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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.
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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. INTRODUCTION13

The first Ethernet network was developed by Xerox in the late14

of 1970s, and the coaxial cable was used as the transmission15

medium, in which the transfer rate was only about 3 Mbps.16

After that, the standardization of the Ethernet was released17

by the Digital Equipment Corporation (DEC), i.e., Intel and18

Xerox, in 1979. Thereafter, in 1980 DIX standard named19

as ‘‘thick Ethernet’’ was released. The speed rate of the20

thick Ethernet was considered to be 10 Mbps, in which the21

thick coaxial cable was utilized. After that, this standard was22

The associate editor coordinating the review of this manuscript and

approving it for publication was Flavia Grassi .

revised by the Institute of Electrical and Electronics Engi- 23

neers (IEEE) in 1983. Hence, the first IEEE standard, which 24

has the name IEEE 802.3, was released [1], and the thick 25

coaxial cable was standardized as 10BASE5. Due to the limi- 26

tations of the thick coaxial cable, the twisted-wire pair (TWP) 27

Ethernet was applied and standardized as 10BASE-T, then 28

10BASE-CXwas released for shielded TWP cables [2]. In the 29

1990s, the speed rate increased, and the Gigabit Ethernet was 30

developed, where the shielded copper was used and called 31

1000BASE-CX and 10GBASE-CX for the speed rate 1 Gbps 32

and 10 Gbps, respectively [3], [4]. Moreover, the develop- 33

ment of digital technology requires high-speed data rates in 34

order to transfer data reliably and safely between electronic 35
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devices. Therefore, efficient coding and modulation tech-36

niques were developed, and the speed rate was increased37

to 100 Gbps and 400 Gbps in 2010 and 2014, respectively,38

where the standard 100GBASE-CR10 of the twin axial cop-39

per cable for electrical signaling was released [5].40

Since transmission line cables are strictly required in inter-41

connecting high-speed electronic components, high-speed42

transmission line cables with very low insertion/transfer43

losses, low crosstalk, low mode conversions, and good sig-44

nal integrity are required to be designed so that to transfer45

high-speed data rates. It is worth mentioning that high-speed46

data rates with 400 Gbps require bandwidths with gigahertz47

ranges. Hence, the high-speed transmission line cables should48

be designed to meet the requirement and the standards as49

defined in 100GBASE-CR1 [6]. However, high-speed cables50

design is only limited by using commercial software, which51

mainly depend on full-wave solutions that have unreasonable52

simulation time. Therefore, the disturbances and nonuni-53

formities of a high-speed cable structure cannot be easily54

studied using commercial software tools because they do55

not provide us with the physical model of the investigated56

phenomena, and their simulation time is very long. Hence,57

it is impossible to perform thousands of simulations to study58

the effect of the nonuniformities of the high-speed cables in59

their normal performance. In [7], balanced and unbalanced60

high-speed transmission line copper cabler with a longitudi-61

nal shield was investigated using the finite element method62

(FEM), where ‘‘intra-pair skew’’ i.e., the propagation time63

difference between the difference pair lines, was examined64

using the impulse and step response of the cable. In [8]65

and [9], the FEM solver in Ansoft HFSS software [10] was66

used to study the spiral shield of a high-speed cable and67

its negative effects in generating very narrow stop bands at68

high frequency region, which is known as the ‘‘suck-out’’69

effect. In [11], a SPICE circuit model of differential twinax70

cable from the measured 4-port S-parameters was introduced71

in order to study the cable transmission properties. In [12],72

the suck-out effect of high-speed transmission lines was73

explained by using periodic structure, where the full-wave74

simulation method was used. Moreover, the electromag-75

netic compatibility (EMC) of shielded twisted/untwisted pair76

shielded high-speed transmission line cables for automotive77

multi-Gig Ethernet application was investigated by using the78

mixed-mode S parameters in [13].79

Additionally, the transmission line theory was widely80

applied to study different phenomena in transmission line81

cables [14], [15], [16], [17], [18], [19]. In [14] and [15],82

an efficient simulation methods of nonlinear transmis-83

sion lines via model-order reduction and proper orthogo-84

nal decomposition were proposed. In [16], signal balancing85

method was implemented to diminish the mode conversions86

in imperfectly balanced transmission lines. In [17], transmis-87

sion line modeling is applied to analysis the dispersion in88

coaxial lines with higher symmetries. In [18], an extraction89

method is applied to obtain the characteristic impedance and90

complex permittivity of transmission lines. Also, in [19], the91

FIGURE 1. Cross-section of a twinax cable.

characteristic impedance of planar transmission lines on lossy 92

substrates was extracted using themethod of series resistance. 93

However, in all the overmentioned papers about high- 94

speed cables, the analysis was restricted only using full- 95

wave solutions provided by commercial software tools or 96

direct measurement testing because there are no accurate 97

theoretical models were developed for the high-speed trans- 98

mission line cables. Consequently, in this paper, our attention 99

will be focused on developing a transmission line model for 100

the high-speed cables, which is applicable at high-frequency 101

ranges, which help us to understand its physical operation, 102

hence, make the analysis and design of high-speed cables 103

straightforward. To do that, all the side effects of the dielec- 104

tric and conducting materials should be modeled accurately. 105

It means that the skin and proximity effects of both the inner 106

conductors and the outer shield should be included in the 107

modeling process because their impact on the high-speed 108

cable operation cannot be neglected at the high-frequency 109

range. 110

This paper is organized as follows. In Section II, the 111

high-speed twinax cable is described, where its per-unit- 112

length (p.u.l) parameters are derived, and also the skin 113

and proximity effect of inner conductors and the shield 114

are formulated analytically. In Section III, a generalized 115

transmission line model is developed for the noncoaxial 116

cable as an intermediate step toward the high-speed cable 117

modeling, where the effect of layered conductors in the 118

AC resistance is discussed. In Section IV, the transmission 119

line model is generalized to the high-speed twinax cables, 120

where the conversions between the common-mode (CM) and 121

differential-mode (DM) signals are studied using the mixed- 122

mode S-parameters. In Section V, the proposed model is 123

validated by comparing its results with one generated by the 124

commercial software tools FEKO and HFSS. In Section VI, 125

experimental testing of actual cables is also conducted to fur- 126

ther validate the proposed model. Finally, some conclusions 127

are drawn in Section VII. 128

II. TWINAX CABLE DESCRIPTION AND MODELLING 129

The cross-section of a twinax cable is shown in Fig. 1. It con- 130

sists of two inner conductors with a radius rw, they are usually 131
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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 inner132

