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ABSTRACT This study proposes a dielectric lens antenna that implements an impedance matching layer
comprising square-pillar periodic structures on the lens surface to reduce the surface reflection formed
in the lens from a high-permittivity dielectric material. To ease the fabrication process, the matching
structures (MS) implemented on the lens surface aremade of the same dielectric material as the dielectric lens
through microfabrication structure. The dimensions of the square-pillar periodic MS unit cell are optimized
for its period, space occupancy ratio, and height using periodic boundary simulation, considering the plane
wave incident. Electromagnetic simulations and experiments to evaluate the effectiveness of the optimized
square-pillar periodic MS were conducted. Implementing the square-pillar periodic MS to a lens composed
of modified-polyphenylene ether (modified-PPE) with a relative permittivity of 5.34 assists in reducing the
surface reflection inside the lens compared with the lens without anti-reflection and improves the peak gain
by approximately 2 dB from 250 to 290 GHz.

INDEX TERMS Dielectric lens antenna, surface reflection, periodic structure, terahertz.

I. INTRODUCTION
As millimeter-wave and terahertz-wave frequency bands
accommodate a wide frequency bandwidth, wireless com-
munications using frequency bands are expected to provide
advanced applications supported by high-speed communica-
tions. Because the wave propagation attenuation coefficient
in the atmosphere is relatively low, (approximately 300 GHz),
research and development using this frequency band are
underway [1]. The 252–296 GHz band focuses on high-speed
communication systems, such as high-definition video trans-
mission and beyond-5G/6G mobile communication systems
[2], [3], [4], [5]. The free space path loss in the 300-GHz
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band is colossal compared to the frequency bands used for
the 4th- and 5th-generation mobile communication systems.
In the 300-GHz band, antennas with high directivity and low
feeding loss are required to establish a wireless communica-
tion link [6], [7].

A dielectric lens antenna is a promising candidate for wide
use of communication systems and sensing systems from
millimeter-wave band toward terahertz-wave band. In the
requirements for future applications of small volumes, the
major constraint is related to the antenna’s overall size.
The objective is to reduce the diameter and total height occu-
pied by the antenna while maintaining the best performance
in terms of gain, bandwidth, ease of fabrication, and inte-
gration. In addition, a lens antenna is characterized by lower
feeding loss and less frequency dependence of the radiation
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characteristics than those in substrate-printed planar antennas
because the lens antenna feeds the lens from the primary
radiator in a ray principle through-free space.

However, the overall height of the lens antenna limits
the mounting space in the housing of the communication
systems. Furthermore, if the lens is thick, manufacturing
difficulty increases. Thus, conventional methods make lens
antennae bulky [8], [9], [10], [11] because of the need for
several thicknesses and layers to realize the desired features
and performances of their applications.

The focal length of the lens can be reduced by increasing
the curvature of the lens surface. Thus, the vacant space
secured between the lens and the primary radiator is reduced.
Although the lens is thicker with a shorter focal length, this
problem can be resolved using a high-permittivity material
for the lens, which provides a thin lens curve. However,
when the relative permittivity of the lens is much larger than
the permittivity of free space, a spatial impedance mismatch
occurs in the lens surface reflection. Impedance mismatch
must be avoided considerably because the reflection directly
causes gain deterioration of the lens antenna.

Recently, various methods to design a lens antenna with
a low profile and high gain for the millimeter-wave and
terahertz-wave band have been reported. In [12], the con-
cept of a low-profile lens was successfully investigated by
replacing a large-aperture single lens with a small lens array.
However, the former antenna caused the feeding design and
lens shaping to become complex. Next, in [13], a low-profile
and high gain in the sub-millimeter-wave lens were achieved;
however, a large number ofmulti-layer leakywave feeds were
required to increase the beam-shaping flexibility.

