand its physical operation,
hence, make the analysis and design of high-speed cables
straightforward. To do that, all the side effects of the dielec-
tric and conducting materials should be modeled accurately.
It means that the skin and proximity effects of both the inner
conductors and the outer shield should be included in the
modeling process because their impact on the high-speed
cable operation cannot be neglected at the high-frequency
range.

This paper is organized as follows. In Section II, the
high-speed twinax cable is described, where its per-unit-
length (p.u.l) parameters are derived, and also the skin
and proximity effect of inner conductors and the shield
are formulated analytically. In Section III, a generalized
transmission line model is developed for the noncoaxial
cable as an intermediate step toward the high-speed cable
modeling, where the effect of layered conductors in the
AC resistance is discussed. In Section IV, the transmission
line model is generalized to the high-speed twinax cables,
where the conversions between the common-mode (CM) and
differential-mode (DM) signals are studied using the mixed-
mode S-parameters. In Section V, the proposed model is
validated by comparing its results with one generated by the
commercial software tools FEKO and HFSS. In Section VI,
experimental testing of actual cables is also conducted to fur-
ther validate the proposed model. Finally, some conclusions
are drawn in Section VII.

Il. TWINAX CABLE DESCRIPTION AND MODELLING
The cross-section of a twinax cable is shown in Fig. 1. It con-
sists of two inner conductors with a radius ry, they are usually
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FIGURE 2. The geometry of a noncoaxial cable and the illustration of the
integration paths and the normal unit vectors.

called signal lines, separated by a distance s. The two inner
conductors are coated by a dielectric, and the whole coated
inner conductors are covered by an electric conductor shield
with inner and outer radii rg, and Ry, respectively. It should
be noted that due to the high-frequency range application of
the twinax cable that reaches 20 GHz, all skin and proxim-
ity effects side effects together with physical phenomena in
both conductors and dielectric materials should be carefully
considered during the modeling.

A. DERIVATION OF THE PER-UNIT-LENGTH PARAMETERS
Since the twinax cable is attended to operate at a very high
frequency, accurate derivation of the p.u.l parameters, which
includes the effect of the geometry and curvatures of the
cable, is strictly necessary. To obtain the exact expressions of
the p.u.l inductance and capacitance of the twinax cable, let
us consider a noncoaxial cable in which the inner conductor
is shifted from the origin by Zj in the x-direction as shown
in Fig. 2. The medium between the inner conductor and
the shield is considered to be homogenous. Therefore, the
transverse electromagnetic (TEM) fields of the noncoaxial
cable are given as [20], [21], and [22].

E, = 27DV& (1a)
. 1 -

H, = ——1Ihy, 1b
1= 55lho (1b)

where V and I are the voltage between the inner conductor
and the shield, and the current passes through the inner con-
ductor and returns along with the shield, respectively. The
constant D is derived for the noncoaxial cable by using a
conformal mapping as [20]

z ~1/2
D— (,, 1(M)) (2a)
20 — argy
2 2 2 2 2 2.2
v (25 +r3—13) _\/(Zo +rg —re)” — 4257,
B 2Zprsh )
(2b)

The vectors eg and 710 are the normalized transverse electric
and magnetic fields of the TEM mode, and they are given for
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the noncoaxial cable in the polar coordinate as [20]

R 7 — QFgh COS @P
eg = —D 3 )
re+oary — 2argphr COS ¢

a?r — O Fgh COS ¢ ) R
e

aZr? + rszh — 2arghr COS @

1
—-D
<r2 + ozzrzh — 20rgyr COS @
1

a?r? + rszh — 2arghr COS @

) arshsingey,  (3a)
ho = Ez X 20 (3b)

It should be noted that (r, ¢) are the polar coordinates and
e, Z¢, and ¢; are the unit vectors of the cylindrical coordinate.
The self-inductance and capacitance of the inner conductor
with respect to the shield are defined as [23]
L=-— JowHy - Gyl MI:II : i’;dl , (4a)
$H,-dl
C,

., €E - adl
LE-d

in which a, and d), are the normal unit vectors to the curves ¢
and ¢/, respectively, as shown in Fig. 2.

It is worth indicating that the paths ¢ and ¢’ can be chosen
arbitrarily; however, for simplifying the integration, they are
selected to follow the magnetic and electric fields curvatures,
respectively. For more details about the magnetic and electric
fields distributions in the noncoaxial cable, the reader can
refer to [20]

Without losing any generality, the path ¢’ is selected to be
the circle, which overlaps the inner surface of the shield, and
c is selected as a straight line started at the right edge of the
inner conductor and ended at the inner surface of the shield
along the x-axis, therefore,

path ()
path (¢)

Cc=- (4b)

0<¢p<2m (5a)
Zo+rw <r<rs (5b)

r = Tsh,
¢ =0,

Along the path ¢’ the normalized electric and magnetic
fields of the TEM mode are given by

. 1—o? B,
@90=-D T'sh (1 + a2 — 2a cos ¢) e (62)
ho = —D Lo e (6b)
roh (1 + a2 —20cosdy)
whereas along path c, they are given by
- ( 1 o ) -
eg = —D — e (7a)
r—argyn ar—>b
710=—D< L« )z¢ (7b)
r—argy ar—2>b
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By inserting (6a)-(7b) in (4a) and (4b), the self p.u.l induc-
tance and capacitance are obtained as

T'sh
on+rw (r —arg,  oar— b) dr In

aZo+ary—rs

I rw—arsh+20
= =M
2 1—a? 2
fO 1+a2— 2()¢txcos¢d¢ i
(8a)
2
€= 61 aZo+ary—rs (Sb)
n rw—arsh+20
and
2 1— Ol2
d¢ =2m (8¢c)
o 14+a?2—2acosg

is considered in (8a) and (8b). Furthermore, by taking the fact
that

a (aZp — rsn)

((xZo +oary — rsh>2 . ©)

rw — arsh + 2o 20 — argy

and the p.u.l. inductance and capacitance can be simplified as
n

= 4n2D?
C = e4n’D?

