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Abstract: This article presents the design of a 60 GHz
beam-scanning antenna system with a coverage range of
50-100 m for high-speed indoor communication systems.
The design incorporates beam-scanning techniques to meet
the coverage requirements while minimizing system cost and
size. The system comprises a substrate-integrated waveguide
for stable operation, a printed log periodic dipole array oper-
ating at 60 GHz with a 10 GHz bandwidth (54-67 GHz), which
provides a 6.99 dB directivity. Adding a vertically stacked
double Luneburg lens improves pattern coverage perfor-
mance and increases the system directivity to 17 dBi
(14.8dB gain) with a 4.6° beam width. With 37 source
antennas, it can provide a total beam coverage area of
170°, which is highly suitable for future high-speed indoor
communication.

Keywords: luneburg lens antenna, 60 GHz, beam scanning,
high-gain antenna, SIW

1 Introduction

Fifth-generation technologies are being researched to meet
consumer, service, and corporate expectations. The essen-
tial goal of 5G technology is to provide higher coverage
with minimal power usage and cheap cost by using a
high-frequency band along with a large bandwidth for
enhancing data transfer rates. To address the lack of avail-
able bandwidth, higher operating frequencies in the milli-
meter wave (mm-Wave) region of the electromagnetic
spectrum are being considered. However, the short-range
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coverage of higher frequency bands poses a challenge,
increasing the infrastructure cost due to the need for
more cells to cover a specific location [1,2]. Beam-scanning
techniques, such as phase variation, offer a solution to
increase wide-angle coverage. In a previous study [3], a
beam-scanning lens antenna is proposed, but the beam-
scanning range is only +60° and also the gain tolerance
is as high as 3.6 dB. Also, in the literature [4,5], a super-
strate/metasurface antenna is proposed for high gain, but
this cannot be used for beam tilting or scanning. Hybrid
designs, including lens antennas, are of interest due to
their high gain, low cost, low profile, and ease of integra-
tion. One such low-cost and high-gain antenna manufac-
turing technique is elaborated by Bor et al. [6]. Another
passive beam steering millimeter wave antenna is detailed
by Das et al. [7], but the maximum steering angle is +30°
only. Here, passive beam-steering is achieved with the
change in orientation of the metasurface, which reverses
the sequence of unit cells that avoids the need for active
components, which leads to a bulky structure.

This work aims to design a wide-band, high-gain antenna
system using a Luneburg lens integrated with a log-periodic
dipole array (LPDA) and a substrate-integrated waveguide
(SIW). The goal is to achieve a system gain higher than
14 dB (directivity higher than 16 dB) with wide beam scanning
of around 170°, while considering the total cost and compact
size of the system. The design process involves stages,
including SIW design, LPDA design used for increasing the
bandwidth, and Luneburg lens design for increasing the
directivity and beam scanning. The theoretical design opti-
mization of a multi-shell luneburg lens is well illustrated in a
study by Fuchs et al. [8]. The design and practical verifica-
tion of a three-dimensional printed flat Luneburg lens is
demonstrated by Che et al. [9] with high gain but a limited
beam-scanning capacity of +30°. There are several source
antenna types suitable for this work, including the Yagi-Uda,
Microstrip Patch, and LPDA. While the Yagi-Uda antenna
offers high gain and narrow beamwidth, its limited band-
width may not be ideal. The microstrip patch antenna is
compact and lightweight but has limited bandwidth. The
LPDA provides a wide bandwidth and high directivity and
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is cost-effective in fabrication [10]. The chosen approach for
beam-scanning design is the dielectric focusing architecture,
utilizing a dielectric lens. This architecture offers beam switching
and scanning capabilities, enhances antenna gain and perfor-
mance, and provides cost-effective material and manufac-
turing options. The design comprises three major parts: SIW
to avoid feed radiation, LPDA, and flat Luneburg lens. SIW
improves overall performance and stability, as described in
the research studies [11,12], LPDA offers the desired oper-
ating bandwidth and directive source radiation beam, and
the flat Luneburg lens enhances antenna directivity, in addi-
tion to beam scanning and shaping capabilities. Section 2
provides the methodology used for the design, and Section 3
details the simulation of the proposed antenna system and
its results. The prototyping of the antenna is provided in
Section 4 with a comparison of previous works. Finally,
Section 5 provides the conclusion remarks.

2 Methodology

2.1 SIW design

SIW is a low-cost and highly efficient integrated planar
architecture that overcomes the limitations of traditional
waveguide technology. SIW is designed by incorporat-
ing metallic through holes or slot trenches on a flat sub-
strate, as seen in Figure 1, providing advantages such as
cost-effectiveness, compact size, light-weight, and ease of
manufacturing. To design the SIW, the dimensions and
parameters of the rectangular waveguide are determined
based on the TE10 mode and the cutoff frequency. Integra-
tion and interconnect techniques of planar and non-planar
structures are demonstrated by Wu [13]. In previous stu-
dies [14-16], the design and propagation characteristic of
SIW are detailed.

