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Ka-Band metalens antenna empowered by
physics-assisted particle swarm optimization
(PA-PSO) algorithm

Shibin Jiang!f, Wenjun Deng!f, Zhanshan Wang?, Xinbin Cheng?,
Din Ping Tsai®*, Yuzhi Shi?* and Weiming Zhu'*

Design of multiple-feed lens antennas requires multivariate and multi-objective optimization processes, which can be ac-
celerated by PSO algorithms. However, the PSO algorithm often fails to achieve optimal results with limited computation
resources since spaces of candidate solutions are quite large for lens antenna designs. This paper presents a design
paradigm for multiple-feed lens antennas based on a physics-assisted particle swarm optimization (PA-PSO) algorithm,
which guides the swarm of particles based on laws of physics. As a proof of concept, a design of compact metalens an-
tenna is proposed, which measures unprecedented performances, such as a field of view at +55°, a 21.7 dBi gain with a
flatness within 4 dB, a 3-dB bandwidth >12°, and a compact design with a ~-number of 0.2. The proposed PA-PSO algo-
rithm reaches the optimal results 6 times faster than the ordinary PSO algorithm, which endows promising applications in
the multivariate and multi-objective optimization processes, including but not limited to metalens antenna designs.
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Introduction Electronically scanned phased array antennas exhibit ex-
Low Earth orbit satellite communication has the advan- cellent performance, but current electronic scanning
tages of wide bandwidth, high data rates, and low laten- methods rely on a large number of phase shifters, result-

’ ’ ing in excessively high overall antenna costs® 7. Multiple-

cy, making low-cost compact antenna designs essential . . .
Y & P & feed lens antennas can achieve wide-angle beam steering

to ground terminals, such as star dishes!. Existing
ground terminals can be divided into two categories, i.e.,
servo mechanism antennas and electronically scanned
phased array antennas. Servo mechanism antennas are
bulky and have a short lifespan, slow scanning speeds,

and poor stability for real-time data transmission?.

by switching the feeds located on the focal plane of the
lens, which are promising candidates for low-cost
ground terminals of satellite communications®'°.

Lens antenna designs have been intensively studied,
including the geometry lens'"', gradient-index (GRIN)
lens~*°, and Metalens!®%, etc. The geometric lens often
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results in a limited field of view (FOV) and a bulky size
due to its curved focal plane and large f-number. Al-
though non-planar lenses such as 3D Luneburg lenses
can achieve large-angle beam scanning, their feed anten-
nas require conformal shaping, making the antennas less
integrated®"*. Additionally, non-planar lenses may
block the electromagnetic waves from adjacