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ABSTRACT This work presents the characterization of Lithium molybdenum oxide (Li;MoQO4, LMO)
hollow glass microspheres (HGMS) ceramic composite from 0.1 to 1 THz and an associated bullet shaped
lens used with WR3.4 for 220-330 GHz band. LMO-HGMS had permittivity of 1.18 and loss tangent of
0.003 at 300 GHz. The calculated reflectivity for the LMO-HGMS-air interface was 0.2 %. The fabricated
bullet lens weighed 5 grams and was characterized using an experimental measurement system. The lens was
measured to have a focus spot of diameter 1.5 mm. Simulated results showed the lens to operate with a WR3.4
waveguide having a gain of 27.5 dBi with a narrow beam width of 1-degree, 18 dB sidelobe level (SLL),
40% Fractional Beam Width (FBW), and —13 dB S over the broadband 220-330 GHz.

INDEX TERMS 6G, composite materials, dielectrics, lens measurement, low permittivity materials,

terahertz materials.

I. INTRODUCTION

The sub-terahertz (sub-THz) frequency band receives consid-
erable attention in terms of broadband availability in a num-
ber of applications such as telecommunication, imaging, joint
communication-sensing, and security [1]-[8]. In the past,
sub-THz frequencies have been used in short range imaging
systems including automotive and aerospace radars [9], [10].

Future sixth generation (6G) telecommunication networks
are required to enable Tbps peak data-rates and 0.1 ms
latency by using very wide bandwidths (>10 GHz) [11], [12].
However, the current transceiver technologies are not able
to fully comply with 6G network requirements due to their
limited transition frequency (f7) [13].

Extensive technology development is required to meet the
technical requirements of 6G technology and the develop-
ment can be categorized into software and hardware levels.
At the hardware level, the antenna is one of the key compo-
nents in any transceiver to enable transmission and reception
of sub-THz signals with acceptable radiation efficiency, high
gain and spatial filtering properties. Even in short range
communications operating at frequencies above 200 GHz, the
antenna should offer very high gain to compensate for the
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high path loss and increased noise level caused by the antenna
directivity. It has been estimated that a 350 GHz link would
require at least 27 dBi gain for transmitting a signal over three
meters to allow for 10 % bandwidth [14].

In the past few years, extensive of research has been per-
formed to develop THz antennas [ 15]-[18]. Especially in high
frequency applications, antenna gain, bandwidth, and effi-
ciency are often the key parameters that need to be improved.
However, for commercial systems, low cost, light weight, and
small size are often equally important properties to enable
the widespread usage of the THz frequencies for various
applications in communications, imaging, sensing, and joint-
communication sensing [19]-[22].

In antenna technology development there is a typical trade-
off between gain and bandwidth. In addition to the circuit
technology, material properties such as dielectric permittivity
and loss value have a clear impact on the antenna perfor-
mance, which can determine the antenna loss and, conse-
quently, total propagation efficiency.

Typical used dielectric materials are organic, e.g. Teflon,
and inorganic, e.g. silicon [23]. All-Ceramic composites, on
the other hand, are useful in electronics as they withstand the
high operation temperatures required for the electronics pack-
ages, and their dielectric permittivity and loss tangent can also
be adjusted by mixing them with other materials [24]-[26].
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One of the downsides of manufacturing ceramics has been
the requirement for a high sintering temperature, which con-
sumes a lot of energy and therefore raises the manufacturing
cost. The invention of the Room Temperature Fabrication
(RTF) process enabled ceramic fabrication at room temper-
ature instead of above 400°C. One of such RTF ceramics is
lithium molybdenum oxide [27], [28].

In this paper, we present an implementation of a bullet-
shaped lens fabricated from LMO-HGMS composite for the
frequency range 220-330 GHz. The purpose of using HGMS
in the composite is to decrease the dielectric permittivity,
thus, advancing the performance of the antenna. In Section II
dielectric measurement and lens fabrication of the composite
for 220-330 GHz are discussed. Section III presents the lens
antenna simulations and its characterization using an exper-
imental measurement setup at 220-330 GHz, especially for
300 GHz. Section IV presents a comparison study and in
Section V conclusion are discussed.

