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Coupling Impact Between a Radial Antenna and
Guided Modes on Twisted-Pair Systems Operating
in Millimeter-Wave
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Abstract—Recent research points out that transmission at
terabits per second (Tbps) is feasible over copper cables if they
were used as millimeter waveguides. The challenge is how to
efficiently couple signals to the higher-order modes of twisted-
pairs. This paper investigates the effectiveness of radial antennas
on the coupling of near-terahertz signals to twisted-pairs. For
that, the scattering parameter of the proposed antenna and the
intensity of the electric field around the pairs are evaluated
from numerical simulations. We also present the attenuation
coefficients of four guided modes in a twisted-pair with typical
constructive parameters and evaluate aggregate data rate results
through Shannon’s capacity. The results indicate the coupling
efficiency may reach up to 71.62%, yielding an aggregate data
rate over copper cables up to 0.17 Tbps at 10 m.

Index Terms—Antennas, Coupling of guided modes, Terabit
DSL, Twisted-pair.

I. INTRODUCTION

ROADBAND systems that use copper cables like DSL
(Digital Subscriber Line) exploit the TEM (Transverse
Electromagnetic) mode to transmit data. However, to ensure
higher rates it is necessary to use increasing frequency bands,
where the attenuation over the TEM is higher. So the way to
achieve higher data rates is to limit the range of the system
as one goes up in frequency [1], [2]. As applications for
5G systems require rates above tens of Gbps (Gigabit per
second) [3], the use of TEM mode on wired systems makes
it unfeasible to achieve such high rates, even for short links.
In order to give more survival to cables in the context of
5G applications, it was proposed to explore the transmission of
higher-order propagation modes for transmission, in a system
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called Terabit DSL [4]. These modes are of type TE (Trans-
verse Electric) or TM (Transverse Magnetic) and arise when
the wavelengths associated with the operating frequencies are
of the same order or smaller than the dimensions of the
cross-section of the cable, which comprises the millimeter-
wave frequency range [4], [5]. Through those modes, one can
achieve data rates of up to 1 Tbps in a single twisted-pair of
100 m, according to [4]. Despite its potential, there are two
issues related to the predictions reported in [4], that causes an
evident overestimation of the performance of Terabit DSL.

The first one regards the model assumed by [4] for the
cable’s attenuation: the Sommerfeld line. It is a single bare-
wire model that does not describe twisted-pairs suitably.
Simulations to determine the data rate of the Terabit DSL
system considering the attenuation of the twisted-pair cable
with realistic constructive characteristics are done in [6], where
it was indicated that the data rate and range of the pair do
not reach the levels presented in [4], but are much higher than
those of the last generation of DSL. In [7], [8], the propagation
properties of a cable structure close to telephone cables are
measured, at the frequency of 200 GHz, but this measured
waveguide lacks typical characteristics of twisted-pairs, such
as its twisting and isolation.

The second one is the assumption in [4] that all power
delivered to the twisted-pairs is coupled to the higher-order
modes, i.e., it is assumed perfect coupling. In contrast, the
efficient excitation of such modes (high coupling efficiency) is
a big challenge. Even for simple structures as the Sommerfeld
waveguide, there are still limitations to efficiently couple near-
THz signals [9]. The work [6] also assumes perfect coupling
and does not investigate which structures would be viable for
excitation and coupling of the higher modes.

The goal of the paper is to investigate the coupling between
an excitation source formed by a radial antenna and a twisted-
pair. Here, differently from [4], [6], [8], we investigate the
transmission capacity when using the higher-order guided
modes of a twisted-pair, considering both the attenuation
effects of the modes and the structures used for excitation
and coupling.

The contributions of this paper are: i) present attenuation
values of the higher-order modes of twisted-pairs with typical
physical characteristics, ii) evaluate the radial antenna struc-
ture, the positioning of the twisted-pair, and the frequency
range that maximizes the coupling efficiency, iii) estimate data
rate from the observed coupling efficiency and attenuation
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results, iv) present a more realistic performance of using the
higher-order modes of twisted-pair and compare with those
reported in previous works.

