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ABSTRACT Unlike the twisted pair cable’s simple installation mechanism, evaluating a circuit equivalent
and certifying it is not very convenient anymore. Although the best way to model transmission lines is to use
the field solver software programs such as ANSYS Maxwell or HFSS, this procedure is very overwhelming
and time-consuming. This paper presents a straightforward approach to extract a W-element model for the
twisted pair cable based on its structural and electrical characteristics. The W-element model employs a novel
state-of-the-art transmission line simulation method which is very fast, accurate and robust. Both system
designers and cable manufacturers can easily exploit the presented equations and the derived models to
predict the behavior of the balanced transmission lines with two conductors using simulators such as HSpice,
etc. Nexans unshielded CAT6 twisted pair cable, one of the most common types of cables used in today’s
networks, is selected as a case study in this paper to verify the proposed model. A variety of simulations have
been carried out to evaluate the performance and accuracy of the proposed model. Furthermore, the validity
of the model is assessed against the real Fluke test results.

INDEX TERMS Twisted pair cable, W-element, transmission line modeling, fluke test, RLGC model.

Series resistance of RLGC element

NOMENCLATURE R
&0 Permittivity of free space L Series inductance of RLGC element
&r Relative permittivity of material G Shunt conductance of RLGC element
o Magnetic permeability of free space C Shunt capacitance of RLGC element
My Relative magnetic permeability of material Rpc DC resistance matrix of W-element
P Specific electrical resistance of material Rac  AC resistance matrix of W-element
o DC conductivity of the insulation material Lo DC inductance matrix of W-element
) Skin depth Gy DC Dielectric-loss matrix of W-element
f Frequency Gyq AC Dielectric-loss matrix of W-element
d Diameter of the conductor Co DC capacitance of conductor of W-element
D Center to center separation of the conductors Ry DC resistance of conductor
H Height of the wire above the ground Rgp  Skin-effect resistance of conductor
NVP Nominal Velocity of Propagation Lg Self-inductance of conductor
tan(d) Loss tangent of insulation material M Mutual inductances of conductors
kp Correction factor of proximity effect Ggm Dielectric loss of the insulation material
l Length of wire Cs Self-capacitance of conductor
I max Maximum length of RLGC element Cm  Mutual capacitance of conductors
Lcable Cable jacket length
Lire W?re:s el.ectrical length I. INTRODUCTION
Luire—pitch ere s pl,tCh length . Nowadays, the data rate of digital systems has been increased
Rpitcn Pitch radius of twisted pair at a quick pace so that the effect of the communication
mediums must be modeled and involved in the design process
The associate editor coordinating the review of this manuscript and [1]-[3]. When the frequency reaches several hundreds of
approving it for publication was Wei-Wen Hu . megahertz, the communication medium is no longer a simple

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 188981


https://orcid.org/0000-0002-3911-2339
https://orcid.org/0000-0002-7729-0136
https://orcid.org/0000-0002-2418-4460

IEEE Access

M. Zarei et al.: Design Analysis and Evaluation of a W-Element Model for a Twisted-Pair Cable

conductor and acts like a transmission line [4]. Accordingly,
system designers are eager to gain rapid and clear insight into
how far and fast data moves over the communication medium
prior to fabrication [5]-[7]. Besides, cable manufacturers
are really interested in finding out how the performance of
the designed cable is altered by changing its characteristics.
Although the best way to model transmission lines is to use
field solver software programs such as ANSYS Maxwell or
HESS [8], this procedure is very overwhelming and time-
consuming. Therefore, a set of closed-form and straightfor-
ward equations which relate the behavior of the cable to its
dimension, material and operating frequency; or an electrical
equivalent circuit that is used by a simulator to evaluate
voltage and current waveforms in the circuit, will be very
useful for both system designers and cable manufacturers [9].