Therefore, the implementation of a matching layer (ML)
to the lens antenna has been extensively studied to overcome
the problem of a thicker lens owing to its short focal length
and to achieve a low-profile compact antenna in a higher
frequency band. In particular, for a lens using a high- permit-
tivity material, the effects of impedance mismatch and lens
surface reflections can be alleviated by adding an ML to the
lens surface. By contrast, lens thickness can be significantly
decreased. It also helps to improve the lens antenna gain to its
highest value. In [14], theML of a discrete dielectric slab with
square holes to improve reflection coefficient and gain was
proposed. Similar to [15] and [16], anti-reflection surfaces
that utilize such microstructures have been actively studied
in the fields of optics with the development of microfabri-
cation technology and are called sub-wavelength structures.
However, in higher millimeter-wave bands, it is quite dif-
ficult to coat or paste the dielectric by different materials
with constant thickness and without gap. Most of the ML
designs were reported at lower millimeter-wave frequencies.
This is because of the awareness of the difficulty of devel-
oping and fabrication constraints at this terahertz frequency.
Bonding ML without air gaps between different dielectrics
is extremely difficult in the 300-GHz frequency band. Lens
antennas with matching layer on the surface has been devel-
oped in the 300-GHz band by the same group with [14].

FIGURE 1. Dielectric lens antenna with a square-pillar periodic MS.

However, detail design techniques and effect have not been
discussed.

Therefore, this study used modified-Polyphenylene ether
(modified-PPE), which has a higher permittivity than that
of polypropylene, is commonly used as a dielectric material
and has better manufacturability [17], [18]. Low-profile lens
antenna with short focal length and thin lens was developed in
this work. Furthermore, we also implemented a dielectric lens
antenna with an effective impedancematching structure (MS)
function on the lens surfaces using a micro-fabricated peri-
odic structure. The anti-reflection structure comprised single
dielectric material in the sub-terahertz band. Optimization
of the periodic structure for inclined incidence of TE and
TM waves for lens surface operation and detail measured
evaluation of the effect of the matching structure have done
in low-profile design. The small physical antenna size with
a total height from the aperture of the primary radiator of
13.7 mm and a lens diameter of 10 mmwith maintaining high
performance and a relatively easy design and manufacturing
process is developed in this work. The remainder of this
paper is organized as follows. Section II introduces the design
method for a dielectric lens antenna with a square-pillar
periodic MS. The optimization of the MS using a periodic
structure simulation is described in Section III. In addition,
the effectiveness of the proposed antenna is demonstrated by
comparing the radiation characteristics of lens antennas with
and without the optimized MS. The simulation validity is
presented in Section IV. Finally, conclusions are presented
in Section V.

II. GEOMETRY AND THEORY
A. DIELECTRIC LENS ANTENNA WITH A MATCHING
STRUCTURE
This section describes the proposed dielectric lens antenna
with an MS. We focus on a simple dielectric lens antenna
comprising a dielectric lens and a horn antenna primary radia-
tor, as shown in Fig. 1. The horn antenna is made of metal and
is fed from a WR-3 standard waveguide. The horn adjusts its
aperture size by considering the primary illumination pattern
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FIGURE 2. Reflection reduction on the lens surface by impedance
transformation. (a) Equivalent circuit expression. (b) Geometric
approximation of the surface ML by square-pillar periodic with a single
relative permittivity material.

of the dielectric lens. The appropriate primary radiation level
at the lens edge with respect to the center of the lens bottom
(edge level) is approximately −10 dB owing to the trade-off
between the spillover loss and lens aperture efficiency. The
aperture size of the horn antenna designed to the edge level
in this is −10 dB [19].
As for the dielectric lens, an axisymmetric curve plano-

convex lens with a flat surface on the side of the primary
radiator and a curved surface in the main radiation direction
is used [20]. Plano-convex lens has feature such as simple
design shape and easier comparison in 300 GHz band. It has
the advantage of being easy to process matching square-
pillars, which will described in Section II-B, because bottom
side of the lens is completely flat. To derive the curved surface
coordinates of the plano-convex lens, the electromagnetic
wave radiated from the primary radiator is approximated by
an optical ray. Thus, the coordinates of the curves are derived
by solving simultaneous equations comprising Snell’s law
and the law of constant optical path length from the primary
radiator to the lens aperture surface [21], [22]. The lens
diameter defined as D, and the focal length of the lens is
defined as F , which are the parameters required to calculate
the lens curve. The lens diameter D was determined from the
required peak gain. The focal length F can be determined
arbitrarily by calculating the lens curve. The phase center
of the horn antenna should be optimally placed at the focal
position of the lens, however in this study, the focal position

