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ABSTRACT A novel compact high-efficient circularly polarized conical horn antenna is realized with Wire
Electrical Discharge Machining (EDM) technique operating at 300 GHz for 6G wireless communications is
presented. The proposed antenna structure consists of three main components; a waveguide feed, a circular
polarizer disk, and a conical horn. The waveguide feed is a standard WR-03 rectangular waveguide which
feeds the whole structure. The circular polarizer disk is comprised of a crossed slot with unequal lengths
which are perpendicular to each other. By adjusting the lengths of both slots, two orthogonal modes are
excited in the antenna to produce circular polarization. The conical horn is mounted on the circular polarizer
disk. The proposed antenna was designed and optimized using CST Microwave Studio and is validated
experimentally by an inexpensive direct Wire-cutting EDM technique over the WM-860 frequency band. The
fabricated circularly polarized horn antenna achieved a wide impedance bandwidth of 20 % from 270 GHz
to 330 GHz with a reflection coefficient < —15 dB. The measured results show that the 3 dB axial ratio
of the fabricated antenna prototype has a bandwidth of 7 GHz from 309 GHz to 316 GHz with a minimum
axial ratio of 1.15 dB at 312 GHz. The measured normalized radiation patterns show good agreement with
simulated results for different frequencies in both the elevation and azimuth planes at broadside direction
with good symmetry in both planes.

INDEX TERMS Axial ratio (AR), circularly polarized (CP), electrical discharge machining (EDM), horn

antenna, sixth-generation (6G), terahertz (THz).

I. INTRODUCTION

Recently, the terahertz (THz) frequency spectrum spanning
from 0.1 THz to 10 THz has been highly valued in differ-
ent fields such as wireless cognition, imaging, spectroscopy,
sensing, super-high precision positioning and future wireless
communications [1]. Sub -THz frequency (100 GHz - 1 THz)
band, which has not been allocated for specific uses yet,
has an extremely broad atmospheric transmission window
(~100 GHz bandwidth), with manageable losses, and will be
ideal for building wireless links with ultra-high data-rates up
to a terabits per second (Tbps) with super-reliability and mini-
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mal latency communications. All of these properties make the
sub-THz spectrum ideal for sixth-generation (6G) wireless
mobile communications [1].

At THz frequencies, the need for high gain antennas is very
important in order to overcome high atmospheric absorption,
and high path loss at these frequencies, which will affect the
budget of the wireless link. The need for directive antennas
for 6G wireless fronthaul/backhaul for cellular mobile radio
networks is increased in case for applying point-to point high
data rate wireless links according to fixed radio systems [2].
Moreover, circularly polarized (CP) antennas are required
for any modern wireless communication systems due to
their ability to avoid multipath fading, polarization mismatch
between the antennas, and enhance the channel capacity of
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the communication link. Therefore, it is important to develop
front-end components focusing on CP THz antennas. For
Sub-THz frequencies (i.e. 300 GHz), manufacturing errors
become crucial with respect to antenna characteristics, so a
simple structure, such as horn, is preferred. Horn antennas
have been proposed at THz frequencies [3]-[8] with good
radiation performance but no one has designed CP horn
antennas at Sub-THz frequencies.

Recently, progress in Wire-cutting and die-sink Electrical
Discharge Machining (EDM) technique in terms of accuracy
and very precise control of the machining tools has made pos-
sible the fabrication of very delicate components needed for
antennas at the millimeter wave frequency [9]-[11]. A direc-
tive and low loss antennas obeying the THz-wireless commu-
nication requirements can be obtained. Compared to conical
corrugated horn antenna with 24 gold-coated silicon platelets
at 330 GHz manufactured by using a deep reactive-ion etch-
ing (DRIE) process of silicon micromachining [12], our struc-
ture is very simple with three main components of brass and
made economically by using metal cutting Wire EDM.

In this paper, we numerically and experimentally inves-
tigate a circularly polarized conical horn antenna for the
WM-864 frequency (220 GHz-330 GHz) band, which has
been fabricated by direct Wire-EDM machining in a single
block of metal. The rest of the paper is organized as follows.
Section II describe the basic concept of conical horn antenna
design in terms of parametric study and its design factors for
improving the antenna characteristics. Section III presents
a fabricated prototype of the Sub-THz CP horn antenna.
Finally, the measured reflection coefficient (S11), antenna
directivity, axial ratio (AR), 2D radiation patterns in both
principle planes, 2D AR, and the radiation pattern at different
frequencies, which confirm the simulations are provided in
Section I'V. To the best of our knowledge, this is the first time
a 300 GHz CP conical horn antenna have been successfully
manufactured by direct machined using Wire-EDM in one
block of metal. In comparison with the CP horn antenna
proposed in [13] using EDM technology at 110 GHz, which is
comprised of a series of hexagonal and transition waveguides,
our proposed structure is considered to be much easier for
design and fabrication at 300 GHz.