The transmission medium can take a variety of forms [10].
Among all forms, twisted pair cables are widely exploited
in the diversity of the electronic systems owing to their
prominent characteristics and lower cost [1], [2]. Modeling
of the twisted pair cables was thoroughly investigated in the
literature. Some models have been extracted experimentally
based on the S-parameter [11]-[16] or time-domain measure-
ments [17]-[25]. The main disadvantage of the experimental
models is that all measurements must be repeated even only
by changing one of the cable parameters. Also, measurement
errors will affect the accuracy of these models. In addition to
these models, some theoretical researches and mathematical
calculations have been done to model twisted pair cables
[26]-[29]. Despite many research efforts made for model-
ing twisted pair cables, there is no straightforward model
to be exploited in circuit simulation software programs like
HSpice. Hence, developing a family of closed-form formulas
for full-fledged modeling of twisted-pair cables in terms of
its characteristics is the main motivation of this research.
In this paper, a set of straightforward closed-form formulas
is presented to calculate the W-element model’s parameters
of any twisted pair cable by considering several important
factors such as material and structural make-ups, twist pitch,
skin effect, proximity effect, etc. In this way, there is no need
for further complicated and time wasting approaches such
as sketching new design model in field solver software or
doing test experiments. It is enough to place the new value of
the parameters in the proposed equation to obtain the model.
Since the proposed methodology is a general purpose one,
it can be easily applied to a wide variety of cable types like
shielded twisted pair. The important point that should be
bear in mind is that the calculation of some parameters like
self-capacitance will vary in the presence of the shielding
material.

The rest of this paper is organized as follows:
Section 3 argues about lumped and distributed model-
ing of the transmission medium. Section 4 introduces the
We-element as a versatile tool for modeling diversity of trans-
mission line structures, from a simple lossless line to complex
frequency-dependent lossy-coupled lines. In Section 5, dif-
ferent characteristics of twisted pair cable are parameterized
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and a set of closed-form formula is provided for its modeling.
In order to evaluate the performance of the derived formulas,
the accuracy of the CAT6 twisted-pair model is validated
against real Fluke test results and HFSS simulations, as a case
study in Section 6. Finally, concluding remarks are provided
in Section 7.

Il. LUMPED VERSUS DISTRIBUTED MODEL OF
TRANSMISSION MEDIUM

In the case that the signal frequency is low and the physical
dimension of the transmission medium is such that the level
of the signal is reasonably constant along its entire length,
the transmission medium can be safely modeled by a set of
lumped elements [2]. This model works successfully in low
frequencies but falls apart at high frequencies. In other words,
by increasing the frequency, the transmission medium should
no longer be considered as a simple lumped-element and must
be treated in a distributed form [4]. Based on the telegrapher’s
equations, the efficient way to model a transmission line is
by breaking it into a series of two-port cascaded lumped
segments and then using the two-port analysis to predict
the overall behavior of the system as is shown in Fig. 1.
In general, the telegrapher’s equations are applicable to any
transmission media like twisted pair cable which has the
following properties [30]:

- At least two conductors, insulated from each other,

- Having a uniform cross-section along the entire length of
the structure,

- With a small cross-sectional geometry compared to the
wavelength of the signals conveyed, and

- A long length compared to the spacing between the
conductors.

It is noted that the length of individual segments must be
relatively small with respect to the transmitted wavelength
over the transmission line [3]. Each segment is modeled by
four RLGC components, as shown in Fig. 2. Values of R,
L, G, and C represent the cumulative amount of resistance,
inductance, capacitance and conductance for the entire length
of specified segments. The values of these parameters are
affected not only by the geometry of the transmission line but
also by the electrical characteristics of the dielectric and con-
ductors [31]. Series resistance (R) and shunt conductance (G)
are included due to the conductors’ finite conductivity and
dielectric loss of the material between them, respectively.
The total self-inductance of the conductors is modeled by a
series inductance (L) and a shunt capacitance (C) is added
owing to the proximity of the two conductors [1]. Although
the dominant factors are L and C, both R and G must be
calculated precisely and taken into account to increase the
transmission line model’s accuracy.

It should be kept in mind that choosing the right length or
number of the lump segments along the transmission line is
very important in the modeling procedure. Although choos-
ing a too small length for each lumped section increases the
accuracy of the modeling, it does not have an obvious effect
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FIGURE 1. Modeling of transmission line using series of cascaded two-port circuits.
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FIGURE 2. Modeling of transmission line using series of cascaded RLGC segments.

on the accuracy of results and just increases the simulation
time [32].

In the case of a sinusoidal signal being transmitted, there
is a general agreement that if the interconnect line length is
less than one-twentieth of the signal wavelength, it can be
model as a simple lumped RLGC element [33]. Similarly, the
maximum length (/,,,4,) constraint for a pulse shaped signal
is obtained in the form of (1):

Imax = 0.2t;.NVP (1

where t; and NVP are the rise time and propagation speed
of the pulsed signal, respectively. NVP stands for nominal
velocity of propagation and represents the speed at which the
data signals travel through the cable and is announced by the
cable manufacturers. Usually, this parameter is expressed as
a percentage of the speed of light in vacuum [34].

lll. W-ELEMENT MODEL

W-element employs a novel state-of-the-art transmission
line simulation method which is very fast, accurate and
robust. The diversity of the transmission lines can be
modeled in HSPICE using the W-element based on the
distributed RLGC matrices. This approach is very gen-
eral and applicable for most interconnect systems, due
to the ability to represent any number of coupled inter-
connects, and the ability to handle substantial-frequency
dependencies [31], [35].

