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Abstract—Mesoscopic dielectric cuboid antenna (DCA), which
can be connected to a standard waveguide, is proposed to achieve
high directivity with a simple-structure and low-antenna profile
compared with that of a horn antenna of same dimensions.
We optimized the antenna dimensions based on simulation to
maximize the antenna gain of 14.22 dBi, which is 1.9 dB
higher than that of the horn antenna with the same dimensions.
Simulation was performed both at 300 GHz and 24 GHz. As a
proof-of-concept, we designed and fabricated a scaled DCA with
dimensions of 1.2λ× 1.2λ× 1.36λ and experimentally evaluated
the radiation pattern at 24 GHz band. The full width at half
maximum (FWHM) values were approximately 21 % and 34 %
narrower than those of the horn antenna in the E-plane and
H-plane, respectively. The frequency characteristic of sensitivity
enhancement using the DCA as the reception antenna shows
that the DCA is a nonresonant antenna with a wide bandwidth.
Narrower FWHMs of the DCA have been discussed with respect
to a two-dimensional near-field phase distribution measured using
the electro-optic sensing technique.

Index Terms—Mesoscopic dielectric cuboid, Low-profile an-
tenna, Terahertz wireless communication

I. INTRODUCTION

ELECTROMAGNETIC waves in the millimeter-wave and
terahertz (THz) wave band are expected to be employed

for future wireless communication because of their availability
in a broad bandwidth [1-4]. Regardless of the frequency
band, antennas are fundamental components in wireless com-
munication applications. In the past years, various types of
millimeter-wave and THz wave antennas have been developed
such as metallic lens antenna [5], slot array antennas [6],
etc. Particularly in the THz frequency band, the horn antenna
has been routinely employed because of its wide bandwidth,
connectability to a waveguide, and moderate antenna gain for
point-to-point short-range link applications [7-9]. For instance,
a low temperature co-fired ceramic (LTCC) horn antenna
(5λ× 5λ× 2.5λ) with a maximum gain of 16 dBi has been
demonstrated at 300 GHz band [10]. To take advantage of
not only the wide bandwidth but also the short wavelength
of the millimeter-wave and THz wave carrier, minimizing the
antenna dimension while maintaining the directivity would be
desirable.
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One of the methods to reduce the focal spot involves
subwavelength confinement of the millimeter-wave and/or
THz wave is to use the so-called effect of photonic terajet
generated by three-dimensional (3D) dielectric particle of an
arbitrary 3D shape [11, 12]. Recently, we investigated the
terajet phenomenon in the near-field regime and employed the
mesoscopic dielectric cube as a resolution enhancer in the THz
imaging applications [13-15]. This unique phenomenon has
been investigated in the near-field regime so far; however, the
possibility of the mesoscale dielectric particle application as a
far-field antenna has not been reported in the literature yet.

In this letter, we propose the mesoscopic dielectric cuboid
antenna (DCA), which has a larger antenna gain compared
with that of the horn antenna with the same antenna aperture
size and throat length. The structure of the DCA is simple
enough to be fabricated by 3D printing or machine milling and
is easily connectable to the standard open-ended waveguide.
The simulation was made both at 24 GHz and 300 GHz. As a
scaled proof-of-concept, we experimentally demonstrated the
characteristics of the DCA (1.2λ× 1.2λ× 1.36λ) at 24 GHz,
showing 14.22 dBi of the antenna gain and 21 % and 34 %
narrower beam width compared with those of the horn antenna
in the E-plane and H-plane, respectively.

This letter is organized as follows: in Section II, the antenna
characteristics of the DCA, such as gain and radiation pattern,
are compared with those of a horn antenna through the
simulation; in Section III, the DCA and the horn antenna are
fabricated and near-field distributions are visualized by electro-
optic (EO) sensing to demonstrate the advantages of the DCA
over the horn antenna; and a conclusion is finally drawn in
Section IV.