The remainder of this paper is organized as follows. Section
IT describes the features of the higher-order modes of twisted-
pairs and different coupling methods. Section III presents the
methodology of the study employing numerical simulations
and the approach to calculate data rates. Section IV presents
results concerning the coupling efficiency, and data rates
assuming the observed coupling efficiency. Finally, Section V
presents our conclusions.

II. PROPAGATING AND COUPLING SIGNALS TO GUIDED
MODES

A. Waveguides

The use of twisted-pair as a waveguide is still not a very ex-
plored topic. However, waveguides made up of simpler cylin-
drical conductors and which already have well-established ana-
Iytical modeling, help to understand and evaluate the guidance
in the twisted-pair. Among these simpler waveguides, we can
mention Sommerfeld and Goubau waveguides. These are also
known as surface waveguides, since electromagnetic fields are
guided on the surfaces of their conductors along their lengths
[10].

Sommerfeld’s waveguide is described by a bare cylindrical
conductor, as shown in Fig. 1 a. The possibility of guiding
along the surface of a conductor was demonstrated by Som-
merfeld, with this structure, in 1899. It was shown that the
main mode of propagation in the bare conductor is a TM mode
with no cutoff frequency and that its existence is only when
conductor conductivity (o) is finite [11].
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Fig. 1. Waveguides a) Sommerfeld and b) Goubau. Distribution of electric
field around the guides of ¢) Sommerfeld and d) Goubau.
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Despite the advantage of low attenuation along the con-
ductor, Sommerfeld demonstrated that this bare conductor
guided the propagated wave in a dispersed way, in other
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Fig. 2. Attenuation level of Sommerfeld, Goubau and twisted-pair waveg-
uides.

words, it extended over a wide area around the conductor
before decaying to negligible values, making the guide very
susceptible to external disturbances, imperfections and curves
in the guide, shown in Fig.1c [11] [12].

Solving the field dispersion problem on the Sommerfeld
line, we have the Goubau waveguide [12]. This waveguide is a
bare conductor with the addition of a dielectric coating around
the cylindrical conductor, as shown in Fig. 1b. The presence
of the dielectric causes the electromagnetic field guided on
the surface to approach the conductor, that is, it increases the
confinement of the field to the structure, as shown in Fig. 1d.

Thus, the Terabit DSL scenario sees the possibility of using
the twisted-pair as a waveguide, as well as these simpler
guides by Sommerfeld and Goubau. This possibility of using
the twisted-pair as a waveguide is shown in [6], due to the
attenuation level of the twisted-pair, as shown in Fig. 2, that
is approximated to the level of the Goubau waveguide.

The distribution of electric field in Fig. 1 and the attenuation
in Fig. 2 was calculated using the software HFSS (High-
Frequency Structure Simulator), following the same procedure
as [6]. It was assumed a 0.255 mm copper radius and 0.4 mm
polyethylene insulation radius. The materials were configured
to have a conductivity equal to 5.8 X 107S/m for copper. The
dielectrics loss tangent and relative permittivity are 4 x 10~
in 10 GHz and 2.25 for polyethylene, according to the values
presented in [13].

B. Antennas and Coupling Method

Despite the possibility of using the twisted-pair as a waveg-
uide, in the literature there is no study that makes the study
of which excitation source and which coupling method would
be more suitable for such activity.

In the context of surface waves and cylindrical waveguides,
the literature points out that the most appropriate is the use of
antennas that propagate waves with circular polarization. This
recommendation is due to the difficulty of coupling a linearly
polarized source in radial structures, which happens due to
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the weak spatial overlap of the guided mode that is radially
polarized [9].

Thus, in the literature, in addition to the use of antennas
with radial polarization, there are alternatives to facilitate
coupling in waveguides, for example, using methods that
increase efficiency between the antenna and the waveguide
in GHz to THz bands.