Metallic vias

Metallic layers et

Substrate

Figure 1: SIW structure.
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2.2 Source antenna design

The LPDA antenna is chosen for its wide bandwidth, high
gain, efficiency, and ease of integration. The LPDA design
involves determining the scale factor, spacing factor, and
the number of dipole elements. The design parameters
such as the lengths, widths, and spacing between the dipole
components are calculated based on the desired band-
width and directivity. The LPDA design is optimized to
achieve the desired performance metrics. The detailed
analysis of LPDA design is well illustrated in previous
studies [17,18]. The integration of the LPDA and SIW
antennas was accomplished through a tapered connec-
tion, ensuring seamless transition and proper feeding.
Transition from microstrip to waveguide is demonstrated
in the literature [19,20].

2.3 Luneburg lens design

A Luneburg lens is introduced to enhance antenna gain
and provide beam scanning and shaping capabilities, while
reducing the overall size of the antenna. The lens design
consists of different layers with specific dielectric con-
stants and radius, as illustrated in Figure 2. The radius
and permittivity of each layer are determined using math-
ematical equations based on the number of layers. The
Luneburg lens is designed to focus the radiation pattern
in the H-plane and is fabricated using a novel, low-cost, and
easy technological approach. The lens is evaluated in the
60 GHz bandwidth spectrum, and its behavior is analyzed
using Airex PXc 245 foam materials.

The different layer radii of the Luneburg (r;) lens and
the different dielectric permittivities (¢;) of each layer can
be obtained from the equations below, where N is the
number of layers [8]:

Figure 2: Cross-sectional view of Luneburg lens.
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3 Simulation

3.1 SIW simulation

The simulation was carried out in CST Microwave Studio
with a lambda/20 mesh size. The SIW simulation involves
designing and optimizing a 60 GHz SIW using Roger RT/
Duroid5880 as the substrate material (g, = 2.23, § = 0.003,
h = 0.127 mm) with copper thickness M; = 0.018 mm. The SIW
transmission line, modeled using CST Microwave Studio, is
shown in Figure 3 with its optimized parameter tabulated in
Table 1. Figure 4 shows excellent performance with a cutoff
frequency of 44 GHz.

The analysis of scattering parameters (S, Sy;) demon-
strates a strong match between the SIW and antenna
design at 60 GHz (above 48 GHz).

3.2 LPDA simulation

In the LPDA simulation, a log periodic antenna (LPDA)
design is presented. The optimized LPDA design incorpo-
rates changes in the leg values (a,, b,) and leg spacing. The
LPDA structure which shown in Figure 5 is designed to
optimise the performance with a wide bandwith and direc-
tivity, and its dimensions are provided in Table 2, is based
on a Roger RT/Duroid 5,880 substrate with dielectric

Table 1: SIW parameters dimension
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Figure 4: SIW return loss plot vs frequency.
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Figure 5: LPDA structure with dimensions.

Table 2: LPDA dimensions

Parameters a, (mm) b, (mm) Sp-1 (mm)
n 1 0.17 0.82 1.20
2 0.14 0.77 1.07
3 0.11 0.77 0.69
4 0.09 0.66 0.59
5 0.07 0.42 0.49
6 0.06 0.29 0.41
7 0.05 0.23 0.34
8 0.04 0.19 0.29
9 0.03 0.15 0.24
10 0.03 0.12 0.20
L (mm) 5.58
W (mm) 0.34

parameters (g, = 2.23, § = 0.003) with a thickness of (h =
0.127 mm), which helps in reducing surface waves.

Parameters Wsiw (mm) Wirans (mm)

Wo (mm) Lirans (mm) P (mm) D (mm)

Dimensions (mm) 2.41 21

0.34 2 0.48 0.3
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Figure 6: LPDA gain and Sy, vs frequency plot.

The optimized LPDA design achieves a bandwidth of
9 GHz below -10 dB. The optimized S-parameter is plotted
along with the antenna gain in Figure 6, highlighting the
performance characteristics.

3.3 LPDA, SIW, and Luneburg lens (system)
simulation

This section focuses on the integration of the optimized
LPDA and SIW components with the Luneburg lens to
form a complete system. A tapered transition is introduced
between the SIW and LPDA antenna to ensure a smooth
connection, as shown in Figure 7. The thickness of metal on
either side of the substrate is 0.127 mm. The optimized
dimensions are displayed in Table 3.

