
HAL Id: hal-04192504
https://hal.science/hal-04192504

Submitted on 31 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Multi-Beam Luneburg Lens with Reduced Size Patch
Antenna

Norsaidah Muhamad Nadzir, Mohamed Himdi, Mohamad Kamal A Rahim,
Noor Asniza Murad, Osman Ayop, Olivier Lafond

To cite this version:
Norsaidah Muhamad Nadzir, Mohamed Himdi, Mohamad Kamal A Rahim, Noor Asniza Murad,
Osman Ayop, et al.. Multi-Beam Luneburg Lens with Reduced Size Patch Antenna. Electronics,
2023, 12 (14), pp.3028. �10.3390/electronics12143028�. �hal-04192504�

https://hal.science/hal-04192504
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Citation: Muhamad Nadzir, N.;

Himdi, M.; A. Rahim, M.K.; Murad,

N.A.; Ayop, O.; Lafond, O.

Multi-Beam Luneburg Lens with

Reduced Size Patch Antenna.

Electronics 2023, 12, 3028. https://

doi.org/10.3390/electronics12143028

Academic Editor: Dimitra I.

Kaklamani

Received: 1 June 2023

Revised: 3 July 2023

Accepted: 8 July 2023

Published: 10 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Multi-Beam Luneburg Lens with Reduced Size Patch Antenna
Norsaidah Muhamad Nadzir 1,*, Mohamed Himdi 2 , Mohamad Kamal A. Rahim 1, Noor Asniza Murad 1,
Osman Ayop 1 and Olivier Lafond 2

1 Faculty of Electrical Engineering, Universiti Teknologi Malaysia, Johor Bahru 81310, Malaysia;
mdkamal@utm.my (M.K.A.R.); asniza@fke.utm.my (N.A.M.); osman@fke.utm.my (O.A.)

2 Institut d’Electronique et des Technologies du numeRique (IETR), Université de Rennes,
35000 Rennes, France; mohamed.himdi@univ-rennes1.fr (M.H.); olivier.lafond@univ-rennes1.fr (O.L.)

* Correspondence: saidahnadzir@gmail.com

Abstract: This paper describes the integration of a plate Luneburg lens with a microstrip patch
antenna (MPA) with a complementary split ring resonator (CSRR) at 17 GHz frequency. The main
advantage of the method is the compact size of the optimized MPA with CSRR such that the radiation
pattern of the antennas successfully overlaps at −3 dB. The overlapping is achieved by positioning
multiple MPA with CSRR structures around the plate Luneburg lens with 0.408λ distance between
the elements. To test the performance of the lens, CST simulations are carried out using a classical
WR62 open-ended waveguide to feed the structure, then adding more waveguides rotated at focal
points of the lens. After that, the waveguide is substituted with the MPA with CSRR structure. The
superiority of the proposed method over the conventional waveguide or regular patch antenna is
confirmed by an overlap in radiation pattern at −3 dB with a narrow beamwidth of 10.9◦.

Keywords: complementary split ring resonator; microstrip patch antenna; Luneburg lens

1. Introduction

A microstrip patch antenna (MPA) [1,2] is often used in wireless communication
systems despite its drawbacks such as narrow bandwidth and low gain. However, it is
still one of the popular choices due to its benefits such as lightweight, low profile, and
easy to design and fabricate. There are numerous techniques to improve or increase
the performance of the antenna by changing the structure in terms of adding parasitic
components or removing parts of the antenna with slots [3,4]. By changing the structure of
the radiating element, the benefits of utilizing MPA might retain; however, some parameters
might suffer such as the efficiency and gain of the antenna. To make up for the drawbacks,
patch antennas are also often transformed to or integrated with other structures such
as phased arrays or lenses to achieve directivity for beam-scanning and beam-shaping
capabilities [5–10]. However, these solutions only allow for scanning the beam over a
limited angle.