of the lens was placed at the center of the horn aperture to
simplify the design. When the horn length is ignored, the
antenna height of a plano-convex lens antenna is determined
by the summation of the focal length and thickness of the lens.
The lens diameter D was fixed from the required gain. The
height of the entire lens antenna can be reduced by setting
a short focal length when deriving the coordinates of the
lens curve. Therefore, it is effective to design the ratio of the
focal length to the lens diameter F /D as small for designing
a low-profile lens antenna. However, with a smaller F /D, the
difference in distances from the focal point to the center and
to the edge is larger. Therefore, the thickness of the lens was
increased to make the lengths of the two optical paths equal
on the aperture plane by increasing the electrical length of
the ray passing through the center of the lens. For reducing
the thickness of a lens with a small F /D, the electrical length
of the ray passing through the center of the lens should be
increased. To lengthen the ray path through the thin lens,
the lens must be constructed with a dielectric material with
high relative permittivity. The slow wave propagates in the
dielectric material. Hence, the effective electrical path length
increases with respect to the physical pass length of the
electromagnetic wave. The higher the relative permittivity,
the longer the effective electrical length. Therefore, a thin
dielectric lens can be constructed using a dielectric material
with high relative permittivity.

B. RECTANGULAR PERIODIC MATCHING STRUCTURE
This subsection describes the equivalent circuit representa-
tion of the principle of the MS implemented on the lens sur-
face. Furthermore, an approximate geometric representation
of the ideal ML is presented. The higher the relative permit-
tivity of the dielectric used in the lens, the thinner the lens
that can be realized. However, when the relative permittivity
of the lens is much larger than the permittivity of free space,
spatial impedance mismatch cannot be ignored. Owing to
the characteristic impedance mismatch between free space
and the lens, the incident wave into the lens is reflected.
Consequently, the gain of the lens antenna deteriorates.

In this study, the reflected wave on a high permittivity
lens surface was suppressed by implementing an impedance
MS on the lens surface. The equivalent circuit representa-
tion of the characteristic impedance of the dielectric lens
and the MS implemented on the lens surface are shown in
Fig. 2. We define the relative permittivity of the dielectric
that composes the lens as εr . We consider that a transverse
electromagnetic mode (TEM) wave is incident on the lens
and the free space in particular. The relationship between the
intrinsic impedance Z0 in free space and the characteristic
impedance in the lens Z.L. is as follows [23]

ZL =

√
µ0

εrε0
=

√
1
εr
Z0 (1)

where ε0 and µ0 are the permittivity and permeability of free
space, respectively.
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FIGURE 3. Periodic simulation model of the square-pillar periodic
structure with plane-wave incidence. (a) Top view and, (b) section.

When the relative permittivity of the lens is εr ̸= 1,
a reflected wave is generated owing to the impedance mis-
match between the free space and the lens surface. The reflec-
tion coefficient 0 at the boundary is as follows [24].

0 =
ZL − Z0
ZL + Z0

=

√
εr − 1

√
εr + 1

. (2)

As shown in (2), when the relative permittivity of the lens
is greater than 1, the absolute value of the reflection coeffi-
cient is larger. Because the electromagnetic wave reflected
on the lens surface does not contribute to the radiation to
the front of the antenna, using a material with a large rel-
ative permittivity for the lens results in a decrease in the
front gain of the lens antenna. To reduce the reflected wave
by alleviating impedance mismatch, we consider loading a
quarter wavelength, λg /4 impedance transformer on the lens
surface, as shown on the left side of Fig. 2 (b) [25]. λg is
the wavelength in the dielectric ML, and it has a relationship
λg = λ0/

√
εM with a free space wavelength λ0 and relative

permittivity εM of the ML. To match the impedance at the
boundary between the free space and the ML, the intrinsic in
the matching layer impedance Z.M . is derived as follows;

ZM =

√
Z0ZL =

Z0
4
√

εr
(3)

To realize (3), the relative permittivity of the ML should be
set to εM =

√
εr . However, considering the processability

of dielectric materials, manufacturing a dielectric lens with
an ML by completely adhering to two types of material
with different relative permittivities is challenging. Finding
a material with the desired relative permittivity is difficult.
Therefore, this study realizes the λg /4 ML on the lens surface
by machining a square-pillar periodic structure, as shown in
the right figure of Fig. 2 (b).