The optimized structure achieves a wide bandwidth of
20 GHz at 60 GHz, as depicted in Figure 8. Additionally, a
directivity of 6.99 dB and a half-power beamwidth (HPBW)
of 59° are achieved.
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Figure 7: Single SIW antenna with LPDA: (a) top view and (b)
bottom view.
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Table 3: Single antenna element dimensions
Parameters an bn Sn-1(z Ln Ltrans,
(mm) (mm) mm) (mm) n(mm)
n 1 0.17 0.65 0.78 14 2
2 0.14 0.79 0.96 4.56 1.95
3 0.1 0.64 0.78 5.16
4 0.09 0.52 0.66
5 0.07 0.28 0.51
6 0.06 0.23 0.41
7 0.05 0.18 0.33
8 0.04 0.15 0.27
9 0.03 0.12 0.22
10 0.03 0.10 0.18
L (mm) 15.27
W (mm) 4.46

3.4 Luneburg lens and full system
simulation

Next, the simulation focuses on the Luneburg lens and the
performance of the full system comprising multiple antennas.
The lens design process involves optimizing the number of
layers and choosing the optimal structure based on the radia-
tion pattern, which can be seen in Figure 9 with one source
element. The optimized dimensions of the lens are tabulated
in Table 4. The results indicate that a six-layer lens provides a
smoother radiation pattern.

The optimized single antenna element with a lens is
achieved with specific parameters, resulting in a direc-
tivity of 16.5dB and a HPBW of 4.6°, as illustrated in
Figure 10 at 60 GHz. Additionally, Figure 11 shows a gain
of 14.5 dB, which complements the performance character-
istics of the antenna element.

The phase distribution of a Luneburg lens is a key
characteristic that contributes to its unique focusing prop-
erties. In a Luneburg lens, the refractive index varies

S-Parameters[Magnitude]
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Figure 8: Antenna gain and Sy, vs frequency plot.
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(b

Figure 9: Luneburg lens structure with a single feed: (a) top view and (b)
side view.

Table 4: Luneburg lens parameters

Parameters Radius (mm) Permittivity (¢) Loss
tangent
Layer number 1 11.625 1.92 0.015
2 16.5 1.77 0.014
3 20.15 1.62 0.013
4 23.275 1.46 0.01
5 26 1.31 0.008
6 28.5 1.15 0.007
Lens thickness 3.2
(h) (mm)
Air gap (mm) 2.6
" Farfield Directivity Abs (Phi=0)
10

20 | . I I . J
0 20 40 60 80 100 120 140 160 180

Theta / Degree

Figure 10: Far-field directivity plot.
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Figure 11: Gain and S11 vs frequency plot.

radially from the center to the outer surface, creating a
gradient lens. The phase distribution across the lens is
such that it compensates for the spherical aberration that
would occur in a simple lens with a uniform refractive
index.

For a Luneburg lens, the phase distribution is typically
designed to be radially symmetric. The phase distribution
is such that the wavefronts passing through different

dB(V/pm)

(@) ()

Figure 12: Phase distribution. (a) 90°, (b) 0°, (c) 45°.
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Figure 13: Adjacent antenna structure.
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Figure 14: Far-field plot without coverage.
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Figure 15: Doubled stacked Luneburg lens: (a) top view and (b) side view.

regions of the lens converge at the same focal point,
resulting in the effective focusing of incoming waves.

The phase distribution of the Luneburg lens with dif-
ferent feeding angles (90°, 0°, and 45°) is shown in Figure 12.

Expanding the system to three antenna elements, as
shown in Figure 13, their behavior in the far field is exam-
ined for multiple-angle separations. The adjacent placement
of the three antennas was tested with varying separation

Farfield Directivity Abs (Phi=0)

20

0 20 4;0 60 Bb 160 120 140 160 150
Theta / Degree

Figure 16: Far-field plot with coverage.
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Figure 17: S-parameter of three-adjacent antenna elements to show
coupling effect.

(b)
Figure 18: Full system doubled stacked Luneburg lens with supporting
foam with complete feed: (a) top view and (b) side view.

angles to achieve 3dB overlapping. However, the results
provided in Figure 14 show a version of the incomplete
coverage and increased side lobe levels when setting the
separation angle to be 4.5°.

Directivity / [dB]

100 120

0 20 40 60 80
Theta / Degree

Figure 19: Full system far-field directivity plot.
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Figure 20: Full system far field gain plot.
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Figure 21: Efficiency vs frequency plot.

To address this issue of incomplete coverage, we first
propose a new idea of a vertically stacked double Luneburg
lens with feed elements in the lower and upper lens concept
is introduced as shown in Figure 15 with an angle separation
of 9° between two feed elements in the same lens and the
angle between the adjacent feed element in the lower and
upper lens is 4.5°.