(10a)
(10b)

It should be indicated that under the condition ry, < 7sh,
the obtained L and C will approach the approximate formulas
developed by Paul in [23].

B. SKIN AND PROXIMITY EFFECTS OF A TUBULAR SHIELD
WITH A NONCOAXIAL INNER CONDUCTOR

According to the Maxwell’s equations, the magnetic field
inside the tubular conductor can be expressed as

V2H — y2H =0, (11)
in which ysn = +/jopos, and oy, is the conductivity of the
tubular shield. Due to the symmetry of the tubular conductor
shield, the magnetic field has only Hs component in the
cylindrical coordinate, hence, (11) can be simplified as

,3?Hy,  0Hy
e — (P H1)H =0 (2)

The solution of equation (12) can be expressed by
Hy (r) = Al (ysnr) + BK1 (Yshr) (13)

where I and K are the modified Bessel functions of the first
and the second kind of order one, respectively. The constants
A and B are determined by using the boundary conditions at
the inner and outer surface of the tubular shield and they are
expressed as

Hy 1. K1 (YshRsh) — Hyp ry K1 (Vshsh)

A= A (14a)

B— Hgp. rg 1 (VshRsh) ; Hy po 11 (VsnTsh) (14b)

A =11 (Ysnrsh) K1 (VsnRsh) — It (YshRsh) K1 (Vsn7sh)
(14c¢)
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It should be noted that Hy ,, and Hy g, are the magnetic
fields at the inner and outer surfaces of the tubular shield,
respectively. Therefore, Hy ,, can be obtained from (1b)
and (3b) by taking r = rgy, hence

Hyp ry = 27”8 Iy (@) (15)
where
Mo (@) = — =% (16)
o= 1+ a? —2acos¢

Noting that [;, is the current passing through the inner
conductor and return through the inner surface of the tubular
shield. Generally, let us consider another current /oy, which
uniformly flows along the outer surface of the tubular shield
and returns through an external return, and it could be a
ground plane or another covering shield, therefore

o
sh 27 R¢n

Hgy r (17)
The distribution of the current density within the tubular
shield can be obtained from V x H = J as

J, (r)
K1 (YsnRsh) Io (vsur) + It (vsnRsn) Ko (Yshr)
= Ysh A H¢Jsh
It (Ysntsh) Ko (Ysur) + K1 (Vshrsh) Lo (Vshr)
— Ysh Hg Ry,

A
(18)

whereas the electric field can be obtained from E, (r) =
J; (r) /osn. Note that Iy and K are the modified Bessel func-
tions of order zero.

The electric field along the inner and outer surfaces of the
tubular shield are given, respectively, as

Etr) = 2y - — L g, (19)
oA o OshArgn "
B (Ra) = e Ho —~ P o, (19b)
F1 = K1 (¥shRsn) Lo (¥sh7sh) + It (YshRsh) Ko (Vsh7sh)
(19¢)
Fy = I (¥su7sh) Ko (YsuRsh) + K1 (vsn7sh) 1o (VshRsh)
(19d)

It is indicated that the property I (Z)Ko(Z) +
K1 (Z2) Iy (Z) = 1/Z is used, where Z could be any complex
number.

In order to obtain the inner/outer surface impedances p.u.l
of the tubular shield, it is better to obtain the p.u.l complex
power flowing through the conductor at the inner and outer
surface of the shield, hence,

1 2
Pin =~ / E.(rq) x H , rsnd¢p  (200)
0

1

2
Pout = 5/ E; (Rsn) X H;,RshRshd(b (20b)
0

100685



IEEE Access

0. Gassab et al.: Accurate Formulation of the Skin and Proximity Effects in High-Speed Cable System

Therefore,
-1 VshFl 2 /2n 2
Py = ———|I; IT d
in B 47720shArsh [Zin| 0 ¢ ()" do
1 1 2
-1 1 2
Pt = —————ILinI* IT d
out 2 47'[20'ShArShRSh n Qut/(; ) (a) ¢
1 VshFZ 2
s 21b
) 27TUshARsh | outl ( )
and,
2
/ My ()d¢p =27 and
0
2 2
1
/ My (@) d¢ = 27 : +ZZ Qlc)
0 —

By considering the definition of the p.u.l complex power
P= %Z |I|2, hence, (21a) and (21b) can be written as
in 2 1 *
Zsh |Iin| + _Ztlinlout

1
Py = 3 (22a)

1 1
Eztllﬂlout +

In which Zj, and Z,, are the inner and outer p.u.l surface
impedances of the tubular shield, respectively, and Z; is the
p-u.l transfer impedance of the shield. They can be expressed
as

Poyt = out |Iout| (22b)

, —vsnF1 14 0a?
Z:Ll — Vsh 1 +(¥ (233)
: 2mognArgy 1 — a2
—¥shf2
zouwt — O 2 23b
sh 2w osh AR ( )
-1
L= ————— 23c¢
t 2w ogh ArsnRsh (23¢)

As compared to the results obtained by Schelkunoff in
[24] for the coaxial cable, the outer surface and transfer
impedances have the same form. However, the inner transfer
impedance is different by the factor ijg due to the fact
that the current in the inner surface of the shield tends to
accumulate near the inner conductor side, which is not located
in the middle of the shield, as shown in Fig. 2. It means that
the inner impedance is increased by the factor }"’0‘2 > 1, due
to the fact that the inner current is not uniformly distributed
along the shield because the inner conductor is not centrally
located. Also, another interesting result is obtained, which
is the transfer impedance remained unchanged, when the
current outside the shield is assumed to be uniform even if
the inner current is not uniformly distributed in the inner sur-
face shield. However, if the outer current is also nonuniform
along the shield, the transfer impedance will depend on both
nonuniformities factors of the inner and outer currents.