conductors are coated by a dielectric, and the whole coated133

inner conductors are covered by an electric conductor shield134

with inner and outer radii rsh and Rsh, respectively. It should135

be noted that due to the high-frequency range application of136

the twinax cable that reaches 20 GHz, all skin and proxim-137

ity effects side effects together with physical phenomena in138

both conductors and dielectric materials should be carefully139

considered during the modeling.140

A. DERIVATION OF THE PER-UNIT-LENGTH PARAMETERS141

Since the twinax cable is attended to operate at a very high142

frequency, accurate derivation of the p.u.l parameters, which143

includes the effect of the geometry and curvatures of the144

cable, is strictly necessary. To obtain the exact expressions of145

the p.u.l inductance and capacitance of the twinax cable, let146

us consider a noncoaxial cable in which the inner conductor147

is shifted from the origin by Z0 in the x-direction as shown148

in Fig. 2. The medium between the inner conductor and149

the shield is considered to be homogenous. Therefore, the150

transverse electromagnetic (TEM) fields of the noncoaxial151

cable are given as [20], [21], and [22].152

EEt = 2πDV Ee0 (1a)153

EHt =
1

2πD
I Eh0, (1b)154

where V and I are the voltage between the inner conductor155

and the shield, and the current passes through the inner con-156

ductor and returns along with the shield, respectively. The157

constant D is derived for the noncoaxial cable by using a158

conformal mapping as [20]159

D =
(
π ln

(
α (αZ0 − rsh)
Z0 − αrsh

))−1/2
(2a)160

α =

(
Z2
0 + r

2
sh − r

2
w
)
−

√(
Z2
0 + r

2
sh − r

2
w
)2
− 4Z2

0 r
2
sh

2Z0rsh
.161

(2b)162

The vectors Ee0 and Eh0 are the normalized transverse electric163

and magnetic fields of the TEM mode, and they are given for164

the noncoaxial cable in the polar coordinate as [20] 165

Ee0 = −D

(
r − αrsh cosφ

r2 + α2r2sh − 2αrshr cosφ
166

−
α2r − αrsh cosφ

α2r2 + r2sh − 2αrshr cosφ

)
Eer 167

−D

(
1

r2 + α2r2sh − 2αrshr cosφ
168

−
1

α2r2 + r2sh − 2αrshr cosφ

)
αrsh sinφEeφ (3a) 169

Eh0 = Eez × Ee0 (3b) 170

It should be noted that (r, φ) are the polar coordinates and 171

Eer , Eeφ , and Eez are the unit vectors of the cylindrical coordinate. 172

The self-inductance and capacitance of the inner conductor 173

with respect to the shield are defined as [23] 174

L = −

∫
c µ
EHt · Eandl∮

c′
EHt ·
−→
dl ′

, (4a) 175

C = −

∮
c′ ε
EEt · Ea′ndl ′∫

c
EEt ·
−→
dl

, (4b) 176

in which Ean and Ea′n are the normal unit vectors to the curves c 177

and c′, respectively, as shown in Fig. 2. 178

It is worth indicating that the paths c and c′ can be chosen 179

arbitrarily; however, for simplifying the integration, they are 180

selected to follow the magnetic and electric fields curvatures, 181

respectively. For more details about the magnetic and electric 182

fields distributions in the noncoaxial cable, the reader can 183

refer to [20] 184

Without losing any generality, the path c′ is selected to be 185

the circle, which overlaps the inner surface of the shield, and 186

c is selected as a straight line started at the right edge of the 187

inner conductor and ended at the inner surface of the shield 188

along the x-axis, therefore, 189

path
(
c′
)

r = rsh, 0 ≤ φ ≤ 2π (5a) 190

path (c) φ = 0, Z0 + rw ≤ r ≤ rsh (5b) 191

Along the path c′ the normalized electric and magnetic 192

fields of the TEM mode are given by 193

Ee0 = −D
1− α2

rsh
(
1+ α2 − 2α cosφ

)Eer (6a) 194

Eh0 = −D
1− α2

rsh
(
1+ α2 − 2α cosφa

)Eeφ, (6b) 195

whereas along path c, they are given by 196

Ee0 = −D
(

1
r − αrsh

−
α

αr − b

)
Eer (7a) 197

Eh0 = −D
(

1
r − αrsh

−
α

αr − b

)
Eeφ (7b) 198
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By inserting (6a)-(7b) in (4a) and (4b), the self p.u.l induc-199

tance and capacitance are obtained as200

L = µ

∫ rsh
Z0+rw

(
1

r−αrsh
−

α
αr−b

)
dr∫ 2π

0
1−α2

1+α2−2α cosφ
dφ

= µ
ln
∣∣∣αZ0+αrw−rsh
rw−αrsh+Z0

∣∣∣
2π

201

(8a)202

C = ε
2π

ln
∣∣∣αZ0+αrw−rsh
rw−αrsh+Z0

∣∣∣ (8b)203

and204 ∫ 2π

0

1− α2

1+ α2 − 2α cosφ
dφ = 2π (8c)205

is considered in (8a) and (8b). Furthermore, by taking the fact206

that207 (
αZ0 + αrw − rsh
rw − αrsh + Z0

)2

=
α (αZ0 − rsh)
Z0 − αrsh

, (9)208

and the p.u.l. inductance and capacitance can be simplified as209

210

L =
µ

4π2D2 (10a)211

C = ε4π2D2 (10b)212

It should be indicated that under the condition rw � rsh,213

the obtained L andC will approach the approximate formulas214

developed by Paul in [23].215

B. SKIN AND PROXIMITY EFFECTS OF A TUBULAR SHIELD216

WITH A NONCOAXIAL INNER CONDUCTOR217

According to the Maxwell’s equations, the magnetic field218

inside the tubular conductor can be expressed as219

∇
2 EH − γ 2

sh
EH = E0, (11)220

in which γsh =
√
jωµσsh and σsh is the conductivity of the221

tubular shield. Due to the symmetry of the tubular conductor222

shield, the magnetic field has only Hφ component in the223

cylindrical coordinate, hence, (11) can be simplified as224

r2
∂2Hφ
∂r2
+ r

∂Hφ
∂r
−

(
r2γ 2

sh + 1
)
Hφ = 0 (12)225

The solution of equation (12) can be expressed by226

Hφ (r) = AI1 (γshr)+ BK1 (γshr) (13)227

where I1 and K1 are the modified Bessel functions of the first228

and the second kind of order one, respectively. The constants229

A and B are determined by using the boundary conditions at230

the inner and outer surface of the tubular shield and they are231

expressed as232

A =
Hφ,rshK1 (γshRsh)− Hφ,RshK1 (γshrsh)

1
(14a)233

B =
Hφ,rsh I1 (γshRsh)− Hφ,Rsh I1 (γshrsh)