Ro (DC resistance), Ly (DC inductance), Gy (DC shunt
conductance), Cyp (DC capacitance), Ry (skin-effect resis-
tance), and Gq (dielectric-loss conductance) matrices are the
inputs for each W-element model [34]. Since W-element is
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used to model both loss-less and lossy transmission lines,
Lo and Cp are the essential parts of all models. The other
parameters are optional and may be omitted for some cases.
If one of the optional parameters is specified, all preceding
parameters have to be specified even if they are zero [21].
In general form, the dimension of these matrices for a trans-
mission line with N number of signal conductors would be
N x N. Since these matrices are symmetrical about their main
diagonal, it is enough to specify only the lower triangular
elements of them. Accordingly, for transmission lines like
twisted pair cable with two signal conductors; dimension of
matrices would be 2 x 2 and only 3 different elements need
to be determined.

A. RESISTANCE MATRICES

The Resistivity of a material is a measure of how it resists
against an electric current flow through it. Since the current
distribution in the cross-sectional area of a conductor varies
by altering the frequency, resistive behavior of the trans-
mission lines cannot be modeled only with simple constant
resistors [5]. This phenomenon squeezes the current into a
shallow region just underneath the surface of the conductor
and increases the apparent resistance called the skin effect.
Furthermore, the current distribution of the conductor and
consequently the value of its resistance is also affected by the
magnetic field of adjacent conductors due to proximity effect
[6]. Therefore, the resistance of the transmission line has to
be expressed by DC (Rpc) and AC (Rac) matrices based
on (2).

RTransmissionline = RDC + RAC\/.f (2)
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Since conductors do not affect each other at DC frequen-
cies, so Rpc matrix is in the diagonal form. Although two
nearby conductors affect each other due proximity effect and
this issue has to be modeled in terms of off-diagonal elements,
AC resistance matrix can be modeled as a diagonal matrix.
The details of this argument will be discussed in the following
section. Consequently, Rpc and Rac matrices come in the
following form.

Roc = [ g | ®
R O
Roc = [ 57 4 | @

In the above equations, R is the DC resistance of the conduc-
tors which is simply obtained by a simple resistivity equation
and Rgp represents how the resistance of the conductors alters
by increasing frequency due to the skin and proximity effect.

B. DC INDUCTANCE MATRIX

It is obvious that any conductor which carries a time-varying
current, produces magnetic flux around itself and therefore a
voltage is induced on it. This issue can be modeled by a series
inductance. In the DC inductance matrix of the transmission
line, the main diagonal terms are equal to self-inductance of
the conductors (Lg), while the off-diagonal terms are equal to
mutual inductances between them (M). The general form of
this matrix is shown in (5).

_|Ls M
Lo—|:M Ls] 5

C. DC CAPACITANCE MATRIX
Since there is a potential difference between the conductors
of the transmission lines, a capacitance exists. The conductors
of the transmission line and insulation between them act as
plates of capacitance and dielectric material, respectively.
DC capacitance matrix of the W-element model is in the
Maxwellian format [36] which means that the main diagonal
terms of this matrix are the sum of all self and mutual compo-
nents that are connected to the corresponding conductor with
signs intact. Besides, the off-diagonal terms are equal to the
mutual capacitance that exists between two conductors by a
negative sign. For more clarification, consider a transmission
line with two conductors, namely T and T, as shown in
Fig. 3 for determining the DC capacitance matrix.

Cm
Csi i Cs20

1

FIGURE 3. Self and mutual capacitance of the transmission line.