C. SKIN AND PROXIMITY EFFECTS OF A LAYERED INNER
CONDUCTOR IN A NONCOAXIAL CABLE

Double layered inner conductor with the conductor conduc-
tivities o1 and o2, respectively. Their corresponding radii are

100686

Double- layeréd
conductor?

FIGURE 3. The geometry of a noncoaxial cable with double layered inner
conductor.

rw, and ry, as shown in Fig. 3. By applying the same analysis
done above on the current density J in the cross-section of the
double-layered conductor, the following results are obtained
as [25]:

ClIO(Vlr), OSrSFW]
dilo (y2r)+d2Ko (yor) .

where y; = /jouo;
Therefore, the electric and magnetic fields within the
double-layered conductor, respectively, are described as

Jo ()= (24)

Fw, <1 <ry,

Lo (nr) . 0<r<n,
o

E (r) = d} do
—Io (yor) + —Ko (y2r), rw; <r =<rw,
07 o

(25a)

Cl
—I (y1r), 0<r=<ry
Y1

Hy (r) = di da
—II(J/ZV)_—KI(VZ”)y rwlfrfrwz
V2 V2

(25b)

By applying the electric and magnetic fields boundary
conditions at the layer’s boundaries [26], i.e., E.| r=r, —

E | r=ry ¢|r rw; +’
the magnetic permeabllhty is considered the same in both
conductors. hence, the constants d; and d, are obtained in
terms of c; as

4 and H¢| respectively, where

rrw

di = c1yarw, (:—?10 (virw,) K1 (varw,)

+ %11 (J/l le) Ko (V2rw1)) (26a)
(o)
dy = c1yarw, (all (v2rw) 1o (v1rw,)
V2
- zlo (v2rw,) I (17w, )) (26b)

To determine the constant ¢, the magnetic along
the outer layer of the inner conductor should be
used. From (3a), the magnetic field along the layered
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conductor can be obtained as
Iin rsh 20 (1 — az)
2mrw, o (rd, — r2, — 2§ — 2rw, 20 cos @)
(27)

Hy (rw,) = —

Since di = cymy and d» = cpmy, therefore
_VZIin
27w, (mido (v2rw,) — m2Ko (y2rw,))
r‘hZ() 1-— 062
X —— 29 (2 ) (28)
a(rg — e, — 24 — 2rw, 2o cos )

Once again, by applying the definition of the p.u.l complex
power, the p.u.l inner impedance of the layered conductor is
obtained as

c1 =

Zcond
_ V2 myly (yer2)+m2Ko ()/erz) r2h —Zz
2moarw, mily (varw,) —maKy (y2rw,) rshZO(l— 7
(29a)
and

2 2
r - Z;
fim (0= o) =1 (29b)

Zp—0 FShZO(l — )
means that the inner conductor is centered at the origin of
the tubular shield, hence, Z.ynq is reduced to the expression
of an 1solated/c0ax1al wire [25]. This indicated that the fac-

=T Z

oh (f o) Tepresents the proximity effect of the outer
shlelciI 3ue to the noncoaxial location of the inner conductor.
For the case of a non-layered conductor, i.e., 01 = 03 = 0,
and by taking rw, = rw, Zcond 1s simplified as

y o -rn-2

2ory It (yrw) ranZo(l — a2)

Zcond = 30)

1. TRANSMISSION LINE MODEL OF A NONCOAXIAL
CABLE

In this section, the transmission line model is applied to
the noncoaxial cable, where all the side effects such as skin
and proximity effects are included. Moreover, it should be
indicated that the transmission line model is only valid under
the condition A >> rg,, and A is the operating wavelength.

A. TRANSMISSION LINE EQUATIONS

The transmission line equations of the noncoaxial cable can
be formulated as [23]

dv (z,
;—zf) + Zeable () (2o f) = 0 (31a)
dl (z,

SZf ) | Yewre )V @ f) = 0 (31b)

where V (z,f) and I (z, f) are the voltage and currents of the
noncoaxial cable at a given operating frequency f, Zaple and
Yeavle are the p.u.l impedance and admittance, and they are
expressed as

Zeavle (f) = Zeond (f) + ZSI]I11 (f) +2nfL (32a)

VOLUME 10, 2022

Yeavle (f) = 2mf (tan Sposs +7) C

The term tan 81 o5 represents the loss tangent, due to the
bound charge and dipole relaxation in the dielectric mate-
rial [26].

(32b)

B. TRANSMISSION LINE SOLUTION AND S-PARAMETERS
REPRESENTATION

The solution of the transmission line equations (31a)
and (31b) can be obtained in terms of the transfer parameters
as

coshyr L

_ Z.sinhyr L
@ (L) = |:ch sinh yp L :| (33)

coshyr L

where L is the length of the noncoaxial cable, Z. its charac-
teristic impedance, yr is the propagation constant, and

7. = Zcable (f) (3 4a)
Yeable (f)
Yr = \/anble (f) Yeaple (F) (34b)

Consequently, the S-parameters of the noncoaxial cable are
given as [27]

S = S11 512 (35)
$21 S22
where
(ZC2 — Zg) sinh yr £
S11 = 8§22 = 2 N
2707 cosh yr L + (ZC + Zo) sinh y7 L
(36a)
2707,
S =S =
2 12 27Z0Z. cosh yr L + (ZC2 + Zg) sinh y7 L
(36b)

where Zj is the S-parameter’s reference impedance.