To address this issue, a Luneburg lens is considered. The Luneburg lens is a spherically
symmetric gradient-index lens that focuses beams from opposing sources in any direction.
Furthermore, it is known to have an infinite focal point, making it easier to steer the beam
to any desired direction by moving only the source rather than the entire structure, as
is the case with a parabolic dish antenna. Some Luneburg lens work involves the use
of waveguides as the feeder for wideband performance [11–13]. In addition, the lens’s
spherically symmetric structure enables the use of multiple feeds positioned in different
directions, as opposed to parabolic reflectors, which only allow for limited feeds within a
narrow region of optical axis. Additionally, the lens is typically made of dielectric materials,
making it less expensive than lens structures that utilize active elements.

On that note, Luneburg lenses are also used to achieve beamforming. One of the
most desirable characteristics of beamforming is that a transmitter and a receiver can
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communicate directly. In wireless communication, this correlates to greater connection and
overall network performance, as measured by more stable and dependable connectivity
and faster data transmission. The Luneburg lens can attain these feats by concentrating
electromagnetic waves from more than one source in a single beam, hence expanding
a signal’s travel potential. Plus, beamforming decreases frequency interferences from
surrounding electromagnetic radiation from other sources because the transmissions are
directed toward a defined and targeted location. Consequently, beamforming structures
using a Luneburg lens are becoming popular due to their low fabrication cost, simple
structure, and wide-angle beam maneuverability. Previous works [13–15] demonstrate that
by concurrently feeding the lens with many sources, there is a chance to overlap the beams,
making it wider and possibly shaping the beam to a desired beam width. To utilize the
Luneburg lens efficiently, however, the feeding antenna needs to be small enough to have a
good beam recovery [16–20].

In this paper, a plate Luneburg lens based on [8] is designed to achieve a narrow beam
(10◦) in H-plane and a wide beam (30◦) in E-plane at 17 GHz. The first part describes
the theory and design of the Luneburg lens. The simulation of the lens fed by a WR62
waveguide is presented. Next, the design and characteristics of the MPA with CSRR
structure is explained. Finally, the measurement results of the lens fed by the MPA with
CSRR structure are compared with the simulation results.

2. Antenna Developments
2.1. Luneburg Lens

The Luneburg lens is one of the inhomogeneous lenses which are based on a specific
gradient index law [21]. The lens has a refractive index which follows the equation where
εr stands for the permittivity and r stands for the radius of the lens:

n(r) =
√

εr =
√

2− r2, (1)

This law causes a particular ray tracing into the lens as shown in Figure 1. With the
specific gradient index law, a focused beam can be obtained by controlling the phase passing
through the lens. This lens is more commonly used compared to the other inhomogeneous
lenses including Maxwell’s fish-eye lens and the Mikaelian lens due to its infinite focal
points which offer an opportunity to achieve wide beam-scanning antenna. To develop a
lens that closely follows the refractive index law, the lens is considered to have multiple
different crowns with specific dielectric constant and radius as described in [17] and
presented in Figure 2.
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The radius and permittivity of the crowns can be obtained using the formula obtained
from [10] below where N is the number of crowns:

M =
1

2× N + 1
, (2)

εi = 2− (2i − 1)M, (3)

ri =
√

2− εi + M (4)

By following this equation, the theoretical and reconstructed index law inside the lens
is shown in Figure 3 for the case of six crowns.
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Figure 3. Permittivity inside lens vs. normalized radius for ideal law (bold line) and realized law
(dashed line) [10].

In this paper, the lens is designed to achieve a narrow beamwidth in H-plane (10◦) at
17 GHz. The plate Luneburg lens is optimized with six crowns with a diameter of 90 mm
and a thickness of 8 mm. The value of the permittivity of each layer is deduced from the
realized law shown previously in Figure 3. Next, Figure 4 shows the simulation model of
the plate Luneburg lens using CST software. The lens is placed between two metallic plates
with a height of 2 mm each.
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2.2. Luneburg Lens with WR62 Waveguide

A Luneburg lens has an infinite number of focal points which offer the opportunity for
a wide range of beam scanning by feeding the lens sequentially via several feeders. Plus, it
is also possible to achieve a beamforming feature by feeding the lens simultaneously [18].