II. DESIGN AND SIMULATION

Fig. 1 shows the simulation model and photograph of a DCA
and a horn antenna. In this letter, we compare the radiation
characteristics of the DCA with those of the horn antenna with
the same antenna dimensions (aperture size of a and throat
length of b in Fig. 1). We chose the materials of the DCA
and the horn antenna as polytetrafluoroethylene (PTFE) and
aluminum, respectively. The DCA has two parts: a cuboid
antenna part and a protrusion part (length c) that connects
to a standard waveguide. The simulations were conducted
using the finite integration technique (CST Microwave Studio
software), with the simulation model shown in Fig. 1 (a), in
which the protrusion part is connected to the waveguide. In
order to match the simulation condition with the experiments,
we simulated with the waveguide flange as shown in Fig. 1.
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(a)

(b)

Fig. 1. Fabricated antennas of (a) DCA, and (b) horn antenna. Antennas used
in the experiment are sat to a = 15 mm, b = 17 mm, c = 6 mm.

Fig. 2. Simulated antenna gains as a function of the antenna aperture
dimension of a.

Fig. 2 shows the simulated antenna gain as a function of the
length of the antenna aperture side. The antenna dimension is
normalized to the wavelength. The antenna throat length (b
in Fig. 1) was set to 1.36λ for both antennas. The simulation
was conducted at 24 GHz and 300 GHz for the DCA. We set
the relative permittivity and loss tangent of PTFE as 2.1 and
2 × 10−4 at 24 GHz, and 2.0 and 11 × 10−4 at 300 GHz [16],
respectively. The loss of aluminum was set as 3.56 × 107 S/m,
which is the electrical conductivity at 24 GHz. Antenna gains
of more than 14 dBi can be achieved at around λ< a< 1.3λ
for both frequencies. The maximum antenna gains for the
DCA are 14.7 dBi and 14.4 dBi for 300 GHz and 24 GHz,
respectively. On the other hand, the antenna gain for the horn
antenna was saturated to approximately 13.3 dBi, which is
1.1 dB smaller than the maximum antenna gain of the DCA.
The antenna gain of the DCA can reach approximately 20
dBi when the throat length extends approximately 7λ with the
aperture size of a = 1.2λ. On the other hand, the maximum
gain of 12.6 dBi can be achieved at the throat length of
approximately 7λ with the antenna aperture size of a = 1.2λ
(see Fig. 1). A decrease in directivity below an aperture size
of one wavelength is associated with weak localization of the
field at the shadow surface of the dielectric, and that with an
aperture size of more than 1.3λ is associated with the field
localization inside the dielectric [12-14].

Fig. 3 shows the frequency characteristics of the antenna
gain. The simulation was conducted for three situations: (a)
open-ended waveguide with flange, (b) DCA, and (c) horn

Fig. 3. The frequency characteristics of the antenna gain.

(a) (b)
Fig. 4. The phase distribution in each antennas. (a) DCA, (b) horn antenna.

(a) (b)
Fig. 5. The current distribution on the flange at 19 GHz. (a) is flange and
waveguide only, (b) has the DCA.

antenna. The dimensions of the simulated DCA and horn
antenna were a = 15 mm, b = 17 mm, and c = 6 mm, which
correspond to a = 1.2λ and b = 1.36λ at 24 GHz. In the entire
frequency band, the highest gain was achieved for DCA. The
radiation beam width is determined from the effective antenna
area and phase distribution.

As discussed later with experimental results, the DCA
exhibits a flat phase distribution at the shadow surface of the
cube [13, 14]. Fig. 4 shows the phase development inside
the antennas. As shown in Fig. 4 (b), the curvature of the
wavefront at the end plane of the horn antenna is determined
by the geometrical shape of the antenna (length, angle, etc.).
In the case of DCA, the wavefront inside the cube near
its shadow surface is also determined by the shape of the
particle and its refractive index. The phase velocity at the
center of the cube is less than that near the dielectric-air
boundary [12]. Because of this reason, as shown in Fig. 4
(a), the wavefront at the end of the cube becomes flatter
than that for classical horn antenna with the same geometrical
dimensions. The collimating effect by a lens is based on the
spatial distribution of the optical length. The DCA is made
of a dielectric; therefore our technique is a kind of dielectric
loading. However the principle of the phase conversion effect
is different from that of the conventional lens horn antenna.
Moreover, the DCA has an advantage in that it is easy to
fabricate.