C. NUMERICAL RESULTS AND VALIDATION

In order to validate the expressions of the skin and proximity
effects, a noncoaxial cable is considered, where the inner
wire is a double-layered conductor. The parameters of the
noncoaxial cable are taken as: the inner wire is copper with
a radius ry, = 0.2675 mm, and covered with tin layer has
thickness #i, = 5 um, the outer shield is aluminum with a
radius rg, = 1.56 mm and thickness fao;, = 0.13 mm. At first,
the dielectric material is considered to be air, i.e., lossless and
homogeneous, so as to make the validation straightforward.
It is seen that the transmission line model is valid under
the condition A > 2 (rgh — rw), which ensures only the
propagation of the TEM mode [22]. It is indicated that the
modified Bessel functions do not give correct results for large
function arguments. To overcome this problem, the method
proposed in [28] is used in this paper. The results of the skin
and proximity effect for different inner cable positions are
shown in Fig. 4. It can be observed that the current density
tends to accumulate at the edge side located at the closest
return path in both the inner conductor and the shield.
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FIGURE 5. Current density magnitude distribution of a noncoaxial cable
with Zy = rgp /2. (a) Inner conductor. (b) Outer shield.

Moreover, Figs. 5 (a) and (b) show the current density mag-
nitude distribution along the straight paths (¢ = 0) within the
inner conductor and the shield surfaces. It can be observed
that a good agreement is obtained between the results of our
proposed model and the one generated by COMSOL software
[29]. It is also seen that the current density has very low
intensity in the Tin layer at lower frequencies, but it has
higher intensity at high frequency region as indicated in the
10 GHz case, in which the current distribution has the highest
concentration at the Tin layer.

In addition, Figs. 6 (a) and (b) show the current density
magnitude distributions along the circular paths within the
inner conductor and shield surfaces, and also a good agree-
ment is obtained between the proposed model and COMSOL
software. Here, the current densities are accumulated at the
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FIGURE 6. Current density magnitude at 10 MHz along a circular path
with radius 0.26 mm and 1.625 mm within the inner conductor and
shield, respectively. (a) Inner conductor. (b) Outer shield.

closest edge between the inner conductor and the shield for
such a noncoaxial cable. Note that Figs. 6 (a) and (b) validate
the ¢-depend factors shown in (27) and (16), respectively.
Therefore, the AC resistance of the inner wire and the
shield increase due to the skin and proximity effects as pre-
sented in Egs. (23a), (29), and (30), and the results are shown
in Fig. 7. Also, it can be observed that the position of the inner
conductor has a considerable effect on the AC inductance of
both inner conductor and shield. Moreover, it can be deduced
that the Tinned layered conductor has higher AC resistance
and inductance at high frequency region as compared to the
untinned conductor because the Tin has lower conductivity
than the copper, and most of the current flow in Tin layers
at high frequency. Whereas, at low frequency region the AC
resistance of the Tinned and untinned conductors are identical
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FIGURE 7. The AC resistance and inductance of noncoaxial cable with
and without Tin layer. (a) AC resistance. (b) AC inductance.

because the currents density is mainly flows in copper core as
shown in Figs. 5 (a) and 7 (a).

To perform a further validation, a noncoaxial cable with
total length £ = 0.2 m is considered, where the inner
conductor is taken to be copper, and the thickness of the
aluminum shield is assumed to be o1, = 9 um. The results of
the S-parameters of the noncoaxial cable with different inner
conductor positions are shown in Fig. 8. The validation is
performed by comparing the results with one generated by
the commercial software FEKO [30], and perfect agreements
are obtained.

IV. TRANSMISSION LINE MODEL OF A TWINAX CABLE
The transmission line theory is generalized to be applicable
to high-speed twinax cables with an arbitrary cross-section.
The primary purpose is to investigate the effect of the cable
geometry on its performance and also investigate the longi-
tudinal conversion loss (LCL) and transverse conversion loss
(TCL) of the cable.

A. TRANSMISSION LINE EQUATIONS OF TWINAX CABLE
The transmission line equations of the twinax cable can be
formulated as [23]

dvd(—jf) +Z(f)I (z.f) =0, (37a)
AT vy s =o. (37b)

dz
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FIGURE 8. The S-parameters of a noncoaxial with different inner
conductor positions. (a) S;; parameter is the return loss. (b) Sy,
parameter is the insertion loss.

where Z(f), Y(f) are the p.u.l impedance and admittance
matrices of the twinax cable and they are given as

Zy Ziz

YA (f) = |:Zl2 222] = Zac_Imp +12]TfL (38a)

| Yn Y| .
Y () = |:Y12 Y22i| =2nxf (tandess +j) C  (38b)

In which L and C are the p.u.l inductance and capacitance
of the twinax cable, and Z,¢_1mp is the p.u.l ac impedance of
the conductors and the shield and it can be formulated as

Zeonl + Zin Zin
VA — | Zeonl T Ly shi2 39
=[S ] o

When conductors 1 and 2 of twinax cable are located in the
x-axis at Z| and Z,, respectively, then

2 2 2
y Io(yre) Tsh —Tw = Zip

Z = a 40a
2= Srore I rr) Zia —ai 24
2
n o _Zrah 1¥eip (40b)
sh1/2 2mogArgy | — a%/z
- —yaF1 a1 (1 —ad) —ax (1 —a?
zin, = Vshl'1 1( 3) 2 ( 1) (40¢)

27w ogh Arsh ol (1 + Ol%) — o) (1 + 0[%)

It is worth noticing that for layered conductors, the expres-
sion (29) should be used instead of (30) in (40a).