Il. ANTENNA DESIGN AND CONFIGURATION
The geometry of a conical horn antenna is shown in Fig. 1.
To design a conical horn for a desired gain “G” of 20 dBi at

FIGURE 1. Conical horn geometry.
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a 300 GHz design frequency (free space wavelength A9 = 1
mmblg), we use the following procedure [14]:

3A 0
a, = —
! 2
a, = Lm(GdBi+2.9l)/lo )
2
R— 4a§ 3)
T 3A
— oin—1 (%
6 = sin (R) @
a, — a;
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tan 0 ©)

where “a;” is the radius of the throat horn, “a,”’ is the radius
of aperture horn, “R” is the slant length, “6” is flare angle,
and “L” length of conical horn.
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FIGURE 2. Structure of the proposed antenna (a) 3-D exploded view,
(b) top view.

Fig. 2 illustrates the 3D geometrical view of the proposed
antenna structure. The antenna consists of three components,
which are waveguide feed, circular polarizer disk, and conical
horn respectively. The waveguide feed is standard WR-03
rectangular waveguide works in WM-864 frequency band.
This component, rectangular waveguide, works as feeding for
the whole structure without using a transformer section from
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FIGURE 3. The directivity versus frequency for different dimensions of
conical horn antenna.
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FIGURE 4. The axial ratio (AR) versus frequency for different lengths of
crossed-slot antenna.

rectangular waveguide WR-03 to the circular waveguide in
the input of conical horn.

The circular polarizer disk with a tail as shown in the
Fig. 2(a) is crossed-slot antenna with unequal sub-wavelength
lengths of Ls; = 0.51 mm, Ls; = 0.46 mm and a width of
W, = 0.1 mm, with thickness of 0.1 mm.

The conical horn element is a smooth walled conical horn
antenna which is easier to manufacture at high frequen-
cies (i.e. 300 GHz) compared to a corrugated walled which
becomes complicated in terms of manufacturing process. For
our desired gain of 20 dBi, the dimensions of the conical horn
antenna were calculated by using (1-5). We found the opti-
mum dimensions for the radius of horn throat is ¢; = 0.4 mm,
the radius of horn aperture a, = 1.9 mm, and the conical horn
axial length L = 4 mm.

The aperture “a,” and throat “a;” radii of the conical
horn plays a very important role in the performance of the
antenna such as directivity. We studied the effects of different
dimensions of conical horn antenna in terms of directivity

)
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FIGURE 5. The simulated AR vs theta angle in (a) azimuth-plane, and

(b) elevation-plane at different frequencies 310 GHz,312 GHz,313 GHz,
and 315 GHz.
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FIGURE 6. The simulated realized gain, radiation efficiency, and total
efficiency versus frequency of the proposed antenna.

with respect to frequency as shown in Fig. 3. As the flare
angle increases (in our study i.e. a,), the directivity for an
assumed horn length (L = 4 mm) increases until it reaches a
maximum, beyond which it begins to decrease. The decrease
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FIGURE 7. Pictures of the 300 GHz CP conical horn prototype fabricated
by wire-cutting EDM (a) antenna prototype (top view) (b) feeding of
antenna prototype (bottom view), and (c) antenna prototype with
absorber mounted on a standard UG-387 waveguide flange.
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FIGURE 8. Measured reflection coefficient (S11), and directivity for the
prototype of the 300 GHz CP horn antenna.

is a result of the dominance of the quadratic phase error at the
aperture. From Fig.3 it’s clear that a radius of horn aperture
a, = 1.9 mm and radius of horn throat a; = 0.4 mm gives the
highest directivity, which cover the desired bandwidth from
270 GHz to 330 GHz.
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FIGURE 9. Antenna radiation pattern far-field measurement setup at IETR.
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FIGURE 10. Axial ratio (simulated and measured) of 300 GHz CP conical
horn antenna.

Total Directivity
8  |=—— LHCP Directivity
——— RHCP Directivity

Directivity (dBic)
=

0 I I I I L L L I I I I
270 275 280 285 290 295 300 305 310 315 320 325 330
Frequency(GHz)

FIGURE 11. Measured (solid lines) and simulated (dashes lines) of total,
RHCP, and LHCP directivities.

