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ABSTRACT A 2 × 2 lens array provides a half reduction of antenna height compared to the twice-
diameter single-feed lens antenna with an almost similar gain performance due to the same aperture size.
However, it generally suffers from a non-uniform amplitude distribution of each lens, which degrades
the overall lens antenna performance. This study proposes a 2 × 2 lens array antenna composed of
square-bottom lenses with a concave-convex lens shaping design to improve the uniformity and aperture
efficiency. The measured results of the proposed 2 × 2 square-bottom concave-convex lens array antenna
with a lens height of 9.74 mm achieved a boresight gain of 34.9 dBi, and the lowest sidelobe level
observed was greater than −12 dB in the 300-GHz band.

INDEX TERMS Lens antenna, concave-convex, antenna array, sub-terahertz.

I. INTRODUCTION

MILLIMETER-WAVE (mm-wave) and terahertz-wave
(THz-wave) wireless communication systems are in

increasing demand owing to their large data capacity and
low latency. These wireless communication systems face
increasing requirements for higher data rates and more simul-
taneous users [1]. Recently, the planning and visioning of
possible solutions for the beyond 5G (5th generation mobile
communication systems) and the 6G (6th generation mobile
communication systems) for short-distance and high data
rates in wireless communications have already begun [2].
Thus, owing to the fast development in electronic device
systems, the required applications of mm-waves and THz-
waves have increased rapidly in terms of high-definition
(HD) digital video and related multimedia entertainment
services [3], [4], [5]. Moreover, requirements for sensing
applications such as radar, remote sensing, radio astronomy,
imaging sensing for medical applications, radiometer systems

for space-borne applications, weaponry and contraband
detection have also actively increased [6], [7], [8].

Low-profile and compact high-gain antennas are required
for THz-wave applications to compensate for sizable atmo-
spheric attenuation [9], [10]. Recently developed antennas
operating in the 300-GHz band include a slotted waveguide
antenna [11], an integrated LTCC antenna [12], and a
corrugated horn antenna [13].
Dielectric lens antennas have also become viable can-

didates for the 300-GHz band owing to their simple
configurations, high gain, and low loss. Recently, lens anten-
nas have been reported operating at 300-GHz bands with
various techniques and applications [14], [15], [16], [17],
[18], [19], [20]. Dielectric lens antennas also offer a strongly
built structure, making them attractive for implementation
in communication systems applications. However, a general
single-lens antenna has an unavoidable drawback of the high
profile entirely due to the focal length and lens thickness. In
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addition, recent applications require low-profile and compact
antennas. Thus, lens array antennas have been used to
overcome these issues.
Lens array antennas have been actively studied over the

years. Researchers have proposed many high-performance
designs and methods to improve antenna efficiency
and achieve high gain throughout all frequency bands.
Nevertheless, the implementation of the lens array antenna
in mm-waves and THz-waves remains a more significant
challenge because of the requirement of special lens shaping
design, complex feeding networks, and variations of lens
arrangements that cause loss increasing and degrading
radiation patterns. Moreover, in THz applications, high-gain
antennas with narrow beamwidth and high efficiencies are
highly required to improve the signal-to-noise ratio and
compensate for the losses of the overall system.
An extended hemispherical lens with a leaky wave feed

was proposed to achieve a high aperture efficiency wideband
in a tight space design [21]. The gain was 28.7 dBi with an
aperture efficiency greater than 60% for a wide bandwidth
from 8 to 20 GHz. A half-sphere lens was used to increase
the gain of the microstrip from 4.7 to 16.9 dBi with a total
average efficiency of approximately 88% [22]. Subsequently,
four dielectric hemi-elliptical lens arrays were proposed to
achieve a low profile with no performance degradation at 71-
76 GHz and 81- 86 GHz [23]. However, all the performance
effects of the lens shape used for the lens array above are not
discussed thoroughly of how it was developed. Moreover, the
lens array design improved the uniform distribution of the
lens by shaping the lens surface considering the amplitude
distribution [24]; however, the gap space between the circular
lens array caused the aperture efficiency to not be fully
utilized.
In addition, mm-wave applications require a high-