Cs and Cy in Fig. 3 are the self and mutual capacitances,
respectively. With given assumptions, the DC capacitance
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matrix comes in the form of (6). Due to the symmetry of the
structure, the self-capacitance of both wires, namely Cs1g and
Cs20, is the same and is denoted by Cs.

| Cs+Cm —Cm
Co = [ —Cwm Cs + CM:| ©

D. SHUNT CONDUCTANCE MATRIX

DC conduction and high-frequency dipole relaxation are the
important factors that lead to some energy loss in the dielec-
tric material of the transmission lines. Although the impact
of the dielectric loss can be ignored for most of the prac-
tical applications, it must be considered in the model for
more accuracy. In general, total dielectric loss is described
by (7) [31]:

GTransmission line = Go + f- Gy (7)

where Gg and G4 are the DC and AC dielectric loss matrices,
respectively. Due to the small value of the DC conductivity of
the insulation materials (o), the dielectric loss can be ignored
for DC frequencies or Gp = 0. By doing so, the DC con-
ductance matrix would be null. By increasing the frequency,
dielectric loss also increases owing to further absorption of
electrical energy by insulation material. Similar to the DC
capacitance matrix, the dielectric-loss conductance matrix is
also in the Maxwellian format. By ignoring the dielectric loss
between conductors and ground plane, G4 matrix comes in
the form of (8):

Gd — |: de _de:|

8
- de de ( )

where Gy, is the dielectric loss of the insulation material
between conductors.

IV. W-ELEMENT MODEL OF TWISTED PAIR CABLE
Twisted pair cable is the most common form of the trans-
mission medium for modern data communication applica-
tions [9]. It is simply composed of four-wire pairs (8 wires)
in a cable sheath. Every wire is coated with some type of
insulating material such as a paper-based or a plastic-based
material. Since the wires of each pair are physically close and
symmetrically intertwined together, any outside influence
will affect them similarly and therefore, its effect is canceled
out when differential voltage is applied to the wires [1]. If the
twist rate of all pairs is equal, the same conductors of the
adjacent pairs may repeatedly lie next to each other and lead
to crosstalk increasing between them. Hence, twisting rates
of pairs are considered different with respect to each other
for further reducing crosstalk [6], [21]. Twisted pair cables are
classified into several categories based on their characteristics
[37]. Since unshielded CAT6 twisted pair (UTP CAT6) cable
is the best candidate in most of today’s networks by taking
into account all of its pros and cons, the W-element model
of this type of twisted pair cable is extracted to evaluate the
validity of the presented model in the following section.
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However, the algorithm of W-elements does not have any
hard frequency limitations. The frequency range of appli-
cability of W-element is limited essentially by the range of
applicability of the corresponding transmission line, and by
the accuracy of the frequency-dependent RLGC parameters
provided by the W-element model [38]. The cable that is
selected as a case study in the manuscript supports all appli-
cations up to 250 MHz and the proposed model is applicable
in this frequency range.

A. CABLE LENGTH VERSUS WIRE LENGTH

In order to model a twisted pair cable, its geometries must be
parameterized first of all. Fig. 4 (a) and (b) show the structure
and geometry of the twisted pair cable, respectively.

Jacket

Insulation
Twisted Pair

Conductor
(Solid Core)

Seprator Rip Cord
(a)
| Lcable
d
L Fisi i
D

(b)
FIGURE 4. (a) Structure (b) geometries of twisted pair cable.

According to Fig. 4 (b), the diameter of conductors and
separation distance between them is denoted by d and D,
sequentially. Since the wires inside the cable are in helical
form, their actual (electrical) length is greater than the length
of the cable jacket [39]. To differentiate them, cable jacket
length and wire electrical length are denoted by Lcaple and
Luire, respectively. These two parameters are related together
via the wire’s pitch length value (Lyire—pitch). Pitch length
is defined as the axial distance required in which a wire
completes one revolution around the diameter of the other
conductor and returns to its original relative position in a
twisted pair cable, as is shown in Fig. 5. The pitch radius for
twisted pair cable (Rpich) equals half of the center to center
separation of the conductors (D).

It is obvious from Fig. 5 that the real length of the wire
for one pitch of the twisted pair can be easily extracted by
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2nRpitcn 15
Tse®

FIGURE 5. Pitch length of twisted pair cable.

applying the well-known Pythagorean Theorem as following:

Lyire—pitch = v Ll%itch + 72D? )]

Knowing that the number of pitches along the twisted pair

derives simply by dividing Lcaple by Lpiwch, the total wire

length relates to the cable geometries based on the (10):
Lcable
Lpitch

L2

Pitc

Lwire =

, + 72D? (10)

B. DC AND AC RESISTANCES

As discussed in the previous section, two resistive compo-
nents are needed to model resistance of the transmission line
due to redistribution of the current in the cross-sectional area
of a conductor by altering the operating frequency. One com-
ponent to model DC resistance and the other for modeling
AC resistance of the conductor. The DC resistance is simply
calculated according to simple resistivity equation as follows:

4] (11
wd?

where p is the specific electrical resistance of the copper.
Hence the DC resistance matrix comes in the form of (12):
41 0
Ro=| 7@ (12)
0 wd?
At DC frequencies, the current distribution in a conductor is
uniform in the cross sectional area. By increasing the fre-
quency, the magnetic field within the conductor forces the
current to flow from the lower impedance paths closer to the
surface of the conductor. This mechanism which increases
the apparent resistance of the wire is called skin effect and
can be represented by diagonal elements in the AC resistance
matrix.