Among these coupling methods, the literature includes the
scattering in-couple [14], mode filters [15], plasmonic in-
couplers [16] and the used method in this article lens focusing
[17]. In the scattering in-couple method, a linearly polarized
THz pulses are generated by a coupled fiber photoconductive
transmitter and focused on a stainless steel waveguide. A
second stainless steel wire acts as an input coupler. Thus, a
radially polarized mode is excited in the space around the
waveguide [14]. The Mode filters method consists of using a
differential phase plate that induces a polarization inversion in
comparison to the electromagnetic field previously launched
in the wire [15]. The plasmonic in-couplers method involves
the insertion of the end of a tapered metal wire in the center
of a circular opening smaller than the wavelength, made in
an autonomous planar metallic sheet [16]. The opening of
the shortest wavelength is surrounded by concentric annular
grooves. Finally, the lens focusing method consists of using a
lens for directly focusing a broadband THz wave beam with
conventional lenses [17].

Among these methods used in the literature, there are very
varied efficiencies, also due to the different scenarios that are
used. These values can be seen in Table I. As shown in the
table, we chose the method that has higher efficiency, the lens
focusing method.

TABLE I
COUPLING EFFICIENCY FOR EACH METHOD.
Work Method Efficiency
[14] Scattering in-couple 0.50%
[15] Mode filters 50%
[16] Plasmonic in-couplers | Unspecified
[17] Lens focusing 66.30%

ITII. SIMULATION SETUP
A. Construction of the Simulation Scenario

The simulation scenario was built using the software HFSS,
which uses the finite element method for computational solu-
tions for electromagnetic design and analysis.

The assembly of the 3D scenario was organized and sim-
ulated in the following steps: construction of the antenna,
attachment of the antenna to the coupling lens and substrate,
assembly of the cable as a waveguide, and positioning of it in
the scenario.

1) Antenna, Substrate and Lens: The antenna used in
this article was based on an antenna proposed in [9], as
mentioned in Section II-B, it has radial polarization and good
coupling with radial structures in the THz range, such as
metal wire waveguides, similar to the Terabit DSL scenario.
The combination of the antenna and coupling method (radial
antenna plus dome) of [9] matched very well physically and

y
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Fig. 3. Model of the photoconductive antenna proposed in [9]. (a) Real model
with feeding rod. (b) Ideal model used for simulation.
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Fig. 4. Lumped port used to fed the antenna, from HFSS.

electromagnetically. Thus, we chose to use it, since another
efficient set of antennas and coupling methods was not known
and would require further investigation. As shown in Fig. 3,
the antenna consists of two electrodes, the outer one with
radius 7., and the inner one with radius r;. The actual antenna
is fed by an electrode that crosses the outer electrode and
reaches the inner electrode, as shown in Fig. 3a. However, for
simulation purposes, the antenna was mounted without this
feeding electrode, being excited in the area between the ring
electrodes (gap) using a lumped port available in the software,
shown in Fig 4. The red area represents the lumped port
and the arrow the direction of excitation (from the external
electrode to the internal).

As presented in [9], the proposed antenna is used with two
structures to improve coupling on the waveguide: a substrate
and a coupler lens (or dome). The antenna used was arranged
in the x-y plane between the substrate and lens interface, as
outlined in Fig. 5.

The antenna proposed in [9] has dimensions described in
Table II. In [9] the substrate consists of a medium with a
dielectric constant equivalent to 13, which is approximately
equal to the GaAs (Gallium Arsenide) material, with a thick-
ness of 500 um. The coupler lens is represented by a 2000
pm radius spherical silicon dome, placed on the other side of
the antenna to attach the beam to the cable.

However, it was necessary to resize the structure geometry
(antenna, substrate and lens) to meet the frequency band of
Terabit DSL, from 0.1 to 0.3 THz [4].