To start, the Luneburg lens is fed by a classical open-ended WR62 waveguide with the
size of 16 mm × 8 mm. To attempt beam recovery, the number of open-ended waveguides
is increased to three and their position is set so that they are next to each other and rotated
around the y-axis, perpendicular to the center of the lens. Figure 5 shows the simulation
model of the lens fed by three waveguides in CST software. From the simulation, the
structure achieved 16.56 dB directivity, 16.67 dB gain, and >80% total efficiency, as shown in
Figures 6 and 7. The radiation pattern of the Luneburg lens fed by three WR62 waveguide
structures at 17 GHz is shown in Figure 8. From the graph, the beams only manage to
overlap at −8 dB at H-plane. The highest side lobe level is at −17 dB, indicating that no
other beam was produced from coupling or another parasitic element.
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To prove the concept, the Luneburg lens is fabricated as shown in Figure 9, with an
innovative technological process detailed in [11]. The Luneburg lens is placed in between
two metal plates and fed by a waveguide with the size of 16 mm× 8 mm. The measurement
process is performed using a StarLab reverberation chamber.
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The comparison between the simulated and measured radiation pattern at H-plane
for 17 GHz frequency is shown in Figure 10a. The black solid line represents the simulated
result, and the red dashed line represents the measured result. From the graph, the result
shows good agreement with 4◦ difference between the simulated and measured beam
width at −3 dB at H-plane. Figure 10b shows the comparison between the simulated and
measured radiation pattern at E-plane at 17 GHz. The measured result shows that the
structure achieved 15.47 dB directivity, 14.2 dB gain, and 75% efficiency. The comparison
between simulated and measured gain and efficiency is shown in Figures 11 and 12.
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Even though beam recovery at 17 GHz is impossible by feeding the developed plate
Luneburg lens with a WR62 waveguide, the lens successfully focused the beam, ensuring
the desired beamwidth was achieved.

2.3. Equation for Beam Overlap in Plate Luneburg Lens

To attain −3 dB beam overlap, the width of the source antenna feeding the Luneburg
lens is crucial; thus, in this part, the justification on the size of the feeder antenna is
discussed. First, Figure 13 shows the top view of a plate Luneburg lens with diameter,
D, being fed by a feeder antenna with width, a, and the desired output beamwidth,
θ−3dB. The desired 3 dB beamwidth can be calculated approximately using this formula
obtained from [20]:

θ−3dB ≈
50λ

D
(5)
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By defining the desired beamwidth, the value of D is deduced. Next, Figure 14 shows
the Luneburg lens fed by two antennas rotated to the center point of the lens. To achieve
beam overlap, the second feeder antenna needs to be rotated to a minimum angle so that the
distance between the two structures is touching but not intersecting with each other. This
angle between the feeder structures with width, a, is denoted as the separation between
two beams (SB2B).
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Geometrically, the maximum number of antennas, Nmax, with width, a, feeding the
lens is equal to the circumference of the lens:

Nmaxa = πD (6)

Nmax could also be denoted with the angle of a full circle with diameter, D, divided by
the desired beamwidth, θ−3dB:

Nmax =
360◦

θ−3dB
(7)

From (6) and (7),
360◦

θ−3dB
=

πD
a

(8)

θ−3dB =
a× 360◦

πD
(9)
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Now, if the overlap of beam at −3 dB at H-plane is desired, the value of SB2B must be
less or equal to the value of θ−3dB as depicted in Figure 15.
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To achieve overlapping beam at −3 dB, assume SB2B = θ−3dB and the maximum
value of the width of the antenna, amax, is deduced as follows:

amax =
θ−3dB × πD

360◦
(10)

Substituting Equation (5) into Equation (10):

amax ≈
π × 50× λ

360◦
(11)

Formula (11) is tested by feeding a 17 GHz Luneburg lens with a compact microstrip
patch antenna. The simulation process and result of the development of the beam-focusing
structure are described in the next part.

2.4. Luneburg Lens with MPA with CSRR

To successfully have the radiation pattern overlap at −3 dB at 17 GHz frequency, a
compact microstrip patch antenna is designed with CST software to feed the developed
Luneburg lens. The antennas are designed using substrate RT5880 with permittivity,
εr = 2.2, dissipation factor of tan σ = 0.0009, and thickness of h = 0.508 mm.