Il. FABRICATION AND CHARACTERIZATION OF
LMO-HGMS CERAMIC COMPOSITE

The lens material used in this study was ceramic compos-
ite, more precisely a mixture of lithium molybdenum oxide
(LioMo0QOg4, LMO) and hollow glass microspheres (HGMS).
Material fabrication was performed using a simple room tem-
perature fabrication method (RTF) which required only mix-
ing the LMO and HGMS materials together, casting them to
the mold and waiting for the composite to dry. Materials and
methods to fabricate LMO-HGMS composite are explained
in detail in the previous article [29].

Dielectric parameters of the composite for 0.1 — 1 THz
were measured using a time-domain spectroscopy (Terapulse
4000 by Teraview) method [30]. The measurement results are
shown in Fig. 1.

At 300 GHz the real part of the permittivity was 1.18,
the imaginary part 0.004 and the loss tangent (tans) 0.003.
For the 220-330 GHz broadband, the permittivity and loss
tangent were constant and for the full frequency range from
0.1 THz to 1 THz the real part was fairly constant, but the
imaginary part started to increase above 500 GHz, indicating
higher losses from 500 GHz upwards. The measured values
are sufficient for low permittivity and low loss lenses for
applications operating in the sub-THz band.

To determine the optimum shape for the lens to be fed
with a WR 3.4 waveguide and achieve as high a gain at
possible, simulation (CST microwave studio [31]) studies
were conducted. First the lens was shaped as a half sphere
having a diameter of 30 mm which was located at the end of
the WR3.4, and then it was stretched until the gain did not
increase any further. The resulting lens was a semi-ellipsoid
with a radius of 49.5 mm and having a gain value of 17.5 dBi.
The lens was fabricated from the LMO-HGMS using a plastic
mold to obtain the required shape. The fabricated and simu-
lated lens are shown in Fig. 2.
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FIGURE 1. Measured LMO-HGMS composite dielectric real (Re) and
imaginary (Im) parts.

FIGURE 2. (At left) picture of the fabricated bullet-shaped LMO-HGMS
composite lens weighing 5 grams. The lightness of the composite enables
the reduction of the total weight of the transceiver that is useful for many
communications and sensing applications. (At right) the simulation
model which includes the WR3.4 waveguide model and lens and
indicates the direction of the coordinate axes.

Ill. LENS ANTENNA SIMULATIONS AND EXPERIMENTAL
LENS MEASUREMENT SYSTEM

A. SIMULATED LENS FOCAL POINT AND

RADATION PATTERN

The front focal length (FFL) of the lens at 300 GHz was
determined by plane wave simulation (electric field strength,
E = 1 V/m). The wave was propagated through the lens
entering from the flat side, Fig. 3, and it focused the wave
at 21 mm distance from its curved surface.

Because the plane wave simulation indicated that the lens
had FFL of 21 mm, positioning the lens directly at the end of
the waveguide was not considered the most optimal position.
Thus, the second simulation was conducted and the lens was
moved from 0 to 25 mm by 1 mm steps from the waveguide
to find its optimum location.

The simulated gain at 300 GHz increased from 17.5 dBi to
its maximum of 27.5 dBi at 21 mm distance and the radiation
pattern of the bullet lens antenna is shown in Fig. 4. The
proposed lens waveguide combination had a gain of 27.5 dBi
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FIGURE 3. Simulated E-field of bullet lens at xy-plane and E-field
strength along the x-axis. The wave propagates from left to right and
focuses at front of the lens, 21 mm from the lens curved surface.
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FIGURE 4. Simulated radiation pattern of the bullet lens when the lens
was at 21 mm distance from the antenna. Scale is in dBi.

with a very narrow main lobe (1°) and 18.8 dB SLL at
300 GHz. For the 220 and 330 GHz: main lobe was 2.1 and
0.7 degrees, SLL was 14.0 dB and 16.0 dB and gain 26.6 dBi
and 27.5 dBi, respectively.