Due to the radiation pattern of the original antenna used in
[9], a reflective plane was inserted at the back of the substrate
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Fig. 5. Schematic representation of the antenna attached to the substrate and
the coupling lens.

TABLE II
PARAMETERS OF THE ORIGINAL SIMULATED ANTENNA PROPOSED IN [9].
Parameters Values[pum]
Inner electrode radius (7;) 2.5
Gap radius (rg) 102.5
External electrode radius (re) 112.5
Structure thickness (e) 0.035

as schematized in Fig. 6. This reflector plane was constructed
using the PEC (Perfect Electric Conductor) material and aims
to change the distant field pattern of the original antenna in
free space, as shown in Fig. 7.

Fig. 6. Dome, substrate and antenna with PEC on the back of the substrate.

Theta/Degree
a) b)

Fig. 7. (a) Far-field of the antenna simulated at 0.3 THz in free space. (b)
Antenna radiation pattern with radial polarization in the y-z plane at 0.3 THz.

2) Cable Positioning: To complete the scenario was nec-
essary to define the waveguide position. In this article, the

waveguide used is a twisted-pair with characteristics of the
CAT 5e (Enhanced Category 5), with the dimensions described
in Table III based on the cross-section of the pair, as shown
in Fig. 8.

Fig. 8. Cross-section of twisted-pair.

TABLE III
CONSTRUCTIVE PARAMETERS OF THE TWISTED-PAIR.

Parameters Value [mm] | Associated material
Conductor radius (a) 0.255 Copper
Insulation radius (b) 0.4 Polyethylene

Twist length 12.63 -X-

For the positioning of this twisted-pair in the scenario, it was
evaluated which would be the best position, since in [9] this
is not specified. Then, some positions were arbitrarily defined,
and from the average signal power, it was determined which
is the best position of the twisted-pair for the composition of
the complete simulation scenario, as shown in Fig. 9.

Substrate

/

Lens

Twisted pair

Fig. 9. Complete scenario design.

B. Coupling Evaluation and Guiding Analysis

The main objective of the article is to evaluate the coupling
between the antenna and the twisted-pair. Coupling efficiency
is the ratio between the power coupling on the twisted-pair
and the power radiated by the antenna. Coupling efficiency is
calculated by [17]:

P (avg,Pi)

= 5l (1)
(avg,Po)

where P(4y¢ pi) is the power in the coupling plane and
P(avg,po) s the power in the output section of the antenna.

For the calculation of coupling efficiency, which is a power

ratio, measurement sections were arranged to determine the

average power in each plane, from the Eq. (2), as shown in

Fig. 10. The measurement planes were defined as Po, Pi and

Pf, which are the antenna output plane, coupling plane and
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Fig. 10. Complete scenario design with measurement planes Po, Pi and

Pf.

cable output plane, respectively. The average power, Pg, 4, in
each plane is calculated as [12]:

1 .
ng:E/%{ExH*}dA, 2)
A

where dA = dAZ, dA is the waveguide cross-section area
element, E is the electric field and H* is the conjugate of
the magnetic field.

It is important to comment that the methodology adopted
for calculating the average power and coupling efficiency was
based on [17]. We consider that all the energy in the direction
of propagation is coupled to the cable.

For guiding analysis in the cable, a power analysis is also
performed in the measurement sections. However, instead of
using the planes Po and Pi, the planes Pi and P f are used,
and it is possible to evaluate the decay in dB.

C. Calculating the Transmission Rate

After calculating the coupling efficiency, the channel rate
predictions were calculated and compared with those predicted
in [4]. This prediction was based on the Shannon’s capacity
compensated by the SNR (Signal to Noise Ratio) gap as [18]:

K
CzAfZlogz (1+ 3)
k=1

SNRy

)
where the transmission rate C in bit/s is a function of the
bandwidth of each subchannel A f, the total number of sub-
channels K, the SNR in each subchannel SNRy, and the SNR
gap I', approximated by I'yp =~ 9.75 + v, — y., Where 7y,
is the encoding gain and vy, is the system margin desired,
as defined for DSL systems [18]. In addition, the number of
bits per subchannel is rounded to the nearest integer toward
negative infinity and is limited to a maximum value.