Figure 16a shows the patch antenna designed at 17 GHz with a full ground plane.
This antenna will be denoted as the regular MPA. To reduce the overall size of the patch
antenna, a CSRR structure rotated to 45◦ is placed at the ground plane of the antenna [22].
This antenna will be denoted as the reduced size MPA with CSRR and Figure 16b,c shows
the parameter of the patch and the ground plane of the antenna, respectively. Additionally,
the parameters of the antennas and their values in λ and in mm following optimization are
listed in Table 1 below.

The comparison between the simulated reflection coefficients, S11, of both antennas
are shown in Figure 17. From the graph, it can be inferred that at 17 GHz, the MPA with
CSRR achieved 75% size reduction compared to the patch antenna with a full ground plane.
Figure 18 shows that the reduced size MPA has 87.6% antenna efficiency which is quite
higher compared to the efficiency of the regular MPA at 80%. However, the reduced size
MPA has a lower gain compared to the regular MPA, as shown in Figure 19. This is mainly
due to the 75% size reduction of the patch antenna, as well as the introduction of CSRR on
the ground plane of the antenna.
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Table 1. The parameters of the regular MPA and the reduced size MPA at 17 GHz.

Parameter Value (λ) Value (mm)

Rsw 0.85λ 15
Rsl 0.85λ 15
Rw 0.4λ 7
Rl 0.3λ 5.6
Rr - 2
s - 0.2

sw 0.45λ 8
sl 0.45λ 8
w 0.18λ 3.2
l 0.18λ 3.1
r - 1.45

r1or - 1.6
r1ir - 1.5
r2or - 1.4
r2ir - 1.3

g - 0.2
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reduced size MPA with CSRR.

Next, the simulated radiation pattern of the regular MPA is shown in Figure 16. The
result shows classical observation where at H-plane (ϕ = 0◦), Eϕ = co-polarization pattern
(red line) has a higher value than the Eθ = cross-polarization pattern (green line), as shown
in Figure 20a. Figure 20b shows the E-plane (ϕ = 90◦), where Eθ = co-polarization pattern
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(red line) and Eϕ = cross-polarization pattern (green line). From the graph, a typical
vertically polarized radiation pattern of a microstrip patch antenna is shown.
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Referring to Formula (11) with SB2B equal to 10°, the width of the substrate of the 
patch antenna should be less or equal to 8 mm to have an overlapping between adjacent 
beams at –3 dB. Fortunately, the reduced size MPA with CSRR at 17 GHz achieved 75% 
size reduction with the width of the substrate size equal to 8 mm.  

Figure 20. The polar plot of the regular MPA at 17 GHz at (a) H-plane (ϕ = 0◦, Eϕ = co, Eθ = cross)
and at (b) E-plane (ϕ = 90◦, Eϕ = cross, Eθ = co).

For the reduced size MPA with CSRR, the radiation pattern obtained shows a different
case. Figure 21a shows the radiation at H-plane (ϕ = 0◦), Eϕ = co-polarization pattern (red
line) obtained −3.47 dBi magnitude and Eθ = cross-polarization pattern (green line) ob-
tained 4.2 dBi magnitude. The E-plane (ϕ = 90◦), the Eθ = co-polarization pattern (red line)
obtained −3.74 dBi magnitude and Eϕ = cross-polarization pattern (green line) obtained a
4.23 dBi magnitude as shown in Figure 21b. This indicates that at 17 GHz frequency, the
antenna is horizontally polarized, unlike the regular MPA which is vertically polarized.
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In short, the polarization (denoted as E) of both patch antenna structures is as described
in Figure 22.
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Figure 22. The polarization of (a) the regular MPA and (b) the reduced size MPA with CSRR.

Since the Luneburg lens is in between two metal plates, the direction of the electrical
field of the antenna must be vertical to excite the lens. Since the reduced size MPA with
CSRR is horizontally polarized, it must be rotated to 90◦ at z-axis to feed the lens.

Referring to Formula (11) with SB2B equal to 10◦, the width of the substrate of the
patch antenna should be less or equal to 8 mm to have an overlapping between adjacent
beams at –3 dB. Fortunately, the reduced size MPA with CSRR at 17 GHz achieved 75% size
reduction with the width of the substrate size equal to 8 mm.