B. MODAL DOMAIN FORMULATION
In this section, the modal domain decomposition is per-
formed in order to investigate the CM and DM modes and
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FIGURE 9. The modal domain solution of the high-speed transmission
line equations.

the conversions between them by using the mixed-mode
S-parameters. The conversions between the modes are the
LCL, i.e., CM-to-DM and TCL, i.e., DM-to-CM. The modal
voltages and currents are defined as [31]

il _ |1 1/2 Vem
Vol |1 —1/2 Voum |
—_—— —_————— —_— —

\ Ty Vm

I . 1/2 1 Icm
n)=le ] e
——— —_——

1 Ty Iy

The transmission line equations of the twinax cable (37a)
and (37b) can be written in the modal domain as

dVw (z,
TMED |z (@) =0, @)
dly (z,
DED Yu) Ve =0 @
where
e | Zem  AZ
ZM(f)—TvZ(f)TI—[AZ ZDM] (43a)
e _ | Yem  AY
in which
Zem = (Zi1 + Zop +2713) /4 (44a)
Zpm = Z11 +Zyp —27Z1p (44b)
AZ = (Z11 —Zn) /2 (44¢)
Yom = Y11 + Yoo + 2712 (44d)
Ypm = (Y11 + Yo — 2Y12) /4 (44e)
AY = (Y11 —Y») /2 (441)
Therefore, (42a) and (42b) can be written as
dV Z,
% +Zomlom o f) = —AZIpy (. f) . (452)
dl, Z,
% +YomVem (2. f) = —AYVpm (. f),  (45b)
dVpwm (z,
TN EL)  Zonalon (2.f) =~ AZew (). (450)
dl Z,
% +YouVom 2.f) = —AYVen (. f).  (45d)

It can be observed that transmission line equations of the
CM and DM signals are coupled with each other due to

100690

the factors AZ and AY, which they represent the geometric
imbalance of the high-speed transmission line cable [31],
[32], and they are responsible for the conversions between
the modes, i.e., LCL and TCL. Therefore, the modal domain
solution of the transmission line equations is shown in Fig. 9,
where a¢i/ be; and aq;/ bg; are the modal incident/ reflected
waves at port i for the CM and DM signals, respectively, and
they are defined as [33] and [34]

_ Vem (0) + Zemylem (0)

dc] = ,
¢ 2\/ZCM0
Vi L) — Zem I L
e = oM (L) — Zemplem (£) (46a)
2\/ECM()
be = Vewm (0) — Zemylom (0)
C - ’
2\/7CM0
V. L Z 1 L
bey = oM (L) + Zemylem (£) (46b)
2\/ZCM()
gl = Vpwm (0) + Zpm,yIpm (0)
2«/7DM0 ’
Vi L) — 7 I L
= pm ( )2ﬁDMO pm (£) (460)
DMy
byt = Vpm (0) — Zpwm,/pm (0)
2\/ZDMO ’
\% L Zomo 1, L
by = pm (£) + ZpmyIpm (£) (46d)
2«/7DM0
where
@ [y — cosh yem L —ZcwMm, sinh yem £
v (£) = —ZEI&,[C sinh ycm L cosh ycm£L
(47a)
@ Iy = cosh VDMC _ZDMC sinh VDM['
pm (£) = —ZB&AC sinh ypm L cosh ypm L
(47b)
Zcm Zpm
Zom, = 2™ B (48a)
M Yem Ypm
yem = vZemYem,  yom = v/ Zpm YoM (48b)
Zemy = Z0/2,  Zpm, =22 (48c)

It is indicated that Vcm,pm or Vpbm,cm and Icm,pm or
Ipm,cm are the total voltage and current due to DM-to-CM
or CM-to-DM conversion:

L
|:‘I/CM,DM:| _ / by (L — 2) [ —AZIpwm (2. f) }d
CM,DM 0

—AYVpwMm (2, f)
(49a)
Vomem | _ [~ | —AZIem (z,f)
|:IDM,CM } N /0 $om (£ —2) |:—AYVCM (Z,f)}d
(49b)

It can be observed from Egs. (45) and (49) that the CM and
DM signals are coupled with each other. Hence, the solution
of the equation cannot be obtained directly. To simplify the
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FIGURE 10. Balanced input/output terminals of the twinax cable. (a) DM
excitation. (b) CM excitation.

(b)

analysis, the concept of weak balance is used [31], [32].
It means that the input and output terminals should be consid-
ered well-balanced, where DM and CM excitations are con-
sidered separately to investigate LCL and TCL conversions,
respectively.