Although the current density drops off exponentially from
the surface towards the center of the conductor (Fig. 6(a)),
for easing mathematical calculations, it is assumed that the
whole of the current only follows in a shallow region near
the surface (Fig. 6(b)). The thickness of this region which is
defined as skin depth and announced by § is determined based
on the point at which the current density falls to 37 percent of
its value near the surface [1].

The general formula for the skin depth is given in (13):

[ p
§= 13
7Tf Lo ks (13
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(a)

(b)

FIGURE 6. (a) Real (b) approximate current distribution profile in cross
sectional area of a rod wire at some frequency.

where f, po and pr are transmitted signal frequency, the
magnetic permeability of the free space and relative magnetic
permeability of conductor, respectively. As is clear, the skin
depth depends on the electrical and magnetic characteristics
of the conductor in addition to the frequency of the signal
which is transmitted through it. By substituting the effective
cross-sectional area of the conductor that is shown in Fig. 6(b)
in (11), AC resistance of the conductor is obtained as (14):

Rac(®) =p (14)
T

ds—ms?
Since the skin depth is much smaller than the diameter of
the wire, the second-order term in (14) can be neglected.
By doing so and replacing § according to the (13), the fol-
lowing equation is obtained based on the (15) [5]:

Rac () = L [fuopep
d T

When an AC flows through two nearby conductors, proximity
effect is the other phenomenon that causes their apparent
resistance to seem greater than the value that is expected from
the skin effect alone [39], [40]. The current distribution of
adjacent wires with the same and opposite direction current
flows is illustrated in Fig. 7(a) and (b), respectively.

Although the varying magnetic field of the adjacent con-
ductor [42] perturbs the redistribution of the current around
the perimeter of the wire and must be modeled in terms of the
off-diagonal elements in AC resistance matrix, it is possible
to conceptually consider that the proximity effect leads to
increase the skin effect due to further current crowding [8].

Hence, the impact of the proximity effect can be intervened
in (15) by correction factor k, [30] as (16) implies. The

15)
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FIGURE 7. Proximity effect in two parallel round wire with current
following in (a) same (b) opposite direction.

magnitude of this factor is determined by the ratio of the wire
separation and its diameter [28]. Based on the characteristics
that are available from the cable vendor, this ratio is equal
to 1.78 for the twisted pair cable which is selected as a case
study in this paper. Thus, the value of the proximity effect
correction factor will be 1.2 according to [43].

~. U [frourp
Rac () = kp 5/ (16)

By inspecting (16), AC resistance of the conductors is propor-
tional to the square root of the frequency. Therefore, the AC
resistance matrix of the W-element comes in the following
form:

I [popep

oqy T

Rs = 17
s 0 k£ HoMrp a7
Pq T

C. SELF AND MUTUAL INDUCTANCES

It is well known that a current carrying conductor is sur-
rounded by concentric magnetic flux lines. In the case of
alternative current being transmitted, this variation of mag-
netic flux induces a voltage. This phenomenon which poses
a resistance against the current flow can be modeled as an
inductance. When two conductors are placed very close to
each other like balanced transmission lines, the current of one
conductor affects the magnetic flux of the other one. So both
self and mutual inductance of the wires should be considered
to calculate the total inductance of the transmission line. Self
and mutual inductance of the parallel wires can be obtained
according to the (18) and (19) [44].

2 A2 - 42 212
LS=2|:an( l+\/dl —i—d)_v lz—i—d] as8)
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D

/72 2
M=2 [an (M) -2+ D2j| (19)

Since current flows in opposite direction in two wires of the
twisted pair cable, so the total inductance is calculated as (20):

L =2L,—2M (20)

D. DIELECTRIC LOSS

The frequency-dependent characteristics of the dielectric loss
originate from the fact that how much dipoles of the insula-
tion material are able to move by increasing frequency [33].
This effect is characterized by the dissipation factor, namely
tan(8), which is equal to the tangent of the angle between real
and imaginary parts of the electrical permittivity. The value
of the dielectric loss of the insulation material at a specified
frequency is obtained by (21) [45]:

27 21fepe, tand

La(3 + /(3" - 1)

As is clear dielectric loss depends on the wire’s geometry
in addition to the loss tangent and frequency. Since G(f)
is directly proportional to the operating frequency, so Ggm
comes in the following form based on the (22).