1
(14b)234

1 = I1 (γshrsh)K1 (γshRsh)− I1 (γshRsh)K1 (γshrsh)235

(14c)236

It should be noted that Hφ,rsh and Hφ,Rsh are the magnetic 237

fields at the inner and outer surfaces of the tubular shield, 238

respectively. Therefore, Hφ,rsh can be obtained from (1b) 239

and (3b) by taking r = rsh, hence 240

Hφ,rsh = −
Iin

2πrsh
5φ (α) (15) 241

where 242

5φ (α) =
1− α2

1+ α2 − 2α cosφ
(16) 243

Noting that Iin is the current passing through the inner 244

conductor and return through the inner surface of the tubular 245

shield. Generally, let us consider another current Iout, which 246

uniformly flows along the outer surface of the tubular shield 247

and returns through an external return, and it could be a 248

ground plane or another covering shield, therefore 249

Hφ,Rsh =
Iout

2πRsh
(17) 250

The distribution of the current density within the tubular 251

shield can be obtained from E∇ × EH = EJ as 252

Jz (r) 253

= γsh
K1 (γshRsh) I0 (γshr)+ I1 (γshRsh)K0 (γshr)

1
Hφ,rsh 254

− γsh
I1 (γshrsh)K0 (γshr)+ K1 (γshrsh) I0 (γshr)

1
Hφ,Rsh 255

(18) 256

whereas the electric field can be obtained from Ez (r) = 257

Jz (r) /σsh. Note that I0 and K0 are the modified Bessel func- 258

tions of order zero. 259

The electric field along the inner and outer surfaces of the 260

tubular shield are given, respectively, as 261

Ez (rsh) =
γshF1
σsh1

Hφ,rsh −
1

σsh1rsh
Hφ,Rsh (19a) 262

Ez (Rsh) =
1

σsh1Rsh
Hφ,rsh −

γshF2
σsh1

Hφ,Rsh (19b) 263

F1 = K1 (γshRsh) I0 (γshrsh)+ I1 (γshRsh)K0 (γshrsh) 264

(19c) 265

F2 = I1 (γshrsh)K0 (γshRsh)+ K1 (γshrsh) I0 (γshRsh) 266

(19d) 267

It is indicated that the property I1 (Z )K0 (Z ) + 268

K1 (Z ) I0 (Z ) = 1/Z is used, where Z could be any complex 269

number. 270

In order to obtain the inner/outer surface impedances p.u.l 271

of the tubular shield, it is better to obtain the p.u.l complex 272

power flowing through the conductor at the inner and outer 273

surface of the shield, hence, 274

Pin = −
1
2

∫ 2π

0
Ez (rsh)× H∗φ,rshrshdφ (20a) 275

Pout =
1
2

∫ 2π

0
Ez (Rsh)× H∗φ,RshRshdφ (20b) 276
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Therefore,277

Pin =
−1
2

γshF1
4π2σsh1rsh

|Iin|2
∫ 2π

0
5φ (α)

2 dφ278

−
1
2

1
4π2σsh1rshRsh

I∗inIout

∫ 2π

0
5φ (α) dφ (21a)279

Pout =
−1
2

1
4π2σsh1rshRsh

IinI∗out

∫ 2π

0
5φ (α) dφ280

−
1
2

γshF2
2πσsh1Rsh

|Iout|2 (21b)281

and,282 ∫ 2π

0
5φ (α) dφ = 2π and283 ∫ 2π

0
5φ (α)

2 dφ = 2π
1+ α2

1− α2
(21c)284

By considering the definition of the p.u.l complex power285

P = 1
2Z |I |

2, hence, (21a) and (21b) can be written as286

Pin =
1
2
Z in
sh |Iin|

2
+

1
2
ZtI∗inIout (22a)287

Pout =
1
2
ZtIinI∗out +

1
2
Zout
sh |Iout|

2 (22b)288

In which Zin and Zout are the inner and outer p.u.l surface289

impedances of the tubular shield, respectively, and Zt is the290

p.u.l transfer impedance of the shield. They can be expressed291

as292

Z in
sh =

−γshF1
2πσsh1rsh

1+ α2

1− α2
(23a)293

Zout
sh =

−γshF2
2πσsh1Rsh

(23b)294

Zt =
−1

2πσsh1rshRsh
(23c)295

As compared to the results obtained by Schelkunoff in296

[24] for the coaxial cable, the outer surface and transfer297

impedances have the same form. However, the inner transfer298

impedance is different by the factor 1+α2

1−α2
due to the fact299

that the current in the inner surface of the shield tends to300

accumulate near the inner conductor side, which is not located301

in the middle of the shield, as shown in Fig. 2. It means that302

the inner impedance is increased by the factor 1+α2

1−α2
> 1, due303

to the fact that the inner current is not uniformly distributed304

along the shield because the inner conductor is not centrally305

located. Also, another interesting result is obtained, which306

is the transfer impedance remained unchanged, when the307

current outside the shield is assumed to be uniform even if308

the inner current is not uniformly distributed in the inner sur-309

face shield. However, if the outer current is also nonuniform310

along the shield, the transfer impedance will depend on both311

nonuniformities factors of the inner and outer currents.312

C. SKIN AND PROXIMITY EFFECTS OF A LAYERED INNER313

CONDUCTOR IN A NONCOAXIAL CABLE314

Double layered inner conductor with the conductor conduc-315

tivities σ1 and σ2, respectively. Their corresponding radii are316

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

rw1 and rw2 as shown in Fig. 3. By applying the same analysis 317

done above on the current density EJ in the cross-section of the 318

double-layered conductor, the following results are obtained 319

as [25]: 320

Jz (r)=

{
c1I0 (γ1r) , 0≤r≤rw1

d1I0 (γ2r)+d2K0 (γ2r) , rw1<r≤rw2

(24) 321

where γi =
√
jωµσi 322

Therefore, the electric and magnetic fields within the 323

double-layered conductor, respectively, are described as 324

Ez (r) =


c1
σ1
I0 (γ1r) , 0 ≤ r ≤ rw1

d1
σ2
I0 (γ2r)+

d2
σ2
K0 (γ2r) , rw1 ≤ r ≤ rw2

325

(25a) 326

Hφ (r) =


c1
γ1
I1 (γ1r) , 0 ≤ r ≤ rw1

d1
γ2
I1 (γ2r)−

d2
γ2
K1 (γ2r) , rw1 ≤ r ≤ rw2

327

(25b) 328

By applying the electric and magnetic fields boundary 329

conditions at the layer’s boundaries [26], i.e., Ez|r=rw1− = 330

Ez|r=rw1+ and Hφ
∣∣
r=rw1−

= Hφ
∣∣
r=rw1+

, respectively, where 331

the magnetic permeability is considered the same in both 332

conductors. hence, the constants d1 and d2 are obtained in 333

terms of c1 as 334

d1 = c1γ2rw1

(
σ2

σ1
I0
(
γ1rw1

)
K1
(
γ2rw1

)
335

+
γ2

γ1
I1
(
γ1rw1

)
K0
(
γ2rw1

))
(26a) 336

d2 = c1γ2rw1

(
σ2

σ1
I1
(
γ2rw1

)
I0
(
γ1rw1

)
337

−
γ2

γ1
I0
(
γ2rw1

)
I1
(
γ1rw1

))
(26b) 338

To determine the constant c1, the magnetic along 339

the outer layer of the inner conductor should be 340

used. From (3a), the magnetic field along the layered 341
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conductor can be obtained as342