For the DM excitation, the input/output terminals are taken
as shown in Fig.10 (a). Therefore,

Vowm (0) = Vi — ZpmyIpm (0) (50a)
Vbm (£) = Zpm,Ipm (£) (50b)
Vem (0) = —Zemplem (0) (500)
Vem (£) = Zemplem (£) (50d)

Since the input/output terminals of the highspeed twinax
cable are assumed to be well-balanced, then the CM-to-DM
conversion sources Vpym,cm and Ipm,cm can be neglected due
their minor effect [31], [32]. Therefore, the DM voltage and
currents along the highspeed twinax cable are determined as

By using (51), (49a) can be reformulated as

[ Vert by ] - |: \II]CIM,DM (L) CM DM () :|
Icm,pm CM DM (L) \IJSZM,DM ()
VoM (£)
53
. [IDM (L) :| ©3)
where
\IJICIM,DM ) CM DM L)
\IJ2CIM,DM () CM DM L)
L
—AZ 0
x @M (7 _ 1) dy (54)
in which
ot (1) = —Z 51140 sinh ypm £ cosh ypm L
cosh VDM»C _ZDML. sinh VDMC
(55)
Note that the closed expressions of \IJICIM DM L),

\IICM DM (L), lIICM DM (£), and \IJCM DM (L) are given in
append1x

The induced CM currents at the input and output termi-
nals due to DM-to-CM conversions are given as (56a)—(56c),
shown at the bottom of the page.

For CM excitation, the input/output terminals are taken as

VoM (0) = —Zpwm,Ipm (0) (57a)
Vbom (£) = Zpmylpm (£) (57b)
Vem (0) = Vs — Zemylem (0) (57¢)
Vem (£) = Zemylem (£) (57d)

By repeating the previous analysis, the total voltage and
currents due to CM-to-DM conversion are given as

Vbm (Z,f)} [VDM (ﬁ)}
=& -C 51 DM,CM wDM.CM
[IDM @f) oM@ L o) GD Vomem | _ ‘I’1D1M oM “©) DM cM “)
Ipm,cM WY (L) (L)
' . 21
in which [ Vem (£) i|
X (58)
s 7 Icm (£)
Vou (£) = =220y, (52a) DM,CM CM,DM DM,CM
Apm where W, 1 L)y = =¥, (L), ¥y, L) =
Z ~ ,CM.D DM,CM CM,DM
Iy (£) = 22N (52b) g’l\]/ll o (L), “I’lczM oM (L) =V, (5)’
Apm vy (L) = (L) and
Apm = 2ZpmyZpwm, cosh oML Zonr 7
. _ ZemZewmy
+ (ZBy, + ZB, ) sinh yoml  (52¢) Vom (L) = ===V, (59a)
Vi — Zcmo I
fowt (0) = Zow, cM.pM — ZeMplem,pm (562)
Acm
(Vem.om + Zemylem,pm) cosh yem £ + ( ZCMO Vem,om + ZemIem, DM) sinh yom £
Icm (£) = Zpwm, (56b)
Acm
Acw = 2ZcmyZew, cosh yomL + (Zy, + Zy, ) sinh yem L (56¢)
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Z
Iem (L) = ACC“:; v, (59b)

Therefore, (60a) and (60b), as shown at the bottom of the
page.

C. MIXED-MODE S-PARAMETERS
The mixed-mode S-parameters can be obtained from

(46a)-(46d) by using the definition given in [33] and [34],
hence
Scell
= Scc22
(ZéMC —Ztw, ) sinh ycm L

2ZcmyZem, cosh yem £ + ( CM., + ZCMO) sinh yom L

(612)
Sce2l
= Sccl2
_ 2ZcmyZem,
2ZCMOZCM cosh yem L + ( oM, T ZCM ) sinh yem £
(61b)
Sdd11
= Sdd22
(22 — ZI%M ) sinh ypm L
ZZDMOZDMC cosh ypm L + ( DM, +Z o) sinh ypm £
(61c)
Sdd21
= Sdd12
_ 2ZpMyZpM,
2ZDMOZDM cosh ypm L + ( oM, TZ O) sinh ypm £
(61d)

About the mixed-mode conversion parameters S¢qg and Sqc,
their corresponding definition are used according to [33] and
[34], hence,

ber _ 5 Vem (0) — Zewmylem (0)

S, = = (62a

cdtt adi Vboum (0) + Zpm,Ipm (0) )
b V. L Zomin L

sep = P2 =2 oM (L) + Zemplem (£) (62b)
adi Vbom (0) + Zpm,Ipm (0)

Sgelf = ba1 _ 1 Vpm (0) — ZpmyIom (0) 620)
N a2 Vem (0) + Zemplem (0)
b 1V L)+ 7 I L

sqr = 22 1 pM (£) + ZpmyIpm (£) 62d)

aci 2 Vem (0) + Zemylom (0)

By inserting Eqs. (49a)-(49b), (56a)-(56c), and (60a)-
(60b), the following relations are obtained, i.e.

Scdl1
_ 273 Zpm. Zom. MM (/o ML)
ApmAcm ! 2
CM,DM
vy L
+ 122—0() _ ZO‘I’ZClM DM (ﬁ)) (63a)
Scd21
_ 272 Zpm. Zew, g CMDPM (| v M (o)
ApmAcm H 2
CM,DM
vy L
. 122—0() 1 ZowMPM (/;)) cosh yemL
Zy \IICM DM M, qjCM DM
+ Zonn (L) 4 ZoMe (L)
WCMDM ()
1227 +27Zcm, wzﬁM PM (L) | sinh yem £
(63b)
Sdell
_ —~272Zpm, Zem, (Y M (L) _pgPMCM (py
ApmAcm 2 2
DM,CM
vy L
n 122—0() _ zyuPMeM ([;)) (63¢)
Sdc21
_ 273 Zom Zem, | (DM () 4 2uPMCM (1
ApmAcm 2 2
yDM.CM
+ 122—0() + ZoWPMM (£ ) cosh ypm £
Z
+(ZDE/[ DMCM(£)+ CW?ZMCM(ﬁ)
2gPMCM (1) DM ML)
+ IZZT + ZDMﬁT sinh ypm L
(63d)
After performing some algebra simplifications, it can be
deduced that scq11 = Sdc11 and Scd21 = Sde21-