G() =

2

2m2lgpertand

Ln(2 +,/(®Y = 1)

According to the all above discussions, the AC dielectric loss
matrix can be written as (23):

Gam = (22)

27r21808rtan8 anleosrtanS ]
2D
D D\? =
Ln(= + <—> ~ 1) L“( d )
Gy = d d
21 2lgpe tand 272lggetand
2D 2D
Ln|{ — Ln{—
L d d i

(23)

E. SELF AND MUTUAL CAPACITANCE

It is obvious that there is some mutual capacitance between
the conductors of the transmission line due to the potential
difference between them [8]. Conductors and their insula-
tion material act as plates and dielectric of this capacitance,
respectively. (24) shows the dependency of the mutual capac-
itance to the wire’s geometries [46]:

!
Cy = 08 (24)

Ln(2 +,/(®)° — 1)

where &9 and &, are the vacuum permittivity and relative
permittivity of insulation material, sequentially. As is clear,
this equation is proportional to the length of the transmission
line.

The self-capacitor of twisted pair wires has two dielectric
media in series between its plates with different permittivity

VOLUME 8, 2020

coefficients. In fact, this capacitor is a series equivalent of
two capacitors whose dielectric media is insulation media of
conductors and air. Since the size of the capacitor with air
dielectric is much smaller than the other capacitor, so the
value of self-capacitance is approximately equal to it. Con-
sequently, to evaluate the self-capacitance of the wires with
respect to the ground, it is enough to calculate the capacitance
of a straight horizontal rod which is elevated at a height h,
above the earth as shown in Fig. 8 [47].

FIGURE 8. An elevated round wire at height of h.

To find an exact and absolute model for the capacitor of the
twisted pair cable, different factors such as excitation mode,
frequency, cable’s type and earth electrical properties must
be taken into account carefully regardless of their effect rate.
Since the main purpose of this work is to provide a simple
and straightforward method of modelling with acceptable
accuracy, some assumptions are made. As the twisted pair
cables are not buried underground and usually are installed
inside the PVC trunks at a specific height above the earth,
so the earth can be considered as perfect ground plane to
calculate self-capacitance. To be more cautious, the thickness
of the cables insulation material and its permittivity should
be involved in this equation. But as the thickness of the
insulation is negligible with respect to the installation height,
it can be ignored to keep the method as straightforward as
possible.

Based on the mentioned points, (25) indicates the equation
of the self-capacitance:

2mepl

Cs = (25)
La(2 + /(&) -1
As h > d, (25) can be approximated as follows:
2mwepl
s = (26)
Ln(4)

It is obvious that the parameters of the W-element model
for twisted pair cable can be easily and directly obtained by
placing the value of the cable characteristics according to the
datasheet in the proposed formulas, without any excessive
effort and time-wasting. On the contrary, for extracting the
cable’s parameters in the conventional methodologies that
rely on S-parameter or time-domain measurements, all mea-
surements or simulation steps must be repeated if even only
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one of the cable’s parameters changes. This issue is very
important from the complexity analysis point of view. Indeed,
the complexity and amount of the time and effort needed to
extract the parameters of a model are the key factors to assess
its performance. Big-O notation is a common mathematical
notation used for this purpose. The letter O is used because the
growth rate of a function is also referred to as the order of the
function. The fastest possible running time for any algorithm
is O(1), commonly referred to as constant running time. O(n),
0O(n?), O(n?), etc. is utilized for describing the complexity of
the more complicated algorithms. As the proposed methodol-
ogy always takes the same amount of time to execute, it can
be considered as an algorithm with O(1) complexity degree.

V. EVALUATION OF W-ELEMENT MODEL FOR A TYPICAL
TWISTED PAIR CABLE

Since unshielded CAT6 twisted pair cable is the best candi-
date for the most of today’s networks by taking into account
it’s all pros and cons, W-element model of this type of twisted
pair cable is extracted in this section to evaluate the validity
of the formulas by comparing its accuracy and performance
against real Fluke test results and HFSS simulations. For
this purpose, LANmark-6 U/UTP Cable of Nexans S.A.
Company with part number of N100.607 is selected as a
case study [48]. It is worth noting that this company is the
world’s second largest manufacturer of cables. A list of the
main characteristics of the aforesaid cable type is gathered in
Table 1.