Simulated near field and phase are presented for two main
scenarios (Fig. 5). When the lens was directly attached to
the antenna (Fig. 5(a)), most of the radiation went through
the lens sides leading to reduced field strength. However,
when the lens was moved to the 21 mm distance from the
waveguide (i.e., focal spot) (Fig. 5(b)), the lens performance
significantly increased as it focused the radiation in the x-axis
direction. As the lens has such a low permittivity, the phase of
the propagating wave does not change much when the wave
enters or leaves the lens (Fig. 5(c) and (d)).
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FIGURE 5. Simulated near field (E-field) and phase at 300 GHz. (a) When
the lens was directly attached to the antenna the lens did not deviate the
E-field as much as in (b) when the antenna was at lens focal spot. As the
lens has such low permittivity, the phase does not change much at the
air-lens interface, (c) and (d).

Simulated broadband 220-330 GHz gain and Sp; are
shown in Fig. 6. There was no need for the matching layer
between the feed antenna and the lens because the return loss
(S11 or reflection coefficient) was better than —10 dB. The
bullet lens improved the gain to 25.5-27.5 dBi over the broad-
band when it was fed at the focal point, compared to the gain
values (15.5-17.5 dBi) when it was directly attached to the
antenna. Overall, the lens could increase the gain by at least
10 dBi or 20 dBi depending on its distance to the waveguide.

B. MEASURING THE LENS WITH EXPERIMENTAL SYSTEM
The operation of the lens with the waveguide was studied
using an experimental measurement setup. The setup con-
sisted of an N5242B PNA-X (Keysight, USA) connected to
frequency extenders operating from 220 GHz to 330 GHz
(Virginia diodes, USA). The transmitter (Tx) was connected
to an open-ended standard rectangular WR3.4 waveguide and
the receiver (Rx) to a standard horn antenna with a gain
of 20 dBi shown in Fig. 7.

The Tx and Rx were aligned to face each other at a dis-
tance of 520 mm (maximum possible distance between the
Tx and Rx) and the lens was positioned between. To move
the lens, it was attached to a stepper-motor controlled 3D
positioner that could be moved in x-, y- and z-directions
between the Tx and Rx.

Two measurements were conducted to analyze the fabri-
cated lens with the proposed measurement system and results
are presented for 300 GHz center frequency.
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FIGURE 6. Broadband characteristics of the bullet shaped lens antenna.

FIGURE 7. A photograph of the experimental measurement setup used to
characterize the fabricated bullet lens.

The purpose of the first measurement was to determine
the position of the lens where the measured Sp; was at its
maximum by moving the lens in the x-direction in 1.5 mm
increments and the results are presented in Fig. 8. When
the lens was moved away from the Tx, the measured S
increased and reached the highest value around 117 mm
distance from the Tx.

The second measurement was conducted to determine the
focal spot size in y- and z-dimensions at the highest received
signal location which was previously found to be at 117 mm
from the Tx. The lens was moved in z- and y-directions by
0.25 mm steps and the measured S;; response is shown in
the Fig. 9.

The results indicated that the lens had quite a round spot
whose width could be estimated to be 1.5 mm (-5 dB).
In addition, a second lower intensity ‘“‘ring” emerged when
the lens was moved more than 2 mm from the centerline.

IV. COMPARISON STUDY

This section presents a comparative study on recently pub-
lished articles in the field. Several researchers have reported
lens antennas for frequencies between 200 GHz and 300 GHz.
The most relevant works are collected in Table 1 for com-
parison at 300 GHz center frequency. This bullet shape lens
antenna was able to achieve a very high gain and high band-
width, and its permittivity was the lowest. In the other words,
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FIGURE 8. Measured change in the S3; parameter when the lens was
moved towards the Rx. Optimal distance was found around 117 mm from
the Tx at 300 GHz.
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FIGURE 9. Measured 2D image when the lens was at optimal distance
from the Tx and the focal spot of bullet lens was 1.5 mm (-5 dB) in size
at 300 GHz.