Such a micro dielectric structure has a relative permittivity
between that of space and the dielectric material; its effective
permittivity is determined based on the space occupancy
of the free space and the dielectric. This study realized,

FIGURE 4. Effect on the reflection coefficient S11 frequency
characteristics when changing the period cycle of the MS, T . Plane waves
are incident vertically from the +z direction (TEM wave incident). The
space occupancy ratio p was fixed at 0.49.

an arbitrary effective relative permittivity using a periodic
structure, as shown in Fig. 3. The exact shapewas periodically
formed in two dimensions to facilitate fabrication. The peri-
odic length of the MS is T , the side length of the rectangular
cube is l, and the height of the rectangular cube is defined
as h. Hence, the space occupancy is defined as follows:

p =

(
l
T

)2

. (4)

Focusing on a single period of such a periodic MS, assum-
ing the ratio of the dielectric structure in the periodic plane
is p, the effective relative permittivity of theMS εeff is derived
as follows:.

εeff = εrp+ (1 − p), (5)

Based on the sub-wavelength structure technique, the
impedance matching on the lens surface was achieved by
applying a structure with an arbitrary effective permittivity
which was obtained by appropriately setting the ratio of the
free space and dielectric material.

III. SIMULATION
A. MATCHING STRUCTURE OPTIMIZATION
In this section, the square-pillar periodic MS introduced in
Section II is optimized in the 300 GHz band using the electro-
magnetic (EM) simulator FEKO. To efficiently optimized the
matched structure, a single period of the MS was optimized
using periodic boundary conditions without the lens and pri-
mary radiator, as shown in Fig. 3. The simulation was per-
formed using periodic boundary conditions. The following
conditions were assumed. First, the dielectric square-pillar
is periodically arranged in the xy-plane. Second, an infinite
length of the dielectric exists under a periodic structure.
Floquet ports were defined at the upper and lower planes of
the periodic simulation model.

A plane wave was incident above the square-pillar with an
angle θin. The permittivity of the bottom and the square-pillar
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FIGURE 5. Effect on reflection coefficient S11 frequency characteristics
when changing the plane wave incident angle θin. (a) represents
transverse electric (TE) wave incident, and (b) represents transverse
magnetic (TM) wave incident.

dielectric are equal. This study used, modified-PPE as the
the lens material, considering its high relative permittivity,
small dielectric loss tangent, and ease of molding, where the
relative permittivity εr was 5.34 and the dielectric loss tan-
gent was 0.0081. Therefore, the required relative permittivity
was εeff ≈ 2.31. The approximate dielectric occupancy that
satisfied (3) and (5) was theoretically estimated to be p≈ 0.4.
The optimum occupancy fluctuated slightly owing to the edge
effect of the square-pillar.

As shown in Fig. 3, the MS is optimized based on the
reflection coefficient at 270 GHz. The reflection character-
istics when the period cycle T is changed are shown in Fig. 4.
The occupancy, height, and plane wave incident angle were
fixed as p = 0.49 (l varies according to T ), h = 0.15 mm,
and θin = 0◦. The side length l change according to T . When
T was λg, spurious reflections appeared in the S11 charac-
teristics, indicating that its operation as an anti-reflection
structure was inappropriate. The spurious reflection is caused
by a change in the mode propagating inside the MS from
the eigenmode [26]. In the case of TEM incidence, to avoid
unnecessary spurious results, the period of the MS must

FIGURE 6. Effect of resonance frequency change on reflection coefficient
S11 caused by the height of the MS, h. The plane wave is incident
vertically from the +z direction (TEM wave incident).