We noticed that the length of the crossed-slot of circular
polarizer disk has a large impact on the AR as shown in Fig. 4.
We fixed the length of slot 1 as (Ls; = 0.51mm) and change
the length of slot 2 ““Ls,”* by a fixed value of *“s”” with respect
to Lsy (i.e. Lso = Lsy —s). Itis clear from Fig. 4 that a change
in small value of “s”’ (20 wm) shifts the AR below 3 dB in
frequency from 305 GHz to 312 GHz.
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FIGURE 12. Measured normalized 2D co-polarization (RHCP), and cross-polarization (LHCP) radiation patterns of the proposed antenna at 309 GHz,
312 GHz, 313 GHz, and 316 GHz.

TABLE 1. Comparison between the proposed work with other latest CP Sub-Thz antenna.

Ref. Antenna type Frequency 3dB AR Max Gain Fabrication Remarks
bandwidth (dBic) Technique
[17] Antipodal curvedly 500 GHz 20 GHz 12.2 Silicon micromachining Low gain
tapered slot (Dielectric and
metallization layers)
[18] Double-fan-shaped slot 500 GHz 10 GHz 12.5 Silicon micromachining Low gain
(Dielectric and
metallization layers)
[13] Hexagonal waveguide 110 GHz ~44 GHz 18 Wire-EDM Complex
based horn antennas (All metal) structure
[19] Discrete dielectric lens 300 GHz ~55 GHz 30.8 3D printing Large size
(Dielectric layers)
This The proposed antenna 300 GHz 7 GHz 18.4 Wire-EDM Simple
work (All metal) structure

The AR in azimuth plane is kept below 3dB on a range of
angle theta “6”” up to ~ +10° which covers the half power
beam width (HPBW ) equal to 18.5°, as defined in Fig. 5a.
Also it is noted that in the elevation plane shown in Fig. 5b,
the AR is less than 3dB over the whole main lobe, except for
the highest value of frequency at 315 GHz. The maximum
gain of the radiation pattern is equal to 18.4 dBic in both
planes at broadside direction.

Fig. 6 illustrates the simulated realized gain, radiation and
total efficiencies of the proposed antenna. The total efficiency
is around 87.5%, radiation efficiency is 99%, and the realized
gain is 18.5 dBic at 312 GHz.

Ill. FABRICATION PROCESS

There are three modern manufacturing technologies used to
produce the antenna structure with very delicate components.

VOLUME 8, 2020

These are Wire-cutting EDM, mechanical drilling, and laser-
cutting. Wire-cutting EDM is a thermo-electrical process that
uses a continuously moving metal wire (usually brass) used
as an electrode (tool) to remove material by a series of sparks
produced between the work piece and the electrode. A stream
of dielectric fluid (deionized water) continuously flowing in
the machining zone, is used to washed away tiny particles
being eroded, regulate the discharge, and keep the wire and
work piece cool. The wire and work piece must be electrically
conductive [15], [16]. The waveguide feed and the conical
horn were manufactured by wire-cutting EDM technique in
a brass block with an electrical conductivity o = 35.86 x
10® Sm~!. This Wire-cutting EDM is direct machining has
features of simplicity and mechanical robustness, since the
geometry of the proposed antenna is directly engraved onto
the block of metal.We used mechanical drilling technology
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FIGURE 13. Measured normalized 2D axial ratio plots at 309 GHz,
312 GHz, 313 GHz, and 316 GHz.

for a novel footprint disk of circular polarizer with thickness
of 100 um and four hole alignments parts for the whole
structure. Also in order to avoid the movement crossed slot
in circular polarizer disk a small tail is provided as shown
in Fig. 2 (a).A laser etching technique has been used to
create crossed slot of circular polarizer disk in the proposed
antenna as narrower as 100 um (value of slot width) by using
(LPKF ProtoLaser S 124102 laser machine). The infrared
laser beam (A = 1080 nm) is focused on the footprint
disk of circular polarizer with thickness of 100 um with the
appropriate settings, such as laser scan speed (400 mm/s),
laser spot size (25 um x 25 pum) and fluency (10 W/spot).
The final prototype of the fabricated proposed antenna is
shown in Fig. 7. The circular polarizer disk with crossed-slot
can be easily replaced by another disk with longitudinal slot;
in this case the antenna will be linearly polarized.

IV. MEASUREMENT AND RESULTS

The measurement of 300 GHz CP conical horn antenna
fabricated by Wire-cutting EDM showed that the reflection
coefficient (Sy1) less than —15 dB in the range of interest
from 270 GHz to 330 GHz is as shown in Fig. 8. The
measured right hand circular polarized (RHCP) directivity is
18.3 dBic at 312 GHz.

The far-field measurement setup based on a compact range
millimeter-wave anechoic chamber facilities used at IETR is
shown in Fig. 9.

The simulated and measured AR of the proposed antenna
is shown in Fig. 10. The minimum measured AR at 312 GHz
is 1.15 dB with the measured 3-dB AR bandwidth of 7 GHz
between 309 GHz to 316 GHz being 2.3%. This shift in
the frequency is due to the manufacturing tolerance. There
is a good agreement between the simulated and measured
results.