The SNR per subchannel k is calculated by [18]:

|Hi|*pi

SNRy = 5%, )

where the SNR depends on the absolute squared value of the
transfer function of each mode |H|?, the transmitter PSD
(Power Spectral Density) px, the AWGN (Additive White
Gaussian Noise) PSD o2, Using a flat transmitter PSD, the

total transmit power, P;, is divided equally for all subchannels
in the frequency range. The absolute value of the transfer
function for each mode is determined as [19]:

|Hy| = e™ !, )

where aj is the attenuation constant of the mode over fre-
quency of the subchannel k and / is the cable length in meters.

To consider the coupling on the rate predictions, the SNR
should be calculated using the coupling efficiency in each
subchannel, 77y, between the antenna and the twisted-pair, as
defined by [18]:

|Hi*p
Nk———> -

coupling _
SNR = = ©6)

Finally, the aggregate data rate achieved by the twisted-pair
is determined as the sum of the capacity of each mode.

IV. RESULTS ANALYSIS

The scenario was gradually constructed and evaluated. First,
the antenna was evaluated separately, the effects of the dome
and substrate, and finally, the electromagnetic field behavior
was evaluated in the complete scenario (antenna, dome, sub-
strate and cable). Therefore, this section describes the results
according to the evolution of the scenario, presenting as the
main results the coupling between the antenna structure and
cable, ending with a rate assessment based on the obtained
coupling data.

A. Antenna Operation

The antenna model, as mentioned in Section III-A, was
based on the article [9], it was simulated by varying some
parameters for operation according to the Terabit DSL system,
which uses a frequency range from 0.1 to 0.3 THz. Thus,
the resonance frequency adjustment and improvement of the
operating range were carried out from simulations varying the
parameters below:

« Variation of the dimensions of the structure proportion-

ally;

« Variation of port impedance;

Firstly, the antenna dimensions were varied, based on the
configuration proposed in the base article and summarized
in Table II, to adjust the frequency range of the Terabit
DSL scenario. The variation was made by multiplying all
dimensions by a constant m. The constant m was varied until
the desired frequency range was reached. For this, in the
simulations performed, the values of 1, 2, 5, 8, 11, 14, 17,
and 20 were adopted for m. The most appropriate value of m
for the range of interest was 20, as can be seen in Fig. 11,
where the S decays significantly from 0.1 THz, as desired.

To estimate the antenna impedance to m = 20, the scattering
parameter was used as a metric while the port impedance
was varied. The smaller the scattering parameter, the port
impedance got closer to the antenna impedance. Then, in the
software HFSS, a variation of the impedance value was carried
out from the default value of the software, 50 Q, until the
impedance value where the level of the scattering parameter
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Fig. 11. Behavior of scattering parameter in function of frequency range from
variation of dimension of antenna, considering the values of m equal 1, 2, 5,
8, 11, 14, 17, and 20.

became appropriate, e.g. defined in [20] equal to or less than
-10 dB.

In Fig. 12, it is possible to notice that the impedance
variation does not change the operating frequency range, as
it happened with the dimension variation, but change the level
of the parameter |S;|. As this parameter was changed, the
|S11| curve reached levels below -10 dB. Fig. 12 shows that
over the impedance variation the most suitable value is around
150 Q, this behavior is confirmed by observing the levels of
the parameter |Sq;| that for smaller and greater values than
150 Q are at levels above -10 dB. Then, it is determined that
the antenna impedance is approximately 150 Q.

Starting from the frequency determination, with the param-
eter m chosen equal to 20 and with the appropriate levels of
|S11| for propagation, the antenna used for the next simulations
will have new dimensions: internal electrode radius, r;, 50 um,
gap radius, ¢, 2.05 mm and external electrode radius, 7., 2.25
mm.