gain lens array with beam-scanning. The combination of
beam-scanning of mechanical lens shifting and phased
array realizes high-gain beam-scanning [25], [26], [27].
Elliptical lenses are used to achieve high-aperture
efficiencies [25], [26]. The boresight peak gains achieved
were 27 dBi and 30 dBi with an aperture efficiency of 75%
and produced a side-lobe level (SLL) lower than –10 dB
at 28 GHz and the W-band, respectively. The scan angles
were capable up to ±10◦ and ±20◦. A sparse arrangement
of lenses with mechanical displacement relative to their feed
provides scanning angles up to ±20◦ with gain scan loss
lower than 2 dB at 550 GHz [27]. To prevent mechanical
scanning, electrical antenna switching can be used to achieve
a beam-scanning lens array [28]. Lens antenna subarrays
using an extended hemispherical lens are developed at
38 GHz, resulting in a maximum gain of 20 dB, with a
scanning angle of ±36◦ and SLL remaining lower than
–9.5 dB.
To obtain the maximum gain and the highest aperture

efficiency, a lens with a uniform aperture distribution is
required. Following the works of [23] and [24], in this
paper, a square bottom lens with concave-convex shape

FIGURE 1. 2 × 2 square-bottom concave-convex (Sq-CC) lens array antenna.

which realize uniform amplitude and phase distributions in
square aperture is proposed. The proposed lens is suitable
for a rectangular arranged lens array. We demonstrate
the effectiveness of the proposed lens antenna through
electromagnetic simulations and experiments of fabricated
antennas.
The remainder of this paper is organized as follows.

Section II introduces the antenna geometry and theory,
following the concept of a square-bottom 2 × 2 lens antenna
array structure and lens surface shaping using a concave-
convex lens. Section III discusses the simulated comparison
performance of all single-lens antenna elements. Section IV
discusses the simulated comparison performance for all
the lens antenna arrays. Measurement validity is presented
in Section V. Finally, the conclusions are summarized in
Section VI.

II. GEOMETRY AND THEORY
We describe the overall configuration of a 2 × 2 lens array
and the design method for the lens elements constituting
the array. To investigate the antenna performance, all the
lenses were operated with equal parameters, such as material
permittivity, focal length, and diameter in the 300 GHz band.

A. PRINCIPLE OF A 2×2 LENS ARRAY
A lens array consists of multiple antenna elements. In
this study, it consisted of 2 × 2 lens antennas, each fed
by a pyramidal horn antenna. Fig. 1 shows the proposed
2 × 2 square-bottom concave-convex (Sq-CC) lens array
antenna. We used a pyramid horn antenna to easily control
the beamwidth by changing the horn aperture size. The
horn antenna was made of gold-plated copper and fed
by a WR-3 standard waveguide. Polypropylene with a
dielectric constant, εr = 2.4, and dielectric dissipation
factor, tan δ = 0.001 was used as the lens material. It is
a readily available, low-loss, machinable plastic that can
be manufactured by injection molding for low-cost mass
production. It is suitable for mm-wave and THz-wave lens
antenna applications [15], [16].
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FIGURE 2. Principle equivalence of the lens array with a single lens.

Fig. 2 shows the normalized amplitude radiation pattern
based on the principal equivalence of a 2 × 2 lens array with
a single lens element under a perfectly uniform distribution
condition. The diameter of each single lens is 10 λ where
λ is a wavelength in free space at 300 GHz. In the 2 × 2
lens array, the total aperture size is 20 λ square. The
center spacing between the two lens elements is 10 λ. As
the distance between the two lenses is much larger than
the wavelength, thus many grating lobes appear within the
visible region of the array factor. The lens array radiation
pattern can be calculated by simply multiplying the array
factor with the single lens pattern. The grating lobes in the
array factor are cancelled by the nulls of the single lens
element. This happens only when the single lens element
pattern provides a uniform distribution condition. The SLL
value for uniform amplitude distribution is approximately
−13 dB [29]. To satisfy these conditions, the single lens
element pattern should have characteristics such as high
aperture efficiency and narrow beamwidth and should be as
close to a uniform distribution as possible. When all these
conditions are satisfied, it suppresses the first SLL to be
lower.
However, it is generally difficult to make the aperture

distribution of a lens antenna completely uniform. Therefore,
in this study, we constructed a lens that improves the
uniformity of the aperture distribution and increases the
antenna efficiency for a 2 × 2 lens array by using square-
bottom and concave-convex lens shapes, as described in the
next sub-sections.