TABLE 1. NEXANS N100-607 CAT 6 twisted pair cable characteristics.

Part number N100.607
Model name LANmark-6
Category Cat. 6
Type of cable U/UTP
Outer sheath LSZH
Screen Unshielded
Diameter over insulation (D) 1.02 mm
Conductor cross-section (d) 23 AWG (0.5733 mm)
Nominal outer diameter 6.3 mm
Mutual capacitance 56 nF/km
Characteristic impedance (Z0) 100 Ohm
NVP 69%

Assuming that the rise time is 150 ps for 0.35m CMOS
technology and NVP of the cable is 69%, the maximum
allowable length that could be considered as a lumped ele-
ment would be 6 mm. Hence, 2 mm is an appropriate choice
for the length of each lumped element by aforesaid assump-
tions. W-element matrices of the 2 mm unit length of the wire
are calculated as follows:

1333 0 i
Ro = [ 0 133.3} x 10 @7
376 0 _
Rsz[ 0 3.76]><10 7 (28)
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_[652 1.21 10
Lo=|12 6.52] x10 29)
952 -838 14
C=1-83 93 ] x 10 30)
Go =0 31)
[105  -105 16
Ga=|_105 105 ] x 10 (32)

A. VALIDATION OF THE PROPOSED W-ELEMENT MODEL
Unlike straightforward installation procedure of the twisted
pair cable, evaluating circuit equivalent and certifying it is
not very convenient anymore. Almost in all network projects,
the Fluke test is used as a qualifying tool to validate the
performance of the cabling infrastructure. To the author’s best
knowledge, Fluke Corporation is one of the world leaders
in the manufacturing, distribution and service of electronic
test equipment. Thus, the fluke test can be considered as
an appropriate criteria for evaluating the accuracy of the
extracted W-element model. In this paper, a data set of 1000
channel type Fluke test results is exploited for this purpose.
All of these tests have been done with the Fluke DTX-1800
cable analyzer. Fig. 9 illustrates a typical twisted pair cable
test that is done with this device.

FIGURE 9. Typical twisted pair cable testing with Fluke DTX-1800 cable
analyzer.

When using a cable certifier, it is important to pay attention
to the type of test which is set on the device. Permanent
link and channel type is the more common test types of the
Fluke cable testing procedure. Fig. 10 reveals the difference
between the permanent link and channel test types. In the per-
manent link test type, only cabling from the patch panel to the
work area outlet and connectors are considered. Alternatively,
whole connections between a network device (such as switch
or router) and endpoint PC which consist of permanent link,
patch cords and RJ45 connectors [49], [50] are included in the
channel test. In both cases, total loss of two RJ45 connectors
must be subtracted from the results to fairly judge the net
loss which only corresponds to the twisted pair cable itself.
It should be bear in mind that the loss value that manufactur-
ers provide for their connectors is based on the factory tests
in which they are mated to high-quality reference connectors.

VOLUME 8, 2020



M. Zarei et al.: Design Analysis and Evaluation of a W-Element Model for a Twisted-Pair Cable

IEEE Access

Network Switch Patch Panel

Network Outlet End-point PC

Horizontal Cabling

m_““u‘

o

Permanent Link

D =

|
|
|
| Patch Cord :

<
<%

|
|
|
Patch Cord |
|
|

Connector + Patch Panel + Horizontal cabling + Connector + Network Outlet |

Channel

»
>

A

FIGURE 10. Permanent link versus channel link.

"

FIGURE 11. Designed twisted pair cable by HFSS software.
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FIGURE 12. Insertion loss vs. cable length @ 100 MHz.

As this issue does not fully fulfill most practical cases and the
maximum allowed insertion loss for a typical connector based
on the TTA standards recommendation is 0.75 dB, any value
between 0.2 dB and 0.7 dB can be expected for insertion loss
of each connector that its Fluke test is passed. This ambiguity
is one the sources of the error between the extracted model
and Fluke test results. In addition to connectors, the insertion
loss of cable and patch cord should be studied individually to
be more cautious in the case of channel test type.
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FIGURE 14. Insertion loss vs. frequency (logarithmic scale) @ 50 meters
cable length.

Besides the fluke tester, HFSS simulation is carried out
to further assess the performance of the derived model. This
software is a versatile electromagnetic field simulator that is
suitable for analyzing any arbitrary 2D/3D forms of electronic
devices such as antennas, high-speed interconnects and etc.