—50 Q
100 Q
5k 150 Q
—200 Q
-10 =
)
k=)
= 15 F g
2
20 .
25 b ]
30 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0 01 02 03 04 05 06 07 08 09 1
Frequency (THz)

Fig. 12. Impedance variation according to the appropriate size of the antenna
(m=20) showing changes in |S;;| parameter level.

B. Substrate and Lens Adaptation

As the dimensions of the antenna were changed, the dimen-
sions of the substrate and the lens became disproportionate.
Then, an evaluation was made to choose the most suitable
dimension for these structures, according to the new dimension
of the antenna.

In this analysis, a constant n was defined, in the same way
as the constant m, to vary proportionally the dimensions of
the lens and substrate. In order to evaluated which value of n
was more appropriate, an average power measurement section
was placed at the lens output and verified which returned the
highest value, as shown in Fig. 13.

The constant n was defined starting from a value in which
the antenna’s entire structure was included in the substrate
and lens structures. The value 1 was not chosen because the
antenna would still be at the edge of the structure. So, the
variation started from 1.1, slightly higher than the antenna
structure, up to 2.

n=1.5 n=2

Fig. 13. Variation in the dimension of the dome and substrate structures
according to the parameter n.

The results of average power in the lens output section,
presented in Table IV, obtained in the simulations, indicate
that among the investigated values the most suitable dimension
for the lens and substrate was n equal to 1.1. The dimension
of n equal to 1.1 was chosen because it reached the highest
average power value, 0.6018, and concentrated more the field
in the section, as is clearly observed in Fig. 14.

E-Field V/m . ‘

- 1.62E+04

- 7.59E+03

.25 1E+01

Fig. 14. Planes for measuring field concentration for different dimensions of
nan=1.1b)n=15¢c)n=2.

From these results, the new dimensions of the dome radius
and substrate width were 2.475 mm and 4.95 mm, respectively.
The radius of the dome and the width of the substrate were
changed according to the variation of n, but the thickness of
the substrate was maintained.

With this determined dimension and with the insertion of
the PEC in the back part of the substrate, it was possible to
evaluate the far-field of the structure and radiation diagram,
presented in Fig. 15.
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TABLE IV
AVERAGE POWER IN OUTPUT SECTION FOR PARAMETER VARIATION 7.

n Average Power (W)
1.1 0.6018
1.5 0.4493
2 0.4215
Abs (Gain Total) 0
Max:12.79 ’
i‘ o OATheld(dEg) 30 ) 9% 30
: \7.
12 240 & 60 60
10 E\ - J
(1] 2 \‘/ = 120 g9 W 90
4 |120%
l 2 0 Phi (deg) 120 120 0
0 -150 150
-180
a) b)
Fig. 15. a) Far-field and b) radiation diagram of the antenna with dome,

substrate and PEC at the back of the substrate.

It can be seen in Fig. 15 that the electromagnetic field
distribution, far-field, and the radiation diagram in Fig. 15b
of the structure maintained their radial configuration but only
directed on the axis positive z.

C. Positioning of Twisted-Pair

In order to complete the setting of the scenario, it was nec-
essary to evaluate in which position the twisted-pair should be
placed. For this, the position was varied along the z axis, with
some positions defined: inside the dome (x,y, z) = (0,0,0.1)
and (x,y,z) = (0,0, 1.275), at the exit of the dome (x,y,z) =
(0,0,2.475) and away from the dome (x,y,z) = (0,0,3.5)
and (x,y,z) = (0,0,4.5).

For this evaluation, the average power was measured in
the coupling section, Pi, and in the cable exit section, Pf,
checking which position reached the best values. This variation
was done until the average power value started to decrease, as
it happened with the power value for the last position of z.
The results obtained in this evaluation are presented in Table
V.