Hφ
(
rw2

)
= −

Iin
2πrw2

rshZ0
(
1− α2

)
α
(
r2sh − r

2
w2
− Z2

0 − 2rw2Z0 cosφ
)343

(27)344

Since d1 = c1m1 and d2 = c2m2, therefore345

c1 =
−γ2Iin

2πrw2

(
m1I0

(
γ2rw2

)
−m2K0

(
γ2rw2

))346

×
rshZ0

(
1− α2

)
α
(
r2sh − r

2
w2
− Z2

0 − 2rw2Z0 cosφ
) (28)347

Once again, by applying the definition of the p.u.l complex348

power, the p.u.l inner impedance of the layered conductor is349

obtained as350

Zcond351

=
γ2

2πσ2rw2

m1I0
(
γ2rw2

)
+m2K0

(
γ2rw2

)
m1I1

(
γ2rw2

)
−m2K1

(
γ2rw2

) r2sh−r2w2
−Z2

0

rshZ0(1−α2)
α352

(29a)353

and354

lim
Z0→0

(
r2sh − r

2
w2
− Z2

0

rshZ0(1− α2)
α

)
= 1 (29b)355

means that the inner conductor is centered at the origin of356

the tubular shield, hence, Zcond is reduced to the expression357

of an isolated/coaxial wire [25]. This indicated that the fac-358

tor
r2sh−r

2
w2
−Z2

0

rshZ0(1−α2)
α represents the proximity effect of the outer359

shield, due to the noncoaxial location of the inner conductor.360

For the case of a non-layered conductor, i.e., σ1 = σ2 = σ ,361

and by taking rw2 = rw, Zcond is simplified as362

Zcond =
γ

2πσ rw

I0 (γ rw)
I1 (γ rw)

r2sh − r
2
w − Z2

0

rshZ0(1− α2)
α (30)363

III. TRANSMISSION LINE MODEL OF A NONCOAXIAL364

CABLE365

In this section, the transmission line model is applied to366

the noncoaxial cable, where all the side effects such as skin367

and proximity effects are included. Moreover, it should be368

indicated that the transmission line model is only valid under369

the condition λ� rsh, and λ is the operating wavelength.370

A. TRANSMISSION LINE EQUATIONS371

The transmission line equations of the noncoaxial cable can372

be formulated as [23]373

dV (z, f )
dz

+ Zcable (f ) I (z, f ) = 0 (31a)374

dI (z, f )
dz

+ Ycable (f )V (z, f ) = 0 (31b)375

where V (z, f ) and I (z, f ) are the voltage and currents of the376

noncoaxial cable at a given operating frequency f , Zcable and377

Ycable are the p.u.l impedance and admittance, and they are378

expressed as379

Zcable (f ) = Zcond (f )+ Z in
sh (f )+ j2π fL (32a)380

Ycable (f ) = 2π f (tan δLoss + j)C (32b) 381

The term tan δLoss represents the loss tangent, due to the 382

bound charge and dipole relaxation in the dielectric mate- 383

rial [26]. 384

B. TRANSMISSION LINE SOLUTION AND S-PARAMETERS 385

REPRESENTATION 386

The solution of the transmission line equations (31a) 387

and (31b) can be obtained in terms of the transfer parameters 388

as 389

8 (L) =
[

cosh γTL Zc sinh γTL
Z−1c sinh γTL cosh γTL

]
(33) 390

where L is the length of the noncoaxial cable, Zc its charac- 391

teristic impedance, γT is the propagation constant, and 392

Zc =

√
Zcable (f )
Ycable (f )

(34a) 393

γT =
√
Zcable (f )Ycable (f ) (34b) 394

Consequently, the S-parameters of the noncoaxial cable are 395

given as [27] 396

S =
[
s11 s12
s21 s22

]
(35) 397

where 398

s11 = s22 =

(
Z2
c − Z

2
0

)
sinh γTL

2Z0Zc cosh γTL+
(
Z2
c + Z

2
0

)
sinh γTL

399

(36a) 400

s21 = s12 =
2Z0Zc

2Z0Zc cosh γTL+
(
Z2
c + Z

2
0

)
sinh γTL

401

(36b) 402

where Z0 is the S-parameter’s reference impedance. 403

C. NUMERICAL RESULTS AND VALIDATION 404

In order to validate the expressions of the skin and proximity 405

effects, a noncoaxial cable is considered, where the inner 406

wire is a double-layered conductor. The parameters of the 407

noncoaxial cable are taken as: the inner wire is copper with 408

a radius rw1 = 0.2675 mm, and covered with tin layer has 409

thickness ttin = 5 µm, the outer shield is aluminum with a 410

radius rsh = 1.56 mm and thickness tAL = 0.13 mm. At first, 411

the dielectric material is considered to be air, i.e., lossless and 412

homogeneous, so as to make the validation straightforward. 413

It is seen that the transmission line model is valid under 414

the condition λ > 2 (rsh − rw), which ensures only the 415

propagation of the TEM mode [22]. It is indicated that the 416

modified Bessel functions do not give correct results for large 417

function arguments. To overcome this problem, the method 418

proposed in [28] is used in this paper. The results of the skin 419

and proximity effect for different inner cable positions are 420

shown in Fig. 4. It can be observed that the current density 421

tends to accumulate at the edge side located at the closest 422

return path in both the inner conductor and the shield. 423
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FIGURE 4. Current density distribution within the inner conductor and the outer shield. (a) Z0 = 0. (b) Z0 = rsh/2. (c) Z0 = 2rsh/3.

FIGURE 5. Current density magnitude distribution of a noncoaxial cable
with Z0 = rsh/2. (a) Inner conductor. (b) Outer shield.

Moreover, Figs. 5 (a) and (b) show the current density mag-424

nitude distribution along the straight paths (φ = 0) within the425

inner conductor and the shield surfaces. It can be observed426

that a good agreement is obtained between the results of our427

proposedmodel and the one generated by COMSOL software428

[29]. It is also seen that the current density has very low429

intensity in the Tin layer at lower frequencies, but it has430

higher intensity at high frequency region as indicated in the431

10 GHz case, in which the current distribution has the highest432

concentration at the Tin layer.433

In addition, Figs. 6 (a) and (b) show the current density434

magnitude distributions along the circular paths within the435

inner conductor and shield surfaces, and also a good agree-436

ment is obtained between the proposed model and COMSOL437

software. Here, the current densities are accumulated at the438

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 439

such a noncoaxial cable. Note that Figs. 6 (a) and (b) validate 440

the φ-depend factors shown in (27) and (16), respectively. 441

Therefore, the AC resistance of the inner wire and the 442

shield increase due to the skin and proximity effects as pre- 443

sented in Eqs. (23a), (29), and (30), and the results are shown 444

in Fig. 7. Also, it can be observed that the position of the inner 445

conductor has a considerable effect on the AC inductance of 446

both inner conductor and shield. Moreover, it can be deduced 447

that the Tinned layered conductor has higher AC resistance 448

and inductance at high frequency region as compared to the 449

untinned conductor because the Tin has lower conductivity 450

than the copper, and most of the current flow in Tin layers 451

at high frequency. Whereas, at low frequency region the AC 452

resistance of the Tinned and untinned conductors are identical 453
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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 as454