We also simulated the current distribution on the flange for
the three situations (Fig. 5). The simulation was conducted at
19 GHz, where the lowest antenna gain was observed for the
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(a)

(b)
Fig. 6. Simulated far-filed pattern ((a): E-plane and (b): H-plane) of the DCA
and horn antenna.

open-ended waveguide with flange. As shown in Fig. 5 (a), the
current concentrates near the waveguide and does not spread
on the flange surface in the case of the open-ended waveguide
with flange. Fig. 5 (b) shows the current distribution when
the dielectric cubic particle is placed on the flange surface.
In this situation, the current distribution is more uniform than
that in the case of the waveguide and flange only. The current
transferred to the dielectric also leads to a higher gain and a
narrower FWHM in the far field [17]. However, this effect is
limited to only a 6 % decrease in the FWHM compared with
that in the DCA without the flange.

Fig. 6 shows the simulated far-field pattern of the DCA and
the horn antenna. The simulations were conducted at 24 GHz.
The dimensions of the simulated DCA and horn antenna were
a = 15 mm, b = 17 mm, and c = 6 mm, which correspond to
a = 1.2λ and b = 1.36λ at 24 GHz. The 3 dB beam widths
(FWHM) of the DCA for the E-plane and H-plane are 31 ◦

and 35 ◦, respectively. The FWHM for the horn antenna are
41 ◦ and 49 ◦ for the E-plane and H-plane, respectively. The
simulation predicted that the FWHMs of the DCA for the E-
plane and H-plane are 24 % and 29 % narrower than those
of the horn antenna, respectively. However, one drawback for
the DCA is a relatively large side-lobe power, as shown in the
E-plane in Fig. 6.

III. EXPERIMENTS

We fabricated the scaled DCA by machine milling. The
material used was PTFE. The dimensions of the fabricated
DCA were a = 15 mm, b = 17 mm, and c = 6 mm; these
correspond to a = 1.2λ and b = 1.36λ at 24 GHz. The DCA
was connected to WR-42 open-ended waveguide in the proof-
of-concept experiments. We also fabricated the horn antenna
with the same antenna aperture size and throat length for the

(a)

(b)
Fig. 7. Measured near-field pattern of (a) DCA and (b) horn antenna.

comparison. The horn antenna was made of aluminum and
was could also be connected the WR-42 waveguide.

In the experiment, a 24 GHz signal was generated by a
synthesizer (ROHDE&SCHWARZ SMF 100A). The output
power was amplified to 20 dBm using a power amplifier and
divided by a 5:5 power splitter to monitor the signal power
supplied to the antennas. The DCA and the horn antenna were
connected to a coaxial-to-waveguide (WR-42) adapter.

Figs. 7 (a) and (b) show the measured antenna near-field pat-
tern (amplitude and phase distributions) for the DCA and the
horn antenna, respectively. The frequency was 24 GHz. The
measurements were conducted based on the non-polarimetric
self-heterodyne EO sensing technique [18,19]. We visualized
the two-dimensional amplitude and phase distribution at z =
15 mm, which is the near-field regime for this measurement
frequency. The visualized area was 100 mm × 100 mm. Note
that the EO sensor was composed of an organic EO crystal
(1 mm× 1 mm× 1 mm) with the relative permittivity of 5.76
at 24 GHz. The EO sensor was attached to the optical fiber
to form an EO probe. We confirmed by special calibration
experiment that the disturbance by the EO probe itself can
be neglected. As shown in Fig. 7, the amplitude distributions
were similar to each other. However, the phase distributions
were quite different, which should lead to different far-field
distribution (radiation pattern). To evaluate the phase distri-
bution quantitatively, we show in Fig. 8 the measured one-
dimensional phase distribution in the E-plane. As shown in
Fig. 8, the curvature radius of the phase distribution for the
DCA is larger than that of the horn antenna. The average
slopes of the derivatives for the DCA and the horn antenna
are -0.50 deg./mm and -0.84 deg./mm, respectively. The slopes
calculated from the simulated phase distribution are -0.53
deg./mm and -0.83 deg./mm respectively. The smaller slope of
the DCA corresponds to a more plane-wave-like phase front,
and it makes narrower beam width.