TABLE V
AVERAGE POWER IN SECTION Pi AND P f FOR DIFFERENT CABLE
POSITIONS.
Position (mm) | Avg. power at Pi(W) | Avg. power at Pf(W)
z=0.1 0.5547 0.0531
z = 1.2375 0.3272 0.0600
z = 2475 0.3280 0.0971
z=35 0.3655 0.1132
z=45 0.3602 0.0804

From these results, it was defined that the best position for
the twisted-pair is (x,y,z) = (0,0,3.5), since it was the value that
reached the highest average power in the measurement section.
As shown in Table V, the field guidance did not happen,
although some positions have high values in Pi, demonstrating
that the power calculated in the section was not exactly that
coupled to the cable, as for example in z = 0.1.

D. Coupling Evaluation

After the complete adjustment of the scenario, with the
proper positioning of the cable, it was possible to evaluate the
signal coupling between the antenna and the twisted-pair. The
coupling was calculated for the central frequency of Terabit
DSL, 0.2 THz, from Eq. (1) and Eq. (2), as explained in the
Section III-B.

Thus, the coupling was calculated from Eq. (1) using the
average power values in the Po and Pi sections. The average
power values in the sections were 0.657 W and 0.365 W, so
the coupling between the antenna and the twisted-pair cable
was 55.57 %, at 0.2 THz. The electromagnetic field in the Po
and Pi sections can be observed in Fig. 16.
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Fig. 16. Electromagnetic field in measuring planes Po and Pi.

In addition to calculating the coupling at the center fre-
quency of the Terabit DSL, 0.2 THz, the coupling was
calculated over the entire frequency range of the system, which
will assist in the prediction of the transmission rate. The results
are shown in Fig. 17.

= = Coupling
Po

== Pj

08 r 0.8

Average Power (Watt)
Coupling

0 ! ! 0

0.1 0.15 0.2
Frequency (THz)

0.25 0.3

Fig. 17. Average power in the Po and Pi planes and coupling, for antenna
with new defined dimensions in 0.2 THz.

From the analysis of Fig. 17, it is possible to notice that the
coupling in the twisted-pair is quite variable as the frequency
also varies. This variation reaches levels below 40% up to
values of 71.62% in the frequency of 0.175 THz, in addition
to intermediate values of for example 55.57% in the frequency
of 0.2 THz.

It is important to note that despite the coupling values
being at levels above 50 %, in some points the average power
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Fig. 18. Electromagnetic field in the P f planes. a) With cable and b) Without
cable.

value is extremely low, such as 0.25 THz. The exact reason
for this power drop at this frequency point cannot be stated,
but a potential reason would be that the field reflected by
the reflective surface would destructively interfere in the field
emitted to the twisted-pair. So, in a real transmission it would
be interesting to evaluate an antenna that obtains powers at
appropriate levels in the entire frequency band, or else use
the simulated antenna only for frequency bands with adequate
powers.

Although the coupling presented high values, one question
that needed to be discussed was whether this energy was
being guided by the cable or was only following the direction
of propagation of the positive z-axis. Thus, we performed a
simulation of the complete scenario (antenna, substrate, lens
and cable) and one of the scenario without the cable (antenna,
substrate and lens) and positioned a measurement section in
the Py position, position shown in the Fig. 10, for both cases.

As a result of this evaluation, Fig. 18, shows the mea-
surement section at position Pf, showing that, in addition to
the efficient coupling on the twisted-pair cable, the energy
is guided along the z-axis. In Fig. 18b it is clear to see
that without the cable the power disperses before reaching
the measurement section (P f), while in Fig. 18a, the field is
guided in the vicinity of the cable.

E. Prediction of Transmission Rate

The system transmission rate is calculated using the meth-
ods described in Section III-C, considering the attenuation
results of the higher-order modes of the twisted-pair in Fig. 2
and the coupling between a radial antenna and the twisted-
pair presented in Fig. 17. Some necessary parameters for
calculating the rate are described in Table VI and were all
taken from [4]. As the attenuation and coupling efficiency were
simulated with fewer points than the number of subchannels,
an interpolation was made to obtain them with the same
number of frequency points.