shown in Figs. 5 (a) and 7 (a).455

To perform a further validation, a noncoaxial cable with456

total length L = 0.2 m is considered, where the inner457

conductor is taken to be copper, and the thickness of the458

aluminum shield is assumed to be tAL = 9µm. The results of459

the S-parameters of the noncoaxial cable with different inner460

conductor positions are shown in Fig. 8. The validation is461

performed by comparing the results with one generated by462

the commercial software FEKO [30], and perfect agreements463

are obtained.464

IV. TRANSMISSION LINE MODEL OF A TWINAX CABLE465

The transmission line theory is generalized to be applicable466

to high-speed twinax cables with an arbitrary cross-section.467

The primary purpose is to investigate the effect of the cable468

geometry on its performance and also investigate the longi-469

tudinal conversion loss (LCL) and transverse conversion loss470

(TCL) of the cable.471

A. TRANSMISSION LINE EQUATIONS OF TWINAX CABLE472

The transmission line equations of the twinax cable can be473

formulated as [23]474

dV (z, f )
dz

+ Z(f )I (z, f ) = 0, (37a)475

dI (z, f )
dz

+ Y(f )V (z, f ) = 0. (37b)476

FIGURE 8. The S-parameters of a noncoaxial with different inner
conductor positions. (a) S11 parameter is the return loss. (b) S21
parameter is the insertion loss.

where Z(f ), Y(f ) are the p.u.l impedance and admittance 477

matrices of the twinax cable and they are given as 478

Z (f ) =
[
Z11 Z12
Z12 Z22

]
= Zac_Imp + j2π f L (38a) 479

Y (f ) =
[
Y11 Y12
Y12 Y22

]
= 2π f (tan δLoss + j)C (38b) 480

In which L and C are the p.u.l inductance and capacitance 481

of the twinax cable, and Zac_Imp is the p.u.l ac impedance of 482

the conductors and the shield and it can be formulated as 483

Zac_Imp =

[
Zcon1 + Z in

sh1 Z in
sh12

Z in
sh12 Zcon2 + Z in

sh2

]
(39) 484

When conductors 1 and 2 of twinax cable are located in the 485

x-axis at Z1 and Z2, respectively, then 486

Zcon1/2 =
γ

2πσ rw

I0 (γ rw)
I1 (γ rw)

r2sh − r
2
w − Z2

1/2

rshZ1/2(1− α21/2)
α1/2 (40a) 487

Z in
sh1/2 =

−γshF1
2πσsh1rsh

1+ α21/2
1− α21/2

(40b) 488

Z in
sh12 =

−γshF1
2πσsh1rsh

α1
(
1− α22

)
− α2

(
1− α21

)
α1
(
1+ α22

)
− α2

(
1+ α21

) (40c) 489

It is worth noticing that for layered conductors, the expres- 490

sion (29) should be used instead of (30) in (40a). 491

B. MODAL DOMAIN FORMULATION 492

In this section, the modal domain decomposition is per- 493

formed in order to investigate the CM and DM modes and 494
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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-mode495

S-parameters. The conversions between the modes are the496

LCL, i.e., CM-to-DM and TCL, i.e., DM-to-CM. The modal497

voltages and currents are defined as [31]498 [
V1
V2

]
︸ ︷︷ ︸

V

=

[
1 1/2
1 −1/2

]
︸ ︷︷ ︸

TV

[
VCM
VDM

]
︸ ︷︷ ︸

VM

,499

[
I1
I2

]
︸ ︷︷ ︸

I

=

[
1/2 1
1/2 −1

]
︸ ︷︷ ︸

T I

[
ICM
IDM

]
︸ ︷︷ ︸

IM

. (41)500

The transmission line equations of the twinax cable (37a)501

and (37b) can be written in the modal domain as502

dVM (z, f )
dz

+ ZM (f ) IM (z, f ) = 0, (42a)503

dIM (z, f )
dz

+ YM (f )VM (z, f ) = 0. (42b)504

where505

ZM (f ) = T−1V Z (f )T I =
[
ZCM 1Z
1Z ZDM

]
(43a)506

YM (f ) = T−1I Y (f )TV =
[
YCM 1Y
1Y YDM

]
(43b)507

in which508

ZCM = (Z11 + Z22 + 2Z12) /4 (44a)509

ZDM = Z11 + Z22 − 2Z12 (44b)510

1Z = (Z11 − Z22) /2 (44c)511

YCM = Y11 + Y22 + 2Y12 (44d)512

YDM = (Y11 + Y22 − 2Y12) /4 (44e)513

1Y = (Y11 − Y22) /2 (44f)514

Therefore, (42a) and (42b) can be written as515

dVCM (z, f )
dz

+ZCMICM (z, f )=−1ZIDM (z, f ) , (45a)516

dICM (z, f )
dz

+YCMVCM (z, f )=−1YVDM (z, f ) , (45b)517

dVDM (z, f )
dz

+ZDMIDM (z, f )=−1ZICM (z, f ) , (45c)518

dIDM (z, f )
dz

+YDMVDM (z, f )=−1YVCM (z, f ). (45d)519

It can be observed that transmission line equations of the520

CM and DM signals are coupled with each other due to521

the factors 1Z and 1Y , which they represent the geometric 522

imbalance of the high-speed transmission line cable [31], 523

[32], and they are responsible for the conversions between 524

the modes, i.e., LCL and TCL. Therefore, the modal domain 525

solution of the transmission line equations is shown in Fig. 9, 526

where aci/ bci and adi/ bdi are the modal incident/ reflected 527

waves at port i for the CM and DM signals, respectively, and 528

they are defined as [33] and [34] 529

ac1 =
VCM (0)+ ZCM0 ICM (0)

2
√
ZCM0

, 530

ac2 =
VCM (L)− ZCM0 ICM (L)

2
√
ZCM0

(46a) 531

bc1 =
VCM (0)− ZCM0 ICM (0)

2
√
ZCM0

, 532

bc2 =
VCM (L)+ ZCM0 ICM (L)

2
√
ZCM0

(46b) 533

ad1 =
VDM (0)+ ZDM0 IDM (0)

2
√
ZDM0

, 534

ad2 =
VDM (L)− ZDM0 IDM (L)

2
√
ZDM0

(46c) 535

bd1 =
VDM (0)− ZDM0 IDM (0)

2
√
ZDM0

, 536

bd2 =
VDM (L)+ ZDM0 IDM (L)