V. COMPUTED RESULTS AND VALIDATION

In this section, the proposed model of high-speed cable is
validated by making a comparison with FEKO/HFSS soft-
ware. Three different cable geometries have been considered,
as shown in Fig. 11. The parameters of the cable are taken

Vom,cMm — ZpmyIpm,cm

Ipm (0) = Zpwm, Aout

(Vom.cm + Zpm,Iom,cm) cosh ypm £ + ( Mo . Vom,cm + Zpm Ipwm, CM) sinh ypm £

(60a)

Ipm (£) = Zpm,
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(60b)
Apm
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(@ (b) (c)

FIGURE 11. Different high-speed cable geometries. (a) Circular shield
without the dielectric. (b) Circular shield with lossy dialectic.
(c) Oval-shaped shield with lossy dielectric.

asr, = 02675 mm, rgy = s = 1.56 mm, t = 9 um,
and the total length of the cable is taken as £ = 0.2 m.
The inner conductors are assumed to be copper material and
the outer shield is considered to be aluminum, whereas the
dielectric material is considered to be Fluorinated ethylene
propylene (FEP), which has a relative permittivity €, = 2 and
dielectric loss tangent tandypogs = 5 X 10~%. It is worth
noticing that the length of the cable is taken to be short in
order to reduce the FEKO/HFSS software simulation time,
which would be unreasonable for a cable with a higher length.
About the FEKO model, the mesh “Coarse” is selected in
order to achieve a tradeoff between accuracy and simulation
time+ memory resources. Also, the edge ports are used in
cut cylinders which represent the conductors, where perfectly
electric conductor flats are used at the terminals to avoid any
undesired radiations from the ports. About the HFSS model,
the wave ports are used to avoid radiations, where a default
mesh is selected to reduce simulation time.

It is seen that for the arbitrary shape as shown in
Fig. 11 (c) the p.u.l parameters are computed numerically
where the skin and proximity effects can be still used using
equivalent circles.

It can be observed from Fig. 12 that a good agreement
is obtained between the proposed model and the results
of software FEKO and HFSS for case (a), Fig. 11. For
the high-speed cable with a lossy dielectric as shown in
Fig. 13, a good agreement is also obtained. However, with
some slight discrepancies are observed with the high-speed
cable that has an oval-shaped shield. Moreover, the stranger
behavior of the FEKO plots, which show some resonance
peaks are only observable, when a lossy dielectric is intro-
duced into the cable. this is due to the unstable solutions
at that specific frequency points. This is because we do
not activate the low frequency stabilization so as to avoid
lengthening the simulation time. Also, the mesh is not in its
standard sense, which also can generate some errors in the
MoM solver.

To study the LCL and TCL in the high-speed cable,
slightly unbalanced cables are implemented. In the first case,
a shield deformation is considered, i.e., the outer shield is
not smooth, but it has a narrow longitudinal slot, which
models the nature of the actual shield, which is usually folded
around the coated conductors. This idea was proposed in [9]
so as to study the spiral shield. Here, it will be applied to
study the effect of the irregularities of the foil shield. The
p.ul transfer impedance and admittance of a longitudinal
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FIGURE 12. The magnitude of the mixed-mode S-parameters of a

high-speed cable with circular shield and without dielectric (case (a),
Fig. 11).

slot can be obtained as [20] and [21]

d 2
Lot (@, ¢) = % ( 4rh) My (@) (64a)
€e 2
Cylot (@, §) = f ( ym hN) My (@)>  (64b)
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where N = @ and d is the slot width. Hence, the

p-u.l inductance and capacitance of the high-speed cable are
modified as [20]

(65a)
(65b)

L, = L + diag (Lgiot (o, 0) , Lgior (o, 7))
C, = C —diag (Cyot (o, 0) , Cyjor (e, 7))

in which the “diag’’ operation represents the diagonal matrix.

In the second case, the positions of the inner coated con-
ductors are considered to be unsymmetrically located with
respect to the central axis of the cable so as to emulate the
disturbances and irregularities during the fabrication process.
It means that 2, = %(1 +6821,2), in which 8 21, represent
the effect of irregularities between the inner conductors of the
high-speed cable.

The results for a high-speed cable with a longitudinal slot
are presented in Fig. 14, whereas the results of high-speed
cable with unsymmetrically located conductors are shown in
Fig. 15.

It can be observed from Fig. 14, that good results are
obtained with some discrepancies between the proposed
model and commercial software. This is due to the limitation
of our proposed model. Also, it can be seen that the results
of HFSS and FEKO software do not match because the
conversion parameters S.q of a balanced transmission line
with slight shield deformation are very small in magnitude
and sensitive to any small variation in the parameters, hence,
itis very hard to predict. However, for a high-speed cable with
unsymmetrically located conductors, very good agreements
are obtained, as shown in Figs. 15 (a) and (b). this is due to
the fact that the conversions between CM and DM signals are
high and can be predicted very easily. Consequently, it can be
deduced that any slight unbalances in the high-speed cable
can cause conversions between the modes which can deterio-
rate the transmitted signal. It is worth noticing that S¢q1 has a
high magnitude in high-speed cable with a lossy dielectric as
compared to the one without dielectric, as shown in Figs. 15
(a) and (b). This is due to the fact that the existence of the
dielectric in a high-speed cable with unsymmetrically located
inner conductors can cause higher unbalanced geometry in
the cross-section of the cable.