Lens antenna made from the LMO-HGMS lens and fed by
WR3.4 can perform as equal as those listed in the Table 1.

Additional to the antenna parameters, there is a physical
parameter, reflectivity, which tells the perceptual amount of
the radiation that is reflected away from the material in the
interface of two media; in this case the material-air interface.
As the LMO-HGMS composite permittivity is near the per-
mittivity of the air, only 0.2 % of the incident radiation is
reflected.

Compared to the other materials it has the lowest reflec-
tivity whereas the most common lens material, silicon, has
the highest reflectivity. This issue with high reflectivity with
high permittivity materials has been addressed with matching
layers which raises the complexity of the lens [34], [35]. With
low permittivity materials there is no need to take such a
complicated approach in the lens design and fabrication.
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TABLE 1. Comparison study at 300 GHz.

Ref Gain FBW HPBW Material and Fabrication Lens type Lens size Reflectivity Matching Lens Lens
(dBi) (%) (de- permittivity method (%) density wei gth1
gree)  (er) kg/m®) (2
[32] 21.0 12 - Silicon Photo- Extended Diameter = 2.5 30 Iris on 2330 16.5
11.9 litography ~ hemipsherical mm, extension = aperture
shallow lens air gap less than 1 layer
mm
[16] 30.0 37 2.5 Rexolite CNC micro- Extended Diameter = 20 8 WR 3 1050 7.4
3.2 machining  hemispherical lens mm, extension =
with tapered 11 mm
extension
[17] 16.0 37 12 Monocure 3D printing Extended Diameter = 6 mm, 6 WR 3 2 2
3DR3582C hemispherical lens extension = 3 mm
photopolymer
2.8
[33] 212 37 - Teflon Not given in Thick lens with Diameter = 10 3 No 2200 15.6
2.1 the paper both sides curved mm, r;=13.5 mm,
ro =5.5 mm, t=2
mm
This 17.5 40 2.5 LMO-HGMS Room Tem- Bullet shaped lens Diameter = 30 0.2 No 212.51 1.5
work or3 1.18 perature mm, heigth =49.5
27.5 Fabrication mm, extension = 0
of cearmic mm or 21 mm air
composites gap
by casting

LCalculated for 30 mm half spherical lens for comparison.

2Material is UV resin and density and weight of solid object made from such material is unknown to authors at the time of writing this paper.

3Depends on the length of the extension, 0 mm or 21 mm.

Also, material density and lens weight are compared.
Because the lens may have different optimal shapes for differ-
ent antennas, a comparison is made for the 30 mm half spher-
ical shape. As previously mentioned, a bullet-shaped lens
made from LMO-HGMS weighed only 5 grams, a 30 mm
half sphere is much lighter weighing only 1.5 grams and
so making objects made from this material ultralight weight
compared to other materials listed in Table 1.

V. CONCLUSION

Lithium molybdenum oxide glass composite was made with-
out high temperature processes, which saves energy and
makes manufacturing cheaper and more environmentally
friendly.

The composite has a very low permittivity and losses at
THz frequency (¢, = 1.18 and tané = 0.003 at 300 GHz).
As the permittivity is such low then the reflectivity from the
LMO-HGMS interface is very low (0.2 %), which can be a
useful property when the material is used as an RF lens.

Simulated results showed that the proposed waveguide-
bullet lens antenna operates at a gain of 27.5 dBi with
a narrow beam width of 1-degree, 18 dB SLL and FBW
40% at an operating frequency from 220 GHz to 330 GHz.
In addition, it operates with an acceptable reflection coeffi-
cient S| below —13 dB over the broadband.

The use of LMO-HGMS in various antenna and RF solu-
tions where low permittivity and low losses are useful should
be investigated in future.
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