2
√
ZDM0

(46d) 537

where 538

8CM (L) =
[

cosh γCML −ZCMc sinh γCML
−Z−1CMc

sinh γCML cosh γCML

]
539

(47a) 540

8DM (L) =
[

cosh γDML −ZDMc sinh γDML
−Z−1DMc

sinh γDML cosh γDML

]
541

(47b) 542

and 543

ZCMc =

√
ZCM
YCM

, ZDMc =

√
ZDM
YDM

(48a) 544

γCM =
√
ZCMYCM, γDM =

√
ZDMYDM (48b) 545

ZCM0 = Z0/2, ZDM0 = 2Z0 (48c) 546

It is indicated that VCM,DM or VDM,CM and ICM,DM or 547

IDM,CM are the total voltage and current due to DM-to-CM 548

or CM-to-DM conversion: 549[
VCM,DM
ICM,DM

]
=

∫ L

0
8CM (L− z)

[
−1ZIDM (z, f )
−1YVDM (z, f )

]
dz 550

(49a) 551[
VDM,CM
IDM,CM

]
=

∫ L

0
8DM (L− z)

[
−1ZICM (z, f )
−1YVCM (z, f )

]
dz 552

(49b) 553

It can be observed from Eqs. (45) and (49) that the CM and 554

DM signals are coupled with each other. Hence, the solution 555

of the equation cannot be obtained directly. To simplify the 556
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FIGURE 10. Balanced input/output terminals of the twinax cable. (a) DM
excitation. (b) CM excitation.

analysis, the concept of weak balance is used [31], [32].557

It means that the input and output terminals should be consid-558

ered well-balanced, where DM and CM excitations are con-559

sidered separately to investigate LCL and TCL conversions,560

respectively.561

For the DM excitation, the input/output terminals are taken562

as shown in Fig.10 (a). Therefore,563

VDM (0) = Vs − ZDM0 IDM (0) (50a)564

VDM (L) = ZDM0 IDM (L) (50b)565

VCM (0) = −ZCM0 ICM (0) (50c)566

VCM (L) = ZCM0 ICM (L) (50d)567

Since the input/output terminals of the highspeed twinax568

cable are assumed to be well-balanced, then the CM-to-DM569

conversion sources VDM,CM and IDM,CM can be neglected due570

their minor effect [31], [32]. Therefore, the DM voltage and571

currents along the highspeed twinax cable are determined as572 [
VDM (z, f )
IDM (z, f )

]
= 8DM (z− L)

[
VDM (L)
IDM (L)

]
(51)573

in which574

VDM (L) =
ZDMcZDM0

1DM
Vs (52a)575

IDM (L) =
ZDMc

1DM
Vs (52b)576

1DM = 2ZDM0ZDMc cosh γDML577

+

(
Z2
DMc
+ Z2

DM0

)
sinh γDML (52c)578

By using (51), (49a) can be reformulated as 579[
VCM,DM
ICM,DM

]
=

[
9

CM,DM
11 (L) 9

CM,DM
12 (L)

9
CM,DM
21 (L) 9

CM,DM
22 (L)

]
580

×

[
VDM (L)
IDM (L)

]
(53) 581

where 582[
9

CM,DM
11 (L) 9

CM,DM
12 (L)

9
CM,DM
21 (L) 9

CM,DM
22 (L)

]
583

=

∫ L

0
8CM (L− z)

[
−1Z 0
0 −1Y

]
584

×8shift
DM (z− L) dz (54) 585

in which 586

8shift
DM (L) =

[
−Z−1DMc

sinh γDML cosh γDML
cosh γDML −ZDMc sinh γDML

]
587

(55) 588

Note that the closed expressions of 9
CM,DM
11 (L), 589

9
CM,DM
12 (L), 9CM,DM

21 (L), and 9CM,DM
22 (L) are given in 590

appendix. 591

The induced CM currents at the input and output termi- 592

nals due to DM-to-CM conversions are given as (56a)–(56c), 593

shown at the bottom of the page. 594

For CM excitation, the input/output terminals are taken as 595

VDM (0) = −ZDM0 IDM (0) (57a) 596

VDM (L) = ZDM0 IDM (L) (57b) 597

VCM (0) = Vs − ZCM0 ICM (0) (57c) 598

VCM (L) = ZCM0 ICM (L) (57d) 599

By repeating the previous analysis, the total voltage and 600

currents due to CM-to-DM conversion are given as 601[
VDM,CM
IDM,CM

]
=

[
9

DM,CM
11 (L) 9

DM,CM
12 (L)

9
DM,CM
21 (L) 9

DM,CM
22 (L)

]
602

×

[
VCM (L)
ICM (L)

]
(58) 603

where 9DM,CM
11 (L) = −9

CM,DM
22 (L), 9DM,CM

22 (L) = 604

−9
CM,DM
11 (L), 9DM,CM

12 (L) = 9CM,DM
12 (L), 605

9
DM,CM
21 (L) = 9CM,DM

21 (L) and 606

VCM (L) =
ZCMcZCM0

1CM
Vs (59a) 607

ICM (0) = ZCMc

VCM,DM − ZCM0 ICM,DM
1CM

(56a)

ICM (L) = ZDMc

(
VCM,DM + ZCM0 ICM,DM

)
cosh γCML+

(
ZCM0
ZCMc

VCM,DM + ZCMc ICM,DM
)
sinh γCML

1CM
(56b)

1CM = 2ZCM0ZCMc cosh γCML+
(
Z2
CMc
+ Z2

CM0

)
sinh γCML (56c)
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ICM (L) =
ZCMc

1CM
Vs (59b)608

Therefore, (60a) and (60b), as shown at the bottom of the609

page.610

C. MIXED-MODE S-PARAMETERS611

The mixed-mode S-parameters can be obtained from612

(46a)-(46d) by using the definition given in [33] and [34],613

hence614

scc11615

= scc22616

=

(
Z2
CMc
− Z2

CM0

)
sinh γCML

2ZCM0ZCMc cosh γCML+
(
Z2
CMc
+ Z2

CM0

)
sinh γCML

617

(61a)618

scc21619

= scc12620

=
2ZCM0ZCMc

2ZCM0ZCMc cosh γCML+
(
Z2
CMc
+ Z2

CM0

)
sinh γCML

621

(61b)622

sdd11623

= sdd22624

=

(
Z2
DMc
− Z2

DM0

)
sinh γDML

2ZDM0ZDMc cosh γDML+
(
Z2
DMc
+ Z2

DM0

)
sinh γDML

625

(61c)626

sdd21627

= sdd12628

=
2ZDM0ZDMc

2ZDM0ZDMc cosh γDML+
(
Z2
DMc
+ Z2

DM0

)
sinh γDML

629

(61d)630

About the mixed-mode conversion parameters Scd and Sdc,631

their corresponding definition are used according to [33] and632

[34], hence,633

scd11 =
bc1
ad1
= 2

VCM (0)− ZCM0 ICM (0)
VDM (0)+ ZDM0 IDM (0)