B. EXTENSION TECHNIQUES OF LENS APERTURE
(SQUARE-BOTTOM)
An extension technique of the lens aperture using a square-
bottom lens profile is proposed to utilize the antenna plane
effectively and to achieve a higher gain. Fig. 3 shows the
geometry comparison of the lens profiles of the circular
and square bottom lenses. Four circular lens antennas were
placed in a rectangular arrangement to form the 2 × 2 lens
array, with vacant spaces at each corner of the circular lenses

FIGURE 3. Top view schematic of the proposed 2 × 2 lens array antenna with its
design parameters: (a) square-bottom lens array, (b) conventional circular lens array,
(c) square-bottom single lens, and (d) circular single lens.

as shown in Fig. 3. (b). In addition, a gap appears in the
middle of the square arrangement, decreasing the aperture
efficiency, thus, the entire antenna aperture cannot be used
efficiently. To address this, we proposed a square bottom lens
array to fill the space and increase the aperture efficiency of
the rectangular array, as shown in Fig. 3 (a). The diameter
of the circular lens is 10 mm, as shown in Fig. 3 (d). In
designing the shape of the square-bottom lens, the total lens
diameter corresponds to the diagonal length of the square.
Subsequently, the outer four sides of the square were cut
to realize a square-bottom lens, as shown in Fig. 3 (c). The
physical aperture area of the square-bottom lens is 4/π larger
than that of the circular lens. An improvement in the effective
aperture efficiency can be expected when a rectangular array
is constructed using a square bottom lens.

C. LENS SURFACE SHAPING TECHNIQUE (CONCAVE-
CONVEX)
Lens shaping has been extensively studied for various
applications of dielectric lenses [30], [31], [32], [33], [34].
One of the simplest plano-convex (PC) lens is known
for controlling only the aperture phase distributions. The
lens shape has a flat surface on the inner side and a
curved surface on the outer side [30], [33]. Because the PC
lens does not have an adjustment parameter to control the
amplitude distribution, the aperture distribution corresponds
to the radiation pattern of the primary radiator; therefore,
the aperture efficiency is low. A concave-convex (CC)
lens is proposed to control both the amplitude and phase
distributions. Concave-convex lens form curved surfaces on
their outer and inner surfaces, which control both the aperture
amplitude and phase distributions. This lens is known for
its high directivity and providing more uniform amplitude
distribution [31].

The geometrical concept of the CC lens shaping design
is illustrated in Fig. 4. The design was based on the
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FIGURE 4. Geometrical concept of the concave-convex lens shaping.

spherical or elliptical lens condition conceived by the authors
of [31], [32], [33]. This section describes the design method
to validate the proposed lens surface design. The lens is
designed based on the surface curves of the inner side (S1(r,
θ)) and outer side (S2(z, x)). An optical ray approximates an
electromagnetic (EM) wave radiated from a primary radiator.
The lens diameter was selected based on the required gain.
The basis lens surface design is achieved using the following
three essential equations based on the fundamental ray
equation developed from Snell’s law. The (S1) side is derived
as in equation (1):

dr

dθ
= nr sin(θ − ϕ)

n cos(θ − ϕ) − 1
(1)

The (S2) side is derived as in equation (2), where n is the
refractive index corresponding to

√
εr , and ϕ is the refracted

angle of the lens. The expressions for the condition that the
ray exits parallel to the z-axis after refraction in the lens can
be derived for the (S2) surface as:

dz

dx
= n sin(ϕ)

1 − n cos(ϕ)

dz

dθ
= n sin(ϕ)

1 − n cos(ϕ)

dx

dθ
(2)

The aperture plane is arbitrarily defined to be sufficiently far
from the primary radiator for the convenience to measure
the length of the ray path through the lens. The condition of
the total electric path length, Lt to be constant is derived as:

Lt = r + nr1 + za − z (3)

r1 = z − r cos (θ)

cos(ϕ)
(4)

where za indicates the position of the aperture plane. The
radiation pattern Ep(θ ) of the primary radiator and the aper-
ture distribution Ed(x) are important parameters in the design
of a CC lens. Therefore, we relate the given pattern to the

required Ep(θ ) to the required aperture distribution Ed(x)
through the following electric power conservation condition
in differential system equations as follows:

dx

dθ
= E2

p(θ)