Moreover, it should be indicated that our method is pro-
grammed in MATLAB, then it is executed in a laptop com-
puter with processor Intel(R) Core(TM) i7-8550U CPU @
1.80 GHz equipped with 8 GB RAM. The simulation time
takes only a fraction of second with memory usage less
than 1 GB for any cable length. Whereas, the FEKO simu-
lations are executed in a server computer with two processors
intel (R), Xeon (R) Gold 6152 CPU @ 2.1 GHz equipped
with 521 GB RAM. The simulation time is 133.2 hours
(5.5 days) with memory usage 57.24 GB for cable with
oval shaped shield and has length 0.2 m. Consequently, it is
apparent that our method has good advantages as compared
to full-wave methods, also it gives us a good insight about
the physical concepts such as skin effect in high-speed cable
systems.
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FIGURE 13. The magnitude of the mixed-mode S-parameters of a
high-speed cable with circular shield Circular shield with lossy dialectic
(case (b) and (c), Fig. 11).

V1. EXPERIMENTAL RESULTS

In this section, an experiment is carried out to further validate
the proposed model. The measurement setup is shown in
Fig. 16, where a vector network analyzer (VNA) is used
with the raw cable 20 GHz fixtures. It is worth mentioning
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FIGURE 14. The DM-to-CM conversion parameters of the high-speed
cable with longitudinal a slot along its shield with d = 0.05 mm.
(a) Circular shield with lossy dialectic. (b) Oval shaped shield with lossy
dielectric.
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FIGURE 15. The DM-to-CM conversion parameters of the high-speed
cable with unsymmetrically located conductors with § Z; = 0.05rg,/2 and
82, = 0. (a) Circular shield without the dielectric. (b) Circular shield with
lossy dialectic.

that the fixtures are used in order to connect the 26AWG
high-speed cable with the VNA cables. However, these fix-
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@ (b)

FIGURE 16. Measuring instruments. (a) measuring setup. (b) fixture.

TABLE 1. Parameters of 26AWG high-speed cable.

Parameters Values
Signal wire diameter (copper) 0.415 mm
Drain wire diameter (copper) 0.400 mm
Wire insulation diameter (FEP) 1.42 mm
Shield layer thickness (AL) 0.009 mm

® s 10

FIGURE 17. The designed PCB in HFSS software to model the effect of the
fixtures during the measurement process (the traces and the ground are
copper material).

Dielectric Thickness

(a) | (b)

FIGURE 18. Cross-section of 26AWG high-speed cable. (a) sketched.
(b) Real zoomed view. The two red circles with the same radius show the
unbalance of the real fabricated highspeed cable.

tures have a nonnegligible effect on the measured mixed-
mode S-parameters of the cable [35], [36]. It means that
the measured mixed-mode S-parameters are actually rep-
resenting the system of the cable embedded with the two
fixtures. It is worth noticing that the fixtures consist of a
well-balanced printed circuit board (PCB) inside a metallic
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FIGURE 19. The magnitude of the mixed-mode S-parameters of 26AWG
high-speed cable.

enclosure, as shown in Fig. 16. To include the effect of the
fixtures in our proposed model, a simplified model for the
fixture is designed in the HFSS software as shown in Fig. 17,
and then its S-parameters are extracted and cascaded with
the S-parameters of the highspeed cable [36]. A 26AWG
cable fabricated in the Zhaolong company is used, and its
parameters are summarized in table 1, and its cross-section
is shown in Fig. 18. The comparison between the proposed
model cascaded with fixture effects and the measured results
of 26 AWG highspeed cable with 0.2 m length are shown in
Figs. 19 and 20. It can be observed that a good agreement is
obtained between the proposed model and the measurement
results. However, the envelope difference in the S..1; param-
eter between the model and the measurement results is only
due to the effect of the actual fixture, which has different S .11
from the one that we have designed in HFSS. Note that the
envelope of Sgg11 and S..11 represent the S;z11 and S¢c11 of
the fixture as shown in Figs 19 (a) and (c), respectively.
Moreover, it can be seen from Fig. 20 that the TCL param-
eters of a perfectly balanced cable are relatively small as
compared to the measured one. However, if we consider
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FIGURE 20. The magnitude of the TCL parameters of 26AWG high-speed
cable, where the unbalanced cable has one of the inner conductors
shifted by 5 % from its original position.

slightly unbalanced cable, the level of the TCL parameters
increases, and good agreement is obtained because, in fact,
the actual fabricated cables are not perfectly balanced, and
higher conversions between modes have been occurred. This
due to the fact that the real fabricated highspeed cables have
many deformations that cannot be avoided due to the uncer-
tainties during the fabrication process. We have plotted two
circles with exactly the same radius as shown in Fig. 18. It can
be observed that there are many different deformations in the
fabricated cable. a) deformation in the shield b) deformation
in the dielectric. ¢) deformation in the location of the wires.
To model this deformation we have, considered 5% shift of
one of the inner conductors.

VII. CONCLUSION

In this paper, an efficient transmission line model of high-
speed cables has been developed to predict its response at
high-frequency ranges up to 20 GHz. To do that, accurate
modeling of the p.u.l parameters has been established, and
the skin and proximity effect of the conductors and shield
have been formulated in the closed-form. Consequently, the
mixed-mode S-parameters of the highspeed cables have been
generated, and the conversions between the CM and DM
signals have been investigated in detail. It has been shown that
any slight unbalances in the highspeed cable can cause high
conversions between the modes, which can deteriorate the
transmitted signal. The obtained results have been compared
with measurement one, and very good agreement has been
obtained, and it has been shown that the S-parameters of
the cable are critical and can be affected by the measuring
instruments.
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APPENDIX
The expressions of WSVPM (£) WwMPM (£ g EMDM (1)

and 2

v

CM,DM (L) are derived as
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