(62a)634

scd21 =
bc2
ad1
= 2

VCM (L)+ ZCM0 ICM (L)
VDM (0)+ ZDM0 IDM (0)

(62b)635

sdc11 =
bd1
ac1
=

1
2
VDM (0)− ZDM0 IDM (0)
VCM (0)+ ZCM0 ICM (0)

(62c)636

sdc21 =
bd2
ac1
=

1
2
VDM (L)+ ZDM0 IDM (L)
VCM (0)+ ZCM0 ICM (0)

(62d)637

By inserting Eqs. (49a)-(49b), (56a)-(56c), and (60a)- 638

(60b), the following relations are obtained, i.e. 639

scd11 640

=
−2Z2

0ZDMcZCMc

1DM1CM

(
29CM,DM

11 (L)−
9

CM,DM
22 (L)

2
641

+
9

CM,DM
12 (L)

Z0
− Z09

CM,DM
21 (L)

)
(63a) 642

scd21 643

=
2Z2

0ZDMcZCMc

1DM1CM

[(
29CM,DM

11 (L)+
9

CM,DM
22 (L)

2
644

+
9

CM,DM
12 (L)

Z0
+ Z09

CM,DM
21 (L)

)
cosh γCML 645

+

(
Z0
ZCMc

9
CM,DM
11 (L)+

ZCMc

Z0
9

CM,DM
22 (L) 646

+
9

CM,DM
12 (L)
2ZCMc

+ 2ZCMc9
CM,DM
21 (L)

)
sinh γCML

]
647

(63b) 648

sdc11 649

=
−2Z2

0ZDMcZCMc

1DM1CM

(
9

DM,CM
11 (L)

2
− 29DM,CM

22 (L) 650

+
9

DM,CM
12 (L)

Z0
− Z09

DM,CM
21 (L)

)
(63c) 651

sdc21 652

=
2Z2

0ZDMcZCMc

1DM1CM

[(
9

DM,CM
11 (L)

2
+ 29DM,CM

22 (L) 653

+
9

DM,CM
12 (L)

Z0
+ Z09

DM,CM
21 (L)

)
cosh γDML 654

+

(
Z0
ZDMc

9
DM,CM
11 (L)+

ZDMc

Z0
9

DM,CM
22 (L) 655

+
29DM,CM

12 (L)
ZDMc

+ ZDMc

9
DM,CM
21 (L)

2

)
sinh γDML

]
656

(63d) 657

After performing some algebra simplifications, it can be 658

deduced that scd11 = sdc11 and scd21 = sdc21. 659

V. COMPUTED RESULTS AND VALIDATION 660

In this section, the proposed model of high-speed cable is 661

validated by making a comparison with FEKO/HFSS soft- 662

ware. Three different cable geometries have been considered, 663

as shown in Fig. 11. The parameters of the cable are taken 664

IDM (0) = ZDMc

VDM,CM − ZDM0 IDM,CM
1DM

(60a)

IDM (L) = ZDMc

(
VDM,CM + ZDM0 IDM,CM

)
cosh γDML+

(
ZDM0
ZDMc

VDM,CM + ZDMc IDM,CM
)
sinh γDML

1DM
(60b)
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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.

as rw = 0.2675 mm, rsh = s = 1.56 mm, t = 9 µm,665

and the total length of the cable is taken as L = 0.2 m.666

The inner conductors are assumed to be copper material and667

the outer shield is considered to be aluminum, whereas the668

dielectric material is considered to be Fluorinated ethylene669

propylene (FEP), which has a relative permittivity εr = 2 and670

dielectric loss tangent tan δLoss = 5 × 10−4. It is worth671

noticing that the length of the cable is taken to be short in672

order to reduce the FEKO/HFSS software simulation time,673

which would be unreasonable for a cable with a higher length.674

About the FEKO model, the mesh ‘‘Coarse’’ is selected in675

order to achieve a tradeoff between accuracy and simulation676

time+ memory resources. Also, the edge ports are used in677

cut cylinders which represent the conductors, where perfectly678

electric conductor flats are used at the terminals to avoid any679

undesired radiations from the ports. About the HFSS model,680

the wave ports are used to avoid radiations, where a default681

mesh is selected to reduce simulation time.682

It is seen that for the arbitrary shape as shown in683

Fig. 11 (c) the p.u.l parameters are computed numerically684

where the skin and proximity effects can be still used using685

equivalent circles.686

It can be observed from Fig. 12 that a good agreement687

is obtained between the proposed model and the results688

of software FEKO and HFSS for case (a), Fig. 11. For689

the high-speed cable with a lossy dielectric as shown in690

Fig. 13, a good agreement is also obtained. However, with691

some slight discrepancies are observed with the high-speed692

cable that has an oval-shaped shield. Moreover, the stranger693

behavior of the FEKO plots, which show some resonance694

peaks are only observable, when a lossy dielectric is intro-695

duced into the cable. this is due to the unstable solutions696

at that specific frequency points. This is because we do697

not activate the low frequency stabilization so as to avoid698

lengthening the simulation time. Also, the mesh is not in its699

standard sense, which also can generate some errors in the700

MoM solver.701

To study the LCL and TCL in the high-speed cable,702

slightly unbalanced cables are implemented. In the first case,703

a shield deformation is considered, i.e., the outer shield is704

not smooth, but it has a narrow longitudinal slot, which705

models the nature of the actual shield, which is usually folded706

around the coated conductors. This idea was proposed in [9]707

so as to study the spiral shield. Here, it will be applied to708

study the effect of the irregularities of the foil shield. The709

p.u.l transfer impedance and admittance of a longitudinal710

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] 711

Lslot (α, φ) =
µ0

π

(
d

4rsh

)2

5φ (α)
2 (64a) 712

Cslot (α, φ) =
εeq

π

(
d

4rshN

)2

5φ (α)
2 (64b) 713
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where N =
1