P

D

E2
d(x)

(5)

where the total power of the primary radiator, P is derived
as,

P =
∫
E2
p(θ) dθ (6)

and, the total power D, on the aperture plane, is derived as
follows:

D =
∫
E2
d(x) dx (7)

The radiation pattern of the primary radiator can be approx-
imately expressed using the directive parameter m as:

E2
p(θ) = cos mθ (8)

We derived the parameter m in (8) to fit the actual beamwidth
of the primary radiator. The constant value C indicates
the center-to-edge ratio of the amplitude distribution over
the aperture plane. The power distribution E2

d(x) over the
aperture can be approximated by C as:

E2
d(X) =

[
1 −

(
1 − 1

C

)(
x

x0

)]p
(9)

For the initial values, the coordinates at the lens edge
are arbitrarily determined as (k0, θ0) and (z0, x0). The lens
projection angle θ0 is the angle between the lens axis toward
the lens edge. By solving the system of the differential
equations with dr

dθ ,
dz
dθ , and

dx
dθ given by (1), (2), and (5),

respectively, the surface shape of the lens is obtained from
θ = 0 to θ0. In this study, we designed a uniform aperture
distribution where, C is set to 1.
The focal length to diameter (F/D) ratio used in this work

was 0.3. When the focal length was small, the lens thickness
increased for a uniform phase distribution. F/D was chosen
to balance between the height of the focal length and lens
thickness to achieve a low-profile lens antenna. When F/D is
chosen to be 0.3, the lens projection angle θ0 is calculated at
59 degrees. Controlling the beamwidth of the horn antenna
as a primary radiator provides adequate illumination that
collimates toward the lens and minimizes the spillover and
illumination loss [35], [36]. Further investigation of the lens
edge level is presented in Section III. To demonstrate the
effectiveness of the proposed antenna, we compared the
performances of the concave-convex square-bottom lens with
the simple circular-bottom plano-convex lens.

III. SIMULATION PERFORMANCE OF SINGLE LENS
This section compares the simulation results of all four
types of single-lens elements in the 300 GHz band using
the EM simulation software FEKO. The main factors used
to evaluate the antenna performance are the reflection
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FIGURE 5. Sideview of the lens antenna shape (a) Cr-PC lens (b) Cr-CC lens
(c) Sq-PC lens, and (d) Sq-CC lens.

FIGURE 6. Comparison of the gain versus optimized edge level for all four types of
lenses at 300 GHz.

co- efficient, radiation pattern, gain, and antenna efficiency.
Fig. 5 shows the side views of the four types of lens
shapes: circular plano-convex (Cr-PC), circular concave-
convex (Cr-CC), square-bottom plano-convex (Sq-PC), and
square-bottom concave-convex (Sq-CC). The dashed lines
in Figs. 5 (b) and (d) show the inner curves of the Cr-CC
and Sq-CC lenses. The CC lenses are thicker than the PC
in term of refracting the rays to the outer path in the lens
aperture for a uniform amplitude distribution. The optimum
lens edge level influences the gain performance of the lens,
which is the balance between the spill over and the aperture
distribution.
Fig. 6 shows the gain with respect to the edge level

from −10 dB to −30 dB varying m in (8) as discussed
in Section II-C. An inherent optimum peak gain can be
observed when varying the edge level illuminating the lens
from the horn antenna. Considering the majority peak gain
obtained by Cr-CC, Sq-PC, and Sq-CC, we used an edge
level of −22 dB in the design to obtain the maximum gain of
the lens antenna. As the CC design can improve the aperture
amplitude distribution, the effect of a larger taper distribution
to reduce spillover is more advantageous for increasing the
gain. To realize an edge level −22 dB, m was controlled to
be 7.63 and the horn aperture dimensions were designed to

FIGURE 7. Comparison of the aperture (a) amplitude and (b) phase distributions
from 1 mm above the lens top at 300 GHz on a diagonally cut plane.