The measured directivity of the proposed antenna is given
in Fig. 11, which is obtained by integrating the 3D measured
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FIGURE 14. Measured and simulated normalized radiation patterns of the
proposed antenna of the principle planes at different frequencies: f=
300 GHz, f = 309 GHz, f = 312 GHz, f =313 GHz, and f = 316 GHz.

radiation pattern of the antenna under test (AUT) over
upper hemisphere. The measured broadside RHCP directivity
reaches 18.3 dBic at 312GHz, while the simulated directivity
is nearly 19 dBic. Also note that there is a good agreement
between the simulated and measured results of the proposed
antenna.

Fig. 12 shows the 2D measured far-field pattern of the
proposed antenna in both principle planes (azimuth, and
elevation), varying as a 2D plot with each point colored
according to its normalized gain value in dB for the RHCP
radiation pattern, and left hand circular polarized (LHCP)
radiation pattern for different frequencies 309 GHz, 312 GHz,
313 GHz, and 316 GHz. It is noted that the antenna works
as RHCP radiation pattern which is the co-polarization and
LHCP radiation pattern which is cross-polarization. It’s clear
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FIGURE 15. Measured normalized radiation patterns of the proposed
antenna at different angles 0 degree, —45 degree, —90 degree, and
—135 degree at 312 GHz.

from Fig. 12 that the measured normalized gain occurs at
broadside direction, which is equivalent to azimuth (az = 0°)
and elevation (ele = 0°).

Fig. 13 illustrates the 2D measured AR plots of the pro-
posed antenna at 309 GHz, 312 GHz, 313 GHz, and 316 GHz.
The AR is kept below 3 dB within the scope of the main beam
between —10° to 10° at broadside direction for frequencies
shown here in this figure (309 GHz, 312 GHz, 313 GHz, and
316 GHz, respectively). The AR reaches lower value near to
1 dB at 312 GHz, and 313 GHz as shown in figure by the
black color in bar right the plot.

The measured and simulated normalized RHCP radia-
tion patterns of the proposed antenna in both the azimuth
plane and elevation plane at 300 GHz, 309 GHz, 312 GHz,
313 GHz, and 316 GHz are given in Fig. 14. It can be
seen that, because of the symmetry of the antenna, measured
radiation patterns of both planes are similar, and agree well
with the simulated results. The normalized cross-polarization
pattern plots (LHCP) of the proposed antenna are also
given in Fig. 14. The maximum isolation between the
co-polarization RHCP and its cross-polarization LHCP is
more than 10 dB except at 300 GHz. The measured cross
polarization levels are better than 20 dB below the main beam
at the broadside direction at 312 GHz, and 313 GHz. The first
sidelobe levels of the normalized RHCP radiation pattern is
below —20 dB at the measured frequency.

The measured normalized radiation patterns at 312 GHz of
the proposed antenna over a wide range of cut-plane obser-
vation angles at 0 °, —45 °, —90 °, and —135 ° are shown
in Fig. 15. There is a good agreements of radiation patterns at
different cut-planes of varied ¢ angles, which suggest that the
proposed antenna has good CP radiations. The radiation pat-
tern exhibits excellent stability with respect to the azimuthal
angle ¢ (0°, —45°, —90°, and —135°), and good symmetry
is also observed in the elevation planes. Similar results were
also observed between 309 GHz to 316 GHz and the AR is
below 3 dB. For brevity not all plots have been included.

VOLUME 8, 2020

V. CONCLUSION

A Sub-THz CP conical horn antenna fabricated by direct
machining in one block of metal using Wire- EDM technique
operating at 300 GHz was presented. Circular polarization
was achieved by exiting two orthogonal modes though the
crossed slot of circular polarizer disk of the proposed antenna.
The antenna yields a measured impedance bandwidth of
60 GHz from 270 GHz to 330 GHz. The measured directivity
of 18.3 dBic at broadside direction at 312 GHz. The measured
3-dB AR bandwidth of 7 GHz from 309 GHz to 316 GHz.
Radiation patterns of the fabricated Sub-THz CP conical horn
antenna have been measured and results agree well with
the simulations. This antenna finds potential application in
Tbps wireless communication at Sub-THz frequency band.
Table 1 gives a comparison among different CP antennas
in Sub-THz band. Some key parameters are listed, includ-
ing working frequency band, 3dB AR bandwidth, maximum
gain, and technology of fabrication. The results show that our
antenna is currently the first one antenna, which is achieved
with very simple all metal structure with a compact size in
Sub-THz band using Wire-EDM techniques. The measured
results proved that manufacturing parts have a high precision.
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