4π2D2 and d is the slot width. Hence, the714

p.u.l inductance and capacitance of the high-speed cable are715

modified as [20]716

La = L+ diag (Lslot (α, 0) ,Lslot (α, π)) (65a)717

Ca = C − diag (Cslot (α, 0) ,Cslot (α, π)) (65b)718

in which the ‘‘diag’’ operation represents the diagonal matrix.719

In the second case, the positions of the inner coated con-720

ductors are considered to be unsymmetrically located with721

respect to the central axis of the cable so as to emulate the722

disturbances and irregularities during the fabrication process.723

It means that Z1/2 =
s
2 (1± δZ1/2), in which δZ1/2 represent724

the effect of irregularities between the inner conductors of the725

high-speed cable.726

The results for a high-speed cable with a longitudinal slot727

are presented in Fig. 14, whereas the results of high-speed728

cable with unsymmetrically located conductors are shown in729

Fig. 15.730

It can be observed from Fig. 14, that good results are731

obtained with some discrepancies between the proposed732

model and commercial software. This is due to the limitation733

of our proposed model. Also, it can be seen that the results734

of HFSS and FEKO software do not match because the735

conversion parameters Scd of a balanced transmission line736

with slight shield deformation are very small in magnitude737

and sensitive to any small variation in the parameters, hence,738

it is very hard to predict. However, for a high-speed cable with739

unsymmetrically located conductors, very good agreements740

are obtained, as shown in Figs. 15 (a) and (b). this is due to741

the fact that the conversions between CM and DM signals are742

high and can be predicted very easily. Consequently, it can be743

deduced that any slight unbalances in the high-speed cable744

can cause conversions between the modes which can deterio-745

rate the transmitted signal. It is worth noticing that Scd21 has a746

high magnitude in high-speed cable with a lossy dielectric as747

compared to the one without dielectric, as shown in Figs. 15748

(a) and (b). This is due to the fact that the existence of the749

dielectric in a high-speed cable with unsymmetrically located750

inner conductors can cause higher unbalanced geometry in751

the cross-section of the cable.752

Moreover, it should be indicated that our method is pro-753

grammed in MATLAB, then it is executed in a laptop com-754

puter with processor Intel(R) Core(TM) i7-8550U CPU @755

1.80 GHz equipped with 8 GB RAM. The simulation time756

takes only a fraction of second with memory usage less757

than 1 GB for any cable length. Whereas, the FEKO simu-758

lations are executed in a server computer with two processors759

intel (R), Xeon (R) Gold 6152 CPU @ 2.1 GHz equipped760

with 521 GB RAM. The simulation time is 133.2 hours761

(5.5 days) with memory usage 57.24 GB for cable with762

oval shaped shield and has length 0.2 m. Consequently, it is763

apparent that our method has good advantages as compared764

to full-wave methods, also it gives us a good insight about765

the physical concepts such as skin effect in high-speed cable766

systems.767

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).

VI. EXPERIMENTAL RESULTS 768

In this section, an experiment is carried out to further validate 769

the proposed model. The measurement setup is shown in 770

Fig. 16, where a vector network analyzer (VNA) is used 771

with the raw cable 20 GHz fixtures. It is worth mentioning 772
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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.

FIGURE 15. The DM-to-CM conversion parameters of the high-speed
cable with unsymmetrically located conductors with δZ1 = 0.05rsh/2 and
δZ2 = 0. (a) Circular shield without the dielectric. (b) Circular shield with
lossy dialectic.

that the fixtures are used in order to connect the 26AWG773

high-speed cable with the VNA cables. However, these fix-774

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

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

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).

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- 775

mode S-parameters of the cable [35], [36]. It means that 776

the measured mixed-mode S-parameters are actually rep- 777

resenting the system of the cable embedded with the two 778

fixtures. It is worth noticing that the fixtures consist of a 779

well-balanced printed circuit board (PCB) inside a metallic 780

VOLUME 10, 2022 100695



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

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 the781

fixtures in our proposed model, a simplified model for the782

fixture is designed in the HFSS software as shown in Fig. 17,783

and then its S-parameters are extracted and cascaded with784

the S-parameters of the highspeed cable [36]. A 26AWG785

cable fabricated in the Zhaolong company is used, and its786

parameters are summarized in table 1, and its cross-section787

is shown in Fig. 18. The comparison between the proposed788

model cascaded with fixture effects and the measured results789

of 26AWG highspeed cable with 0.2 m length are shown in790

Figs. 19 and 20. It can be observed that a good agreement is791

obtained between the proposed model and the measurement792

results. However, the envelope difference in the Scc11 param-793

eter between the model and the measurement results is only794

due to the effect of the actual fixture, which has different Scc11795

from the one that we have designed in HFSS. Note that the796

envelope of Sdd11 and Scc11 represent the Sdd11 and Scc11 of797

the fixture as shown in Figs 19 (a) and (c), respectively.798

Moreover, it can be seen from Fig. 20 that the TCL param-799

eters of a perfectly balanced cable are relatively small as800

compared to the measured one. However, if we consider801

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 802

increases, and good agreement is obtained because, in fact, 803

the actual fabricated cables are not perfectly balanced, and 804

higher conversions between modes have been occurred. This 805

due to the fact that the real fabricated highspeed cables have 806

many deformations that cannot be avoided due to the uncer- 807

tainties during the fabrication process. We have plotted two 808

circles with exactly the same radius as shown in Fig. 18. It can 809

be observed that there are many different deformations in the 810

fabricated cable. a) deformation in the shield b) deformation 811

in the dielectric. c) deformation in the location of the wires. 812

To model this deformation we have, considered 5% shift of 813

one of the inner conductors. 814

VII. CONCLUSION 815

In this paper, an efficient transmission line model of high- 816

speed cables has been developed to predict its response at 817

high-frequency ranges up to 20 GHz. To do that, accurate 818

modeling of the p.u.l parameters has been established, and 819

the skin and proximity effect of the conductors and shield 820

have been formulated in the closed-form. Consequently, the 821

mixed-mode S-parameters of the highspeed cables have been 822

generated, and the conversions between the CM and DM 823

signals have been investigated in detail. It has been shown that 824

any slight unbalances in the highspeed cable can cause high 825

conversions between the modes, which can deteriorate the 826

transmitted signal. The obtained results have been compared 827

with measurement one, and very good agreement has been 828

obtained, and it has been shown that the S-parameters of 829

the cable are critical and can be affected by the measuring 830

instruments. 831
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APPENDIX832

The expressions of9CM,DM
11 (L),9CM,DM

12 (L),9CM,DM
21 (L),833

and 9CM,DM
22 (L) are derived as834

9
CM,DM
11 (L)835

=

−
1Z
ZDMc
+1YZCMc

2 (γDM + γCM)
(cosh (γDM + γCM)L− 1)836

−

1Z
ZDMc
+1YZCMc

2 (γDM − γCM)
(cosh (γDM − γCM)L− 1)837

(A1)838

9
CM,DM
12 (L)839

=
−1Z +1YZCMcZDMc

2 (γDM + γCM)
sinh (γDM + γCM)L840

−
1Z +1YZCMcZDMc

2 (γDM − γCM)
sinh (γDM − γCM)L (A2)841

9
CM,DM
21 (L)842

=

1Z
ZCMcZDMc

−1Y

2 (γDM + γCM)
sinh (γDM + γCM)L843

−

1Z
ZCMcZDMc

+1Y

2 (γDM − γCM)
sinh (γDM − γCM)L (A3)844

9
CM,DM
22 (L)845

=

1Z
ZCMc
−1YZDMc

2 (γDM + γCM)
(cosh (γDM + γCM)L− 1)846

−

1Z
ZCMc
+1YZDMc

2 (γDM − γCM)
(cosh (γDM − γCM)L− 1)847

(A4)848
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