This means it is now possible to feed the Luneburg lens using the reduced size antenna,
so the number of patch antennas is increased to observe if the theory is correct. Figure 23
shows the simulation model of the plate Luneburg lens fed by three reduced size MPA with
CSRR structures rotated to 90◦ at z-axis.
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Figure 23. The simulation model of the plate Luneburg lens fed by three reduced size MPA with
CSRR rotated to 90◦ at z-axis.
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The simulated radiation pattern of the structure at 17 GHz for H-plane is shown in
Figure 24. The beamwidth for this frequency is 10.9◦ at H-plane with antenna directivity
obtained at 12 dBi. The simulated radiation pattern for the antennas successfully shows
beam overlap at −3 dB, which is beneficial in beam-scanning application.
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Figure 24. Simulated radiation pattern in H-plane (ϕ = 0◦, Eϕ) of the plate Luneburg lens fed by
three reduced size MPA with CSRR at 17 GHz.

Since it is impossible to fit a connector to the small patches while retaining the 0.408λ
distance with each other, the transmission line is tilted downwards, and to minimize a
coupling effect, the transmission line is replaced with a quarter-wave line. On that note, to
achieve an overlapping beam at −3 dB by placing the patch antenna side by side, mutual
coupling between the structures is inevitable. Mutual coupling occurs between at least two
parallel transmission lines or antenna elements with a certain distance between them due
to magnetic fields surrounding the components [23,24]. Simply put, it is an electromagnetic
interaction between the elements in an antenna array. In most cases, mutual coupling could
energize the neighboring source and cause it to excite and produce other beams.

The number of patch antennas is then increased to nine: the simulation model is
as shown in Figure 25 and the fabricated model is as shown in Figure 26. In practice,
the antenna is fed by a much smaller connector; therefore, the transmission lines in this
configuration are used solely to confirm beam overlap by measuring its radiation pattern.
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lens to ensure that each patch antenna is perpendicular to the center of the lens. Figure 28 
shows the patch antenna fixed to the metal plate of the Luneburg lens. This is completed 
so that the position of the patch antenna will not shift during the measurement process. 

Figure 25. (a) Simulation model of a nine-element MPA with CSRR and (b) the ground plane.

Next, the simulation model of the nine-element patch antenna feeding the Luneburg
lens is as shown in Figure 27. The antenna structure is bent according to the curve of the
lens to ensure that each patch antenna is perpendicular to the center of the lens. Figure 28
shows the patch antenna fixed to the metal plate of the Luneburg lens. This is completed so
that the position of the patch antenna will not shift during the measurement process.

For clarity, only the S-parameters of the center patch and the patches on the right side
of the structure are measured and shown. This is because the antenna structure is near
symmetrical and the difference between the right patches and the left patches are negligible.
To get the measured performance pattern of the nine-element MPA, every element is excited
individually while the rest of the elements are terminated using 50 Ω load termination.
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Figure 27. Simulation model of a nine-element MPA with CSRR feeding the Luneburg lens.

The performance of the antenna is measured on two conditions: on its own and
attached to the Luneburg lens. The measured reflection coefficient of the right side of
the structure on its own is as shown in Figure 29a and the transmission coefficient of the
structure is as shown in Figure 29b. The center patch is denoted as port 1, patch R1 is port
2, patch R2 is port 3, patch R3 is port 4, and finally patch R4 is port 5. For the transmission
coefficient graph, only the coupling between the elements on the right with the center
patch are shown because the structure has the highest coupling on the center patch, and the
element with the lowest coupling is the leftmost element and the rightmost element. From
the graph, it is assumed that the elements on the left will have similar behavior where the
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coupling between the center patch and Patch L1 would be higher compared to the coupling
between the center patch and Patch L4.
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Figure 29. The measured (a) reflection coefficient and (b) coupling between ports of the nine-element
MPA with CSRR on its own.

From the reflection coefficient graph, the antenna shows a +0.5 GHz shift, which could
be due to simulation accuracy (huge memory needed to simulate nine ports at the same
time) or fabrication error. At 17.5 GHz, it can be concluded that the coupling between the
neighboring patches can be considered low at maximum value of −15.65 dB.