FIGURE 7. Effect on reflection coefficient S11 frequency characteristics
when changing the rectangular length l . Plane waves are incident
vertically from the +z direction (TEM wave incident).

satisfy the following equation:

T <
λ0

√
εeff

. (6)

To implement the rectangular MS on the lens, electromag-
netic waves were incident perpendicular to the MS at the
center of the lens. By contrast, waves are incident obliquely
to the MS at the end of the lens. The frequency characteristics
of S11 when the wave incident angle θin is varied are shown in
Fig. 5. The parameters of the periodic structure are T = 0.8λg,
l = 0.38λg (p = 0.476), and h = 0.183mm. The larger the
incident angle θin, the higher the resonance frequency of the
MS unit cell. A spurious result is generated at θin = 30◦ and
45◦. The generation of spurious result can only be avoided
by reducing the period T of the MS. Therefore, the period T
of the MS must be chosen by considering the angle from the
primary radiator to the lens end. In the MS used in this study,
the reflected waves were generated at the top and bottom
points of the square-pillar periodic MS. When the MS is opti-
mized considering obliquely incident waves, the MS will be
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FIGURE 8. Simulation of the lens antenna structure (a) without
anti-reflection structure (b) with a planar ML, and (c) with an MS at the
top and bottom.

FIGURE 9. Near-field amplitude distributions in a section of the lens
antenna. (a) Without anti-reflection structure (b) with an ML at the top
and bottom, and (c) with an MS at the top and bottom.

effective even if theMS is added to a curved surface other than
a plano-convex lens. The highest performance was exhibited
at the frequency at which these two reflected waves canceled
out. Ideally, this frequency is λg/4 as described in Section II;
however, it is actually influenced by the edges of square-pillar
periodic. Thus, the rectangular height h should be optimized
for the reflection characteristics at the design frequency. The
S11frequency characteristics when the rectangular height h
is changed are shown in Fig. 6, where the periodic length
and occupancy ratio are fixed as T = 0.8λg, and l = 0.39λg
(p = 0.49), respectively. As mentioned earlier, the resonance
frequency changed with h; the resonant frequency is lower
when the height h is higher. The effective relative permittiv-
ity determines the impedance-matching characteristics of a
square-pillar periodic MS. The theoretical desired effective
permittivity is expressed in (5), and the spatial occupancy that
realized the permittivity is expressed in (4); however, p should
be optimized by EM simulation as well as other parameters.
The S11 frequency characteristics with varying l are shown
in Fig. 7. The period was fixed at T = 0.8λg. This indicates
that the reflection level around the design frequency changes
depending on l and p, and the optimumvalue slightly different

from the theoretically appropriate value p≈ 0.4. This mainly
results from the influence of the edges of the square-pillar
periodic structure and dielectric loss tangent. In addition, as p
increases, the wavelength in the MS decreases, the resonance
frequency shifts slightly to a higher frequency. The reflection
characteristics of the rectangular MS can be controlled arbi-
trarily by adequately designing the aforementioned parame-
ters. First, an efficient optimization is performed to determine
the period length T based on the overall structure of the
lens, then adjust the resonance frequency according to the
rectangular height h, and finally, optimize the rectangular
length l. Moreover, it is challenging for fabrication in the
300GHz band if the size of the single period of square-pillar
periodic is too large and asymmetrical, therefore, the shape of
the single periodic square-pillar periodic structure is designed
with symmetrical for ease of fabrication.

B. LENS ANTENNA PERFORMANCE
The antenna efficiency is an index used to evaluate the charac-
teristics of the lens performance. In this section, a comparison
of the design structures is investigated based on the gain and
radiation patterns to validate the efficiency between the ideal
planar ML and the square-pillar periodic MS. The principles
of high-gain performance are compared and described. The
simulation structure comparison of the dielectric lens without
anti-reflection, lens with ML, and lens with a square-pillar
periodic MS, are shown in Fig. 8. The design of the primary
radiator is shown in Section II, with a lens diameter of D
and focal length F of 5 mm. The planar ML structure was
designed based on the quarter-wavelength impedance trans-
former mentioned in Section II-B. The square-pillar periodic
MS is a design based on the study of the periodic simulation
in Section III-A. The near-field amplitude distribution of the
lens antenna without anti-reflection, with ML at the top and
bottom surfaces, and the square-pillar periodic MS at the top
and bottom surfaces in shown in Fig. 9.