have a length l = 1.53 mm, width w = 1.1 mm and height
h = 7 mm.
In the PC lens design, the gain of the square-bottom lens

was approximately 1 dB higher than that of the circular-
bottom lens shown in Fig. 6, because the corner areas worked
well. On the other hand, the gains in the design of the CC
lens were almost the same between the square-bottom lens
and the circular-bottom lens because the CC design works
fairly well to improve the aperture distribution over the lens.
The fluctuations in the gain depending on the edge level
were large for the CC design because the lens edge area was
effectively exploited by the CC design.
To investigate the uniformity of the aperture distribution

on the dielectric lens antennas and confirm the cause of the
gain performance, the near-field distribution on a plane 1 mm
above the lens top of each single-lens antenna element in the
diagonal plane was simulated. The lens areas ranged from
−5 to 5 mm and −7 to 7 mm for the circular-bottom lenses
and the square-bottom lenses, respectively. The edge level of
the primary radiator was commonly −22 dB. Fig. 7 shows
a comparison of the aperture distributions along the aperture
diagonal plane. Fig. 7 (a) shows the amplitude distributions
of the four types of lenses. The aperture distributions

1078 VOLUME 4, 2023



FIGURE 8. Electric-field amplitude distributions in the yz-plane (E-plane) including
lens axis at 300 GHz (a) Cr-PC lens (b) Cr-CC lens (c) Sq-PC lens, and (d) Sq-CC lens.

FIGURE 9. Comparison of the reflection coefficient S11 versus frequency for the
four types of lenses.

improved significantly with the CC design for the circular-
bottom lens exhibiting a uniform distribution. Therefore,
the aperture distribution did not improve from the circular-
bottom lens to the square-bottom lens. These facts explain
well the gain improvement with the CC design and the
square-bottom lens shown in Fig. 6. Fig. 7 (b) shows the
phase distributions of the four types of lenses. The phase
distributions performed almost uniform in the lens areas.
The electric-field amplitude distributions in the cross

sectional yz-plane (E-plane), including the lens axis of all
four types of lenses, are illustrated in Fig. 8. The CC lens
produced a more uniform amplitude distribution than the PC
lens. Standing waves are observed in and under the lens.
Reflection waves on the outer and inner lens surfaces cause
the standing wave distributions. The reflection coefficients
of the four types of lens antennas are shown in Fig. 9. The
reflection level of the Cr-CC lens is slightly higher than
those of the other lenses which may be because the reflected
waves at the inner surface back to the horn antenna were
emphasized in phase. However, all four types of lens cases
are still below −10 dB over a bandwidth of 270-320 GHz.

FIGURE 10. Normalized E-plane radiation pattern comparison for the four types of
lenses at 300 GHz.

FIGURE 11. Simulated comparison of the gain versus frequency for the four types
of lenses in the 300 GHz band.

Fig. 10 shows the normalized radiation patterns in the
E-plane for all four single-lens elements. The array factor of
the two-element array is overlaid to confirm the possibility
of a low SLL in the lens array. The null direction of the
lens pattern should coincide with the direction of the grating
lobes such that it can be canceled by the null of the array
factor, and the first SLL can be reduced. As the Sq-CC lens
performs uniform distribution and the beamwidth is narrow,
the first nulls are close to the first grating lobes. The radiation
pattern of the Sq-CC effectively suppresses the grating lobes
of the array factor. On the other hand, the beamwidths of
the other lenses are wide; thus, the first sidelobe levels
increased. Table 1 presents a simulated comparison of the
gain, sidelobe level and half power beam width (HPBW)
for all four types of the single-lens elements at 300 GHz.
At a design frequency of 300 GHz, the Sq-CC lens showed
the highest gain and narrowest HPBW compared to other
lenses, whereas the Cr-PC lens exhibited the lowest gain and
broadest HPBW.
Fig. 11 shows the gain versus frequency for all four types

of lenses in the 300 GHz band including the loss tangent,
tan δ = 0.001. The gains increased when the frequency
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TABLE 1. Simulated results for single-lens antennas at 300 GHz.