Insertion loss is one of the key parameters used to analyze
the performance and quality of the inserted component in
telecommunication. Accordingly, the amount of the insertion
loss of the derived model is compared with respect to those
power loss values that are obtained by the Fluke test and
HFSS simulation runs. As the amount of cable insertion
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FIGURE 16. Comparison of the proposed method and the one presented
in [5].

loss increases by increasing the frequency and cable length,
separate comparisons are made to assess the dependencies of
these factors, as shown in Fig. 12 to Fig. 14. Comparative
results confirm the accuracy of the derived W-element for the
Cat 6 twisted pair cable which is selected as a case study.
Propagation delay or the amount of the time required for a
signal to propagate from one end of the transmission line to
the other end, is another important parameter for evaluating
the performance of the network cables. The propagation delay
in a twisted-pair cable is related to the nominal velocity
of propagation (NVP) and its length. The value of NVP is
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FIGURE 17. Impulse response of the proposed W-element model.

specified by cable vendors as a percentage that indicates the
speed of signal traveling in the cable relative to the speed
of the light in vacuum. Since the propagation delay changes
with frequency, so it is obvious that the value of NVP is not
constant along the frequency range. Therefore, ANSI/TIA-
1152 standards state that measurement for propagation delay
and NVP has to be done at 10 MHz. Additionally, NVP is
defined according to the pair with the longest twist length
which has the shortest electrical delay. Fig. 15 illustrates
a comparison between the propagation delay of the real
FLUKE test and the extracted W-element model. This results
proves the correctness of the proposed model. The maximum
difference between the proposed model and the Fluke test is
about 1.7 % which is tolerable for the rule of thumb analysis.

For further performance assessment, the validity of the
proposed methodology is compared to the results provided
in [5]. In that paper, two different types of twisted pair
cables, namely Cat5e Belden 1700A and Cat6 Belden 7851A,
are modeled based on the time domain measurements. The
aforesaid cables’ W-element model is extracted using the
proposed methodology, and the comparison is made based
on the insertion loss (attenuation) of the models. Fig. 16
illustrates the comparison results between these models and
proofs the validity of the proposed method.

Although the model introduced in [5] is a bit more accu-
rate than the model proposed in this paper, but it needs
time wasting TDR measurements for each frequency point.
This overwhelming approach increases the complexity of
the modeling. While the proposed method in this paper is
more straightforward to use and can be considered as a good
engineering procedure to obtain rapid insights about the per-
formance of the twisted pair cables.

The causality is another important characteristic when con-
sidering the time-domain representation of a model [27]. The
causality of the model can be interpreted from the impulse
response which is derived by the inverse Fourier transform of
the frequency response. In a non-casual model, the impulse
response has significant energy during the propagation delay
[51]. Fig. 17 depicts the impulse response of the 50 meters
of the selected cable as a case study. The propagation delay
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of the mentioned length of the cable is 244.5 ns. The result
reveals the causality of the derived model.

VI. CONCLUSION

It can be concluded that in opposition to the simple instal-
lation mechanism of the twisted pair cable, evaluating a cir-
cuit equivalent for twisted pair cable and certifying it is not
very convenient anymore. So in this paper, a set of closed-
form equations and W-element model were proposed for
straightforward modeling of the twisted pair cables based on
their structural and electrical characteristics. Unlike the time
consuming and tedious procedure of using the field solver
software such as ANSYS Maxwell or HFSS for investigating
the performance of the cable, the proposed model can be
exploited by both system designers and cable manufacturers
to gain rapid and clear insight into the overall behavior of the
balanced transmission lines prior to fabrication. Scrutinizing
the effect of each individual parameter is easily possible
by this model. It is enough to place new value in the pro-
posed equations to obtain the results. Since the algorithm
of W-element does not have any hard frequency limitations,
so the derived model can be exploited for almost all operating
frequency ranges of the cables. The proposed model can be
applicable to extract the parameters of the variety of cable
types in which each case is an interesting topic for future
works. As Nexans unshielded CAT6 twisted pair cable is
one of the most common types of used cables in today’s
networks, it was selected as a case study in this paper for
verification of the proposed model. Diversity of the simula-
tions and comparisons have been performed to evaluate the
validity of the provided model. Additionally, the performance
of the model is assessed in regard to the real Fluke test
results. Furthermore, performance of the proposed method
is evaluated regarding to the results provided for two other
twisted pair cables, namely Cat5e Belden 1700A and Cat6
Belden 7851A that are reported in the literature.
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