Next, the patch is fixed on the fabricated Luneburg lens structure and the S-parameter
of the antenna is as shown in Figure 30. From the graph, the reflection coefficient shown in
Figure 30a depicts a narrower bandwidth; however, it still succeeds to resonate at 17.5 GHz
frequency. The slight change might be due to the position and condition of the patch
antenna that has been curved to follow the shape of the Luneburg lens. On the other hand,
the transmission coefficient as shown in Figure 30b shows a slightly better coupling effect
compared to when measured on its own at maximum value of −16.21 dB.

Unlike the S-parameter measurement process, the measurement of the radiation
pattern of the structure is completed for every patch to determine and confirm the beam
angle for each patch. This is performed because the radiation patterns of individual
elements in small arrays vary greatly. Thus, the radiation pattern of all the elements in the
small array are calculated and measured separately. The radiation pattern measurement
process is performed using the StarLab reverberation chamber and Figure 31 shows the
measured gain and efficiency of the elements. From the graphs, taking the center patch
for example, at 17.5 GHz frequency, the structure achieved a measured gain of 7 dBi with
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38% efficiency compared to the simulated gain of 10 dBi with 63% efficiency. The 3 dB gain
loss is due to the long transmission lines, accumulative coupling between patch elements,
and possible radiation from the large connectors. This loss can be reduced by removing
the large transmission lines and exciting the patch antennas with an active solution using
switches placed near the patch elements. With this solution, which is a work in progress,
the number of parasitic elements is minimized, and the measured efficiency of the antenna
will increase.
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Figure 31. The measured (a) antenna efficiency and (b) gain of the nine-element MPA with CSRR
feeding the Luneburg lens.

The radiation pattern of the nine-element patch antenna feeding the Luneburg lens
is as shown in Figure 32. From the graph, the beam overlaps at −3 dB is apparent at
17.5 GHz frequency with maximum side lobe level at −7 dB. The measured radiation
pattern shows better performance compared to the simulated radiation pattern with the
best beam overlap at −1.5 dB for elements R4 with R3 and elements L3 with L4. At
worst, the structure attained beam overlap at −3 dB for elements R1 and the center patch.
The beam overlapped at −1.5 dB instead of the calculated −3 dB is due to the radiation
from parasitic elements such as the long microstrip transmission line, large connector
components, and even from neighboring patches due to coupling. On the other hand, this
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proves that with the developed compact patch antenna feeding the Luneburg lens, beam
overlap at −3 dB, is achieved.
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Figure 32. Measured radiation pattern of the nine-element MPA with CSRR feeding the Luneburg
lens at 17.5 GHz.

The summary of the performance of the antenna is listed in Table 2 below.

Table 2. Summary of the performance of the antenna at 17 GHz.

Antenna Operating Frequency (GHz) Efficiency (%) Gain (dB) Beamwidth (◦)

Regular MPA 17 80 7.15 75.3
Reduced Size MPA 17, 21.5, 28 87.6 4.12 89.2

Waveguide with
Luneburg lens 12–18 75 15.78 12.4

Reduced size MPA
with Luneburg lens 17, 21.5, 28 63 10.87 10.9

3. Conclusions

This paper presents a plate Luneburg lens designed to achieve a narrow beam (10◦)
for H-plane and a wide beam (30◦) for E-plane. To prove this, the lens is fed by a standard
waveguide WR62, and the result shows a beamwidth of 12.4◦ at 17 GHz. Then, a formula
to achieve beamforming or beam-scanning characteristics is proposed. To ensure that the
calculation is right, the number of waveguides to feed the lens increased and the beam failed
to overlap as expected. On the other hand, a compact microstrip patch antenna with CSRR
is developed to feed the lens. The reduced size MPA with CSRR has horizontal polarization
at 17 GHz frequency. To feed the Luneburg lens, the antenna is rotated to 90◦ at z-axis. To
achieve beamforming and beam-scanning capability, the number of elements of the antenna
is increased to nine with 0.408λ distance between the patches. From the radiation pattern
results, the antennas achieved a 10.9◦ beamwidth and confirmed to overlap at −3 dB with
a gain of 12 dBi. The small size of the patch antenna makes it possible to have good beam
overlap while placing the structures next to each other with a maximum angle of rotation
tangential to the focal point of the lens.
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