FIGURE 12. Simulated comparison of the antenna efficiency versus frequency for
the four types of lenses in the 300GHz band.

increased because the effective aperture area increases with
wavelength. The gain of the Sq-CC improved by an average
of 1.3 dB compared to a conventional Cr-PC lens. However,
the gain differences among the Sq-CC, Cr-CC, and Sq-PC
lenses are almost similar in the 300 GHz band.
To investigate the potential of the lens element, the gain

and antenna efficiency were evaluated through a simulation.
The antenna efficiency ηeff is expressed as the ratio of the
effective aperture area Ae, to the physical aperture area, Aphys,
using the following equation:

ηeff (%) = Ae
Aphys

× 100 (10)

where the gain G of the aperture plane of the lens antenna
is calculated using the effective aperture area, as follows:

G = 4π

λ2
Ae (11)

where λ is the wavelength of the frequency. The physical
aperture area for all four types of lenses was defined as
10 mm × 10 mm, or 100 mm2. The antenna efficiency
versus frequency characteristics for all four types of lenses
are shown in Fig. 12. The Sq-CC lens shows the highest
average overall efficiency of 65-75% compared to the con-
ventional Cr-PC lens, with approximately 45-55% average
overall efficiency throughout the 300 GHz band. In addition,
the Sq-PC lens showed an improvement in antenna efficiency
compared to the Cr-PC lens. This demonstrates that the
rectangular area can be almost fully utilized and helps
improve the aperture efficiency using a square-bottom lens.

FIGURE 13. Simulated comparison of dielectric loss versus frequency for the four
types of lenses in the 300 GHz band.

Therefore, we investigated the conditions based on the
effects of dielectric loss and the lens thickness. Fig. 13
shows the dielectric loss versus frequency characteristics for
all four types of lenses in the 300 GHz band. We set and
divided it into two cases; first, the dielectric loss tangent
is set to tan δ = 0.001 and another one to tan δ = 0
for all the frequency bands in all four types of lenses.
Therefore, the dielectric loss was determined based on the
gain difference between these two cases. The Sq-CC lens
exhibited the highest dielectric loss, followed by Sq-PC,
Cr-CC, and Cr-PC lenses. The thicker lens contributed to
a higher internal loss in the dielectric lens antenna because
the distance propagating through the dielectric increased.
Therefore, the gain of the Sq-CC lens over the 300 GHz band
was limited because of the having a thicker lens. However,
square bottom lenses remain higher gain and efficiency by
utilizing the entire square aperture.

IV. SIMULATION PERFORMANCE OF LENS ARRAY
This section compares the performance results of a large
single lens and the four types of 2 × 2 lens antenna arrays
with respect to the radiation pattern, gain, SLL, and antenna
efficiency in the 300 GHz band. A large single lens with
the same aperture size as the lens array and the same F/D
condition was considered and included in this section to
compare its overall performance with that of the lens array.
The large single lens was designed with a plano-convex (PC)
lens shape. The height of the large single lens antenna is
16.50 mm from the aperture of the single horn toward the
top of the lens. While the height of the proposed Sq-CC lens
antenna is 12.74 mm. Fig. 14 shows the top view geometry
of a large single-lens, and the circular and square bottom
2 × 2 lens arrays.
Fig. 15 shows the normalized radiation pattern of the

four types of 2 × 2 lens array antennas. To compare
their performance, the SLL is an essential parameter to be
investigated. Table 2 compares the simulation results of the
four types of 2 × 2 lens antennas at 300 GHz. The Sq-CC
lens array showed the lowest SLL of −12.5 dB compared
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TABLE 2. Simulated results for 2×2 lens array antennas at 300 GHz.

FIGURE 14. Top view of the lens antennas (a) large-single circular-lens,
(b) circular-lens array, and (c) square-bottom lens array.

FIGURE 15. Simulated comparison of the normalized radiation pattern for the four
types of 2 × 2 lens array antennas at 300 GHz.

to other lens arrays at 300 GHz. The condition of a lower
SLL using the Sq-CC lens array confirms that the grating
lobes are suppressed by the directive uniform distribution
produced by the Sq-CC single lens element patterns (see
Fig. 10). This proves that a 2 × 2 lens array Sq-CC lens
helps reduce the SLL in the 300 GHz band. At 300 GHz,
the conventional Cr-PC lens array provided the high SLL
due to insufficient cancellation of grating lobes, as described
in Fig. 2. On the other hand, the proposed Sq-CC lens array
improves the aperture uniformity and narrows the beamwidth
of the lens element. Thus, the grating lobe is suppressed,
and the SLL becomes low.
The gain versus frequency characteristics of the four types

of the 2 × 2 lens arrays and a large single PC lens is
shown in Fig. 16. The Sq-CC lens array shows a consistent
gain increase along the bandwidth, which is almost the
same trend as that of the single-lens element (see Fig. 11).
The proposed Sq-CC lens array enhanced the gain by an

FIGURE 16. Simulated comparison of the gain versus frequency for the four types
of lens arrays and a large single lens in the 300 GHz band.