Figs. 9 (a) and (b) show the far-field pattern (radiation
pattern) of the DCA and the horn antenna, respectively,
calculated from the measured near-field amplitude and phase
distributions. As shown here, the actual radiation pattern of the
DCA has very good symmetry. The measured FWHMs for the
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Fig. 8. Measured one-dimensional phase distribution pattern at the near-field
regime.

(a) (b)
Fig. 9. Far-field pattern of (a) DCA and (b) horn antenna, calculated from
the measured near-field amplitude and phase distributions.

DCA are 29.13 ± 0.15 ◦ and 31.00 ± 0.44 ◦, for the E-plane
and H-plane, respectively, whereas those for the horn antenna
are 37.03 ± 0.67 ◦ for the E-plane and 46.73 ± 0.55 ◦ for the
H-plane. The experimentally obtained FWHMs of the DCA
are approximately 21 % and 34 % narrower than those of the
horn antenna in the E-plane and H-plane, respectively.

Fig. 10 shows the frequency characteristic of sensitivity
enhancement using the DCA as the reception antenna. The
characteristic is normalized to the frequency characteristics of
the open-ended waveguide with a flange. On the transmitter
side, a lens and a conical horn antenna attached to the
waveguide were used. The experiment was conducted using
a vector network analyzer. Higher enhancement was achieved
at the higher frequency region and approximately 7.4 dB
enhancement was achieved at 24 GHz. The enhancement by
the DCA has no resonant characteristics, indicating a broad-
band operation such as that in the horn antennas. This broad-
band characteristic is very important for millimeter-wave and
THz wireless communication applications. Within the whole
frequency band of WR-42, the characteristics of the directivity
and the FWHM for the DCA are prominent as compared to
that of the horn antenna. The main limitation to extend the
operation frequency of the DCA is the loss of the dielectric
materials. Although the loss of PTFE slightly increases, the
advantages of the DCA such as wide bandwidth, high direc-
tivity, and small FWHM with small physical footprint can be
exploited in the 300 GHz band.

It should be noted that the observed effect significantly ex-
ceeds the possible improvement in the horn transfer coefficient
owing to better coordination. For example, the open end of
a flanged waveguide has, as a rule, a SWR (Standing Wave
Ratio) of 1.5, which corresponds to a return loss of 15 dB
(or about 3 %). Thus, the losses to be eliminated owing to
mismatch may be in the order of 97 %, or 0.13 dB. Any horn,
as a rule, has a smaller SWR than the specified value of 1.5.

Fig. 10. The sensitivity enhancement when DCA was used as a receiver
antenna.

Fig. 11. The SWR of DCA and horn antenna.

Fig. 11 shows the measured frequency dependences of the
SWR of a DCA and a horn. The SWR of the horn is 1.4 units
on average. The SWR of the DCA in the frequency band of 21-
26 GHz is approximately 1.2-1.6 units, deteriorating to 2.25-
2.7 units in the frequency range of 16-19 GHz. It can be seen
that despite the associated increase in mismatch losses of up to
1.03 dB, the sensitivity of the DCA exceeds the sensitivity of
the horn by 4.5-5 dB, as shown in Fig. 10. The achievement
of DCA gain relative to the horn antenna is confirmed by the
results of the near field calculations (Fig. 7), which show that
the phase distortions in the front plane of the cuboid are less
than those of the horn. Thus, the proposed cubic structure on a
scale of wavelength units successfully performs the function of
a focusing lens. Another undoubted advantage of the proposed
cuboid is that it is easy to manufacture.

IV. CONCLUSION

We proposed and demonstrated a mesoscopic DCA made
of PTFE and directly connected to an open-ended waveguide.
Several advantages, including wide bandwidth, connectability
to a standard waveguide, higher directivity, and narrower beam
width compared with the conventional horn antenna having
the same physical volume and size, were demonstrated at 300
GHz and 24 GHz by simulation. We also confirmed in the
scale experiment that the FWHMs of the DCA were about
21 % and 34 % narrower than those of the horn antenna
in the E-plane and H-plane, respectively; further, a 1.9 dB
higher antenna gain compared with the horn antenna at 24
GHz was observed. Note that one practical advantage the DCA
has over the horn antenna is that it can protect the open end
of the waveguide from the environment and provide feasible
(owing to the absence of metal) electromagnetic compatibility.
However, these benefits are the subject of further research.
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