The optimization process focuses on determining the
vertical alignment and separation distance between the

olo o oW o

0|0 0 0=0 O
p

Figure 22: Simulation structure.
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Figure 23: Prototype.

Table 5: Prototype feed dimensions

Parameter (mm)
w, 1 0.60

2 2.38

3 8.00
D 0.50
P 0.90
L 23.59
w 17.00

lenses. The best results are obtained when the antennas
are aligned in the middle, and the optimized vertical
lens separation is 0.75 mm. The directivity and gain for
different frequencies are analyzed, and the one-dimen-
sional far-field pattern is observed at 60 GHz, which can
be seen in Figure 16.

Additionally, the coupling between the three adjacent
antenna elements was minimal and reached a value of
-20 dB on the operating frequency, as shown in Figure 17.

Finally, the full system integration consists of 37 antenna
feeds in both lenses, providing a coverage area of 170° as

S-Parameter [magnitude]

—Measured
. - -Simulated

50 55 60 65 70 75
Frequency / GHz

Figure 24: Return loss vs frequency plot of the prototype.
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Table 6: Comparative analysis between the proposed antenna and state-of-the-art antennas

Ref. Frequency f (GHz) Bandwidth (BW) Gain (dB) Scanning range Efficiency n (%)
[21] 60 58/67 1.7 21° (38° to 7°) 90

[22] 60 50/75 14.2 49° (-9° to 40°) 75

[23] 60 52/63 1.4 9° (12° to 3°) —

[24] 60 55/65 14.5 120° (-72° to 48°) 88.2

Proposed 60 54/67 14.8 170° (-85° to 85°) 63

shown in Figure 18. The structure of both lenses and feeds is
supported using FR-3703 polyurethane foam (g, = 1.04, tans §
= 0.00170), as seen in the same figure. The performance is
evaluated in terms of directivity, gain, and overlapping. The
results demonstrate a difference of >13 dB between the main
and side lobes, achieving 3dB overlapping as illustrated in
Figures 19 and 20, with a directivity of 17 and 14.8 dB gain,
respectively.

The optimized system showed consistent performance
throughout the operating frequency range with an effi-
ciency reaching 63%, as shown in Figure 21.

4 Prototyping

The fabricated design of the antenna yielded promising
results. Figure 22 displays the simulated structure. Due
to the limitations in manufacturing capabilities in our
lab, the substrate thickness was increased to 0.79 mm
(h=0.79 mm). Consequently, the feed is optimized to match
the new thickness, with the optimized dimensions pro-
vided in Table 5.

The prototype is depicted in Figure 23 with SIW and
LPDA. The LPDA antenna is printed using LPKF laser and
electronics PhotoMat S-103, and the S-parameter is measured
using a Keysight vector network analyzer (PNAX; N5247A).
The measured return loss closely matched the simulated
results (55-75GHz), as shown in Figure 24, validating the
accuracy of the design and manufacturing procedures.

These findings provide strong evidence for the prac-
tical applicability of the fabricated design in this microcell
technology, highlighting the effectiveness of the heam-
scanning antenna in enabling precise and efficient control
of electromagnetic radiation. This research contributes to
the advancement of high-speed antenna networks, facili-
tating the development of reliable and high-performance
5G microcell technology.

A comparison of the proposed antenna with other work
is given Table 6, which clearly shows that the proposed
antenna achieved better performance in terms of a gain of

14.8dB and a pattern coverage of around 170° compared
with state-of-the-art antenna designs. The other works in
the literature show a maximum beam scanning angle of
only 120°. Also, the gain is maximum in this work. This
antenna is cost-effective and easy to fabricate compared to
others mentioned in the table. Due to this wide-angle scan-
ning capability, this work is suitable for high-speed wireless
communication applications.

5 Conclusion

This study presents the design and simulation of a beam-scan-
ning antenna for future high-speed short-range communica-
tion systems operating at 60 GHz. The system incorporates an
SIW, an LPDA antenna, and a Luneburg lens. The optimized
SIW and LPDA antenna achieve directivities of 5.95 and
6.99 dB at 60 GHz, respectively, with improved bandwidth
and radiation patterns. The addition of a vertically stacked
double Luneburg lens enhances the system’s directivity to
17dB. Simulation results demonstrate wide-angle bheam
scanning and good radiation efficiency, making the antenna
suitable for power-efficient future high-speed applications.
The integrated system comprises 37 antenna elements
achieving around 170° coverage with beam-scanning cap-
ability. Hence, it offers a promising candidate for real-world
implementation in high-frequency 60 GHz communication
systems.
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