FIGURE 17. Simulated comparison of the antenna efficiency versus frequency for
the four types of lens array and a large single lens in the 300GHz band.

average of more than 1.16 dB and 1.5 dB compared with
the conventional Cr-PC lens and large single lenses along
the bandwidth, respectively. The gain of the large single lens
at a design frequency of 300 GHz was 34 dBi. However, the
gain differences among Sq-CC, Cr-CC and Sq-PC lenses are
almost the same in the 300 GHz band.
Fig. 17 compares the antenna efficiency versus frequency

characteristics for all four types of lens arrays and a large
single lens in the 300 GHz band. To compare the aperture
efficiency, the physical area used in all types of lens antennas
was defined as 20 mm × 20 mm or 400 mm2. As shown
in the figure, the trend of the antenna efficiency of the
2 × 2 lens array is almost the same as that of the single-lens
element (see Fig. 12). The Sq-CC lens showed the highest
average efficiency at the higher frequency side greater than
295 GHz, among other lenses throughout the 300 GHz band.
The average overall efficiency of the Sq-CC lens array
was approximately 70-75% higher than that of the initially
proposed Cr-PC and large single lens over the 300 GHz
band. This demonstrates that the rectangular planar array area
can be almost fully utilized and helps improve the aperture
efficiency using the Sq-CC lens array.
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FIGURE 18. Simulated comparison of dielectric loss versus frequency for the four
types of lens arrays and a large single lens in the 300 GHz band.

Fig. 18 shows the dielectric loss versus frequency charac-
teristics for all four types of lens arrays and a large single lens
in the 300 GHz band. Similar to the results in Fig. 13, the
Sq-CC and large single lenses showed the highest dielectric
loss, followed by the Sq-PC, Cr-CC, and Cr-PC lenses.
The thicker lens contributed to a higher internal loss in
the dielectric lens antenna because the distance propagating
through the dielectric increased. Therefore, the gain of the
Sq-CC lens array over the 300 GHz band was limited
because of having a thicker lens. In addition, the large single
PC lens also contributed to massive dielectric loss owing
to the large diameter of the lens. However, square-bottom
lenses remain higher gain and efficiency by utilizing the
entire square aperture.

V. EXPERIMENTAL SETUP AND RESULTS
To validate the simulation results of the 2 × 2 lens array
and a large single PC lens antenna, we fabricated and
measured all the lens antenna prototypes and evaluated their
radiation characteristics. The fabricated prototypes of the
proposed lens antennas are shown in Fig. 19. All the lens
antennas were made of Polypropylene. The lens diameter
for all the 2 × 2 lens arrays was 10 mm, whereas that
for the large single lens was 20 mm. The lens holder or
“jig” was made with the same material as the lens antenna.
The jig heights were 3 mm and 6 mm to fix the lens array
and the large single lens, respectively. The jig height was
based on the F/D ratio of the lens antenna, which was set
to 0.3. For the large single lens, the single horn antenna
was directly connected to a standard WR-3 feed waveguide.
However, the horn array was fed by a four-way power
divider into a standard WR-3 feed waveguide for the lens
array.
The setup of the near-field measurement system with

antenna under test is shown in Fig. 20. The radiation pattern
and gain characteristics of the lens antenna were obtained
using the XY near-field measurement. Fig. 20 (a) shows the
overall setup of the near-field equipment in the chamber
room. Fig. 20 (b) shows the antenna probe scanning 2 mm

FIGURE 19. Fabricated lenses and primary radiators. (a) Top-view of all the 2 × 2
lens arrays, (b) side-view of all the 2 × 2 lens arrays, (c) top-view of the horn array,
(d) side-view of the overall lens array, (e) top-view of large single lens, (f) top-view of
the single horn, and (g) side-view of the large single lens antenna.

above the top of the lens AUT and Fig. 20 (c) indicates
that the standard gain horn was set at the same position,
that is, 2 mm under the probe. The gain was obtained by
comparison technique using a standard horn. The sampling
pitch and sampling area for the near-field measurement
were set to 0.4 mm and 50 mm × 50 mm, respectively
at each frequency characteristic from 270 to 320 GHz. A
sufficiently wide sampling area was set for measuring the
near-field distribution. The size of the measurement area was
determined so that the measurement gain was converged with
the error smaller than 0.1 dB.
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FIGURE 20. Measurement setup for the near-field system (a) overall view,
(b) side-view AUT, and (c) side-view standard horn.