It is important to say that to aggregate the rates of each
propagation mode, it is necessary to design a specific antenna
for each mode. In general, each of these antennas would have
its own characteristics and different coupling coefficients. In
this work, for simplicity, we consider that the radial antenna
excites all four guided modes of Fig. 2 and the coupling
efficiency obtained in Fig. 17 is considered to be the same
for each one.

TABLE VI

PARAMETERS USED TO CALCULATE THE RATE.
Parameters Value

Number of subchannels (K) 4096

Maximum of bits per subchannel 12

Codification gain (y.) 7.0 dB

Margin (y,) 6.0 dB
Total transmit power per mode (P;) 20 dBm

Spectral power density o> do AWGN | -160 dBm/Hz
0.250 7.8

Considering 100% coupling
Cioffi et al. (2018)
Calculated coupling 76

0.200 r

0.150

0.100

Aggregate rate (Tbps)
Aggregate rate (Tbps)

0.050 r

10 12 14 16 18 20
Cable length (m)

Fig. 19. Comparison of the predicted rate of this article (Calculated coupling)
and that predicted in the literature, considering 100% coupling and the rate
predicted by Cioffi in [4].

Fig. 19 shows the aggregate bit rate versus the cable length
variation for the proposed radial antenna structure by consider-
ing the frequency range of 0.1 to 0.3 THz. For comparison, the
figure also shows the same results considering 100 % coupling
and the predicted rate from Cioffi et al. [4].

It was observed from the rate provided in Fig. 19, that the
levels provided in [4] really are overestimated, as expected due
to the simple electromagnetic model that was assumed for the
twisted-pair. It is also shown that the rate is slightly below
the rate that considers a coupling ideal (100 %) between the
antenna and the modes excited in the cable. For a cable with
a length of 10 meters, the aggregate rate to the user is around
0.17 Tbps, while for 100 % coupling it reaches values of 0.24
Tbps and in [4] exceeds 7 Tbps.

As for the results in [8], the data rates above 1 Tbps are
achievable at short distances, approximately below 10 m, and
reach about 30 Gbps at 15 m. This is much more similar to
our results, however, the cable measured in [8] does not have
the typical characteristics of a twisted-pair, such as its twisting
and isolation, making it difficult to compare with ours results
for a twisted-pair.

Fig. 20 evaluates which modes enable data transmission
using the coupling provided by the proposed radial antenna
structure for different twisted-pair lengths, i.e., 1, 5 and 10
meters. According to this figure, it is possible to transmit in the
4 modes of the considered twisted-pair from 1 and 5 meters,
but in 10 meters, the attenuation levels of the 1% and 3" modes
are very high, and only the 2" and 4™ modes can be used.
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Fig. 20. Contributions of the higher-order modes to the aggregate data rate.

V. CONCLUSION

This article investigated the signal coupling between a
twisted-pair and a radially propagated antenna, in the fre-
quency range of the Terabit DSL system. These systems have
recently been suggested to operate at Terabit rates per second,
as an evolution to DSL technology. However, a challenge
of this technology is the coupling of these guided modes
in the twisted-pair. The analyses of this article are based on
numerical simulations about the coupling efficiency between
an antenna with radial propagation and a twisted-pair, in a
frequency of 0.1 to 0.3 THz. As a result, this article shows
55.57 % coupling efficiency in the central frequency of the
band and reaching levels of up to 71.62 % for the frequency
of 0.175 THz. From the coupling results, the rate forecasts
were calculated reaching levels of 0.17 Tbps for twisted-pairs
up to 10 meters, showing that some data in the literature are
unrealistic since they do not consider real scenarios. Future
works should also design specific antennas to couple into
the higher-order modes of twisted-pairs. Taking into account
that the field distribution of each mode may not have radial
symmetry, future works should also investigate the use of
broadband antennas with linear (bow-tie) or circular (log-
spiral) polarization.
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