As shown in Fig. 9 (a), the near-field distribution with-
out the anti-reflection structure has strong standing waves
both in the lens and between the primary radiator and the
lens owing to direct radiation from the primary radiator and
the reflected wave on the lens surface. In addition, such a
lens surface-reflected wave becomes an unnecessary radia-
tion incident obliquely behind the lens. Furthermore, in the
absence of an anti-reflection surface, the radiation in the
oblique direction in front of the lens is disturbed, resulting
in an enlarged sidelobe level. Thus, we assumed that forming
the lens from a high-permittivity material with an effective
impedance MS improves the radiation performance of the
entire lens antenna by degrading the lens surface reflection,
as shown in Figs. 9 (b) and (c). Furthermore, the lens with
ML and the lens with square-pillar periodic MS assisted in
suppressing the standing waves between the lens and the
primary radiator.

The main polarization far-field patterns and gain frequency
characteristics in the comparison of the lens without anti-
reflection, lens with ML, and lens with MS are shown in
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FIGURE 10. Main polarization far-field comparison of the lens without
anti-reflection, comprises an ML and anti-reflection square-pillar periodic
MS. (a) E-plane radiation pattern at 270GHz, (b) H-plane radiation pattern
at 270 GHz and, (c) gain vs. frequency.

Fig. 10. As shown in Figs. 10 (a), and (b), the lens with ML
and MS produced lower sidelobe levels compared with those
without anti-reflection structure lens. The lens with MS
clearly achieves the anti-reflection function with a single
material and the same radiation performance as the lens with
planar ML. As shown in Fig. 10 (c), the lens with an MS indi-
cates that the gain increased over a wide bandwidth, not lim-
ited to the designed frequency of 270 GHz only. In addition
by implementing the lens with the MS, the antenna aperture
efficiency increased from 40% to 60% (an improvement of

FIGURE 11. Cross-polarization far-field comparison of the lens without
anti-reflection, comprising an ML and anti-reflection square-pillar
periodic MS. (a) E-plane radiation pattern at 270GHz and, (b) H-plane
radiation pattern at 270 GHz.

FIGURE 12. Comparison of the reflection coefficient S11 of the lens
without anti-reflection, comprising an ML and anti-reflection
square-pillar periodic MS.

approximately 2dB). Furthermore, as shown in Fig. 11, the
lens with MS is not as low as the lens with ML, however, the
cross-polarization level was maintained sufficiently low.

Therefore the designedMS is sufficiently compelling from
a manufacturing viewpoint, as lenses with an anti-reflection
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FIGURE 13. Fabricated lenses and primary radiator. (a) overall structure,
(b) primary radiator excluding the lens, (c) lens with square-pillar periodic
MS, and (d) lens without anti-reflection structure.

FIGURE 14. Measurement setup of planar (a) near-field, and (b) far-field.

FIGURE 15. Near-field distribution over the parallel plane of the
fabricated lens antenna aperture. The left and right column represents
the normalized amplitude, and phase angle respectively. (a) and, (b) are
with the MS lens, while (c) and, (d) are the without MS lens.

function can be constructed from a single material. The simu-
lation comparison performance for reflection coefficient S11
of the lens without anti-reflection, a lens with ML, and a lens
with MS is shown in Fig. 12.

All three types of lens reflection coefficients are above
−10 dB band range from 250 to 300 GHz; however, the
lens with ML and lens with MS can improve the reflec-
tion coefficient to higher above than the −20 dB band
from 250 to 290 GHz. This proves lens with MS provides
a better reflection coefficient.

IV. EXPERIMENTAL SETUP AND RESULTS
We designed a prototype lens with an MS and evaluated
its radiation characteristics to validate the simulation. The
fabricated proposed lens antennas are shown in Fig. 13. The
overall structure is shown in Fig. 13 (a) and the primary
radiator, excluding the lens is shown in Fig. 13 (b). The
primary radiator had a total height of 5 mm horn antenna,
with the primary radiation pattern at the lens edge level
−10 dB. A cylindrical jig fixed the lens shown in Fig. 13 (c)
or (d) at a position 10 mm from the aperture of the horn. The
designed lenses had a curved surface with a diameter length
of 10 mm. A square-pillar periodic MS on the lens surface
is shown in Fig. 13 (c). As shown in the cylindrical jig made
of polypropylene, these lenses are composed of a modified-
PPE with εr = 5.34, and tanδ = 0.0081. A cylindrical
jig with Polypropylene material with εr = 2.4 and tanδ =

0.001 was used to hold the lens and horn together. The end
thickness of the dielectric lens was fixed at 1 mm to the
jig.