TABLE 3. Measured results for 2×2 lens array and large single lens antenna at
300 GHz.

Fig. 21 shows a comparison of the simulated and mea-
sured normalized E-plane radiation patterns at 300 GHz
(left) and the gain versus frequency plots in the 300 GHz
band (right) of the 2 × 2 lens array Cr-CC, Cr-PC, Sq-CC,
Sq-PC, and a large single lens. Figs. 21 (a) to (d) shows that
the measured radiation patterns for all four proposed types
of 2 × 2 lens arrays agree almost well with the simulated
results. The measured gains for all the 2 × 2 lens arrays
were almost the same as those of the simulations. However,
some fluctuations were observed between 270 to 320 GHz.
There is a gain difference of approximately 0.4 to 1.0 dB
in all four types of 2 × 2 lens array antennas. In addition,
the 2 × 2 lens array Sq- CC provides the lowest SLL
of approximately –12.1 dB compared to other lens arrays
owing to a more uniform aperture distribution at the design
frequency of 300 GHz.
In Fig. 21 (e), the beamwidth of the measured radiation

pattern for the case of a large single lens was broader
and the measured gain dropped approximately 2.23 dB over
the 300 GHz band compared to the simulated results. We
estimated that the differences in the radiation patterns are
due to differences in permittivity from the design. The cause
of this error should exist in the design of the lens array. The
influence of the permittivity error on the radiation pattern
became smaller for the lens array since the total radiation
pattern is a multiplication of the small single lens pattern
and the array factor. However, the effect of the permittivity
error appeared much in the radiation pattern of the large
single lens. Table 3 provides the measurement comparison

FIGURE 21. Comparison of simulated and measured normalized radiation patterns
at 300 GHz (left) and the gain versus frequency plots in the 300 GHz band (right) of the
lens array (a) Cr-CC, (b) Cr-PC, (c) Sq-CC, (d) Sq-PC, and (e) large single lens.

results for four types of 2 × 2 lens antenna and a large
single lens at 300 GHz. At a design frequency of 300 GHz,
the Sq-CC lens array exhibited the highest gain compared
to the other lenses, whereas the large single lens exhibited
the lowest gain.
Fig. 22 shows the measured antenna efficiency versus

frequency characteristics for the 2 × 2 lens arrays Cr-CC,
Cr-PC, Sq-CC, Sq-PC, and a large single lens in the 300 GHz
band. The value of directivity gain D was obtained from the
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FIGURE 22. Measured overall antenna efficiency versus frequency for the four
types of lens array and large single-lens designs in the 300 GHz band.

TABLE 4. Key factor comparison of lens array antennas in this study and prior
research.

near-field measurement using a comparison technique. To
compare the antenna efficiency, the physical aperture area
was defined as 20 mm × 20 mm or 400 mm2. The Sq-CC
lens array showed almost the highest efficiency compared to
the other lenses, with an average of 70-75% across the wide
bandwidth in the 300 GHz band. Table 4 summarizes the
key factor comparison of the proposed antenna and selected
dielectric lens array antenna designs with various lens shapes
and frequencies.

VI. CONCLUSION
The performance of a 2 × 2 lens array composed of
Sq-CC shaped lens antennas was presented in this paper.
The proposed 2 × 2 lens array with Sq-CC lenses provided
an almost uniform aperture distribution, high gain, and low
SLL compared with other lenses at the design frequency
of 300 GHz. Moreover, the total height of the Sq-CC lens
array was lower than that of the large single lens. The
sidelobe level of the 2 × 2 lens array composed of the
proposed Sq-CC lens antenna elements was reduced by
4.85 dB lower than the lens array composed of the ordinary

Cr-PC lens. Then, the gain increased by approximately
2 dB. The proposed lens array technique enables low profile
and high gain simultaneously. It can be integrated into the
next-generation mm-wave and THz-wave high-performance
antenna systems.
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