The horn antenna was connected to a WR-3 standard
waveguide for the feeding. The measurement setup is shown
in Fig. 14. The radiation pattern of the lens antenna in this
study was obtained using planar near-field measurements,
as shown in Fig. 14 (a) [27]. The near-field is acquired
from a distance of 2 mm from the lens top, in an area
of 20-dB dynamic range concerning the peak magnitude to
avoid leakage of radiant energy acquisition. In addition, the
sampling pitch was set to 0.5 mm to evaluate the radiation
characteristics up to frequency of 290 GHz. Far-field mea-
surements, to determine the absolute gain of the fabricated
antenna compared with the standard gain horn antenna as
shown in Fig. 14 (b). The distance between the antenna
under test (AUT) and the far-field probe was set to 2 m
to satisfy the far-field conditions, including the cylindrical
jig.

The measured near-field distributions are shown in Fig. 15.
The lens diffraction in amplitude and phase distribution
without an anti-reflection surface structure can be seen as
higher and less diffraction, respectively. In particular, without
the anti-reflection structure, the amplitude was significantly
disturbed outside the aperture of the lens. The disturbance
caused the deterioration of the radiation performance. The
radiation patterns at 270 GHz and the frequency response of
the lens gain with and without the anti- reflection structures
are shown in Fig. 16. The gain was measured by comparison
method with a standard gain horn whose gain was mea-
sured by extrapolation technique. The measurement results
are shown as solid lines, whereas the simulation results as
shown as dashed and broken lines. E-plane radiation pattern
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FIGURE 16. Comparison of lens antennas with and without a
square-pillar periodic anti-reflection structure. (a) Radiation pattern and,
(b) gain patterns vs. frequency.

FIGURE 17. Comparison of the reflection coefficient S11 of the lens
without anti-reflection, and lens with square-pillar periodic MS.

at 270 GHz is shown in Fig. 16 (a). The main beam became
sharper, and the sidelobe level decreased by forming a rectan-
gular periodic MS, unlike the case without an anti-reflection
structure. As shown in Fig. 16 (b), the frequency response
of the measured gain was lower than that of the simula-
tion results, depending on the frequency. However overall,
the measured lens with the anti-reflection structure showed

high gain increases in all bands compared with the lens
without anti-reflection. The gain increase between the two
lens types was approximately 2 dB, except at 275 GHz.
The discrepancy between the simulation and measurement
results can be attributed to dielectric losses in the lens and
conductor losses in the primary radiator. The simulated and
measured reflection coefficients S11 of the lens antennas
with and without MS are shown in Fig. 17. The radiated
wave from the horn is reflected at the lens center back and
received again, which increases reflection coefficient S11.
However, S11 of the lens antenna is reduced by usingMS. The
reflection level fluctuates due to the interference between
the reflections from the horn antenna and the lens surface.
The maximum reflection level was approximately −20 dB.
On the other hand, with MS, the reflection characteristic
should be almost identical to that of the individual horn
antenna. The simulated and measured reflection levels were
approximately −25 dB and −30 dB, respectively. Based
on the aforementioned measurement results, the amount of
radiation performance improvement perfectly agreed with the
simulation results. Although the performance of the mea-
sured results performance is slightly degraded compared to
simulation results, the proposed antenna architecture is well
validated. The effectiveness of the implemented impedance
ML was demonstrated.

V. CONCLUSION
A dielectric lens antenna with an anti-reflection structure
based on the spatial impedancematching theorem in 300GHz
band was developed. The square-pillar periodic MS imple-
mented on the lens surface was made of the same dielectric
material as the lens, considering fabrication feasibility. The
periodic MS was optimized using a unit cell electromag-
netic simulation, and the derived optimal MS was added to
the surface of the dielectric lens. Through simulations and
experiments, we validated that the square-pillar periodic MS
reduced the reflection wave on the lens surface, and the
peak gain of the lens antenna was improved by about 2 dB
between 250 GHz to 290 GHz. Low-cost and high-efficiency
lens antennas are expected for the applications of future
high-bitrate and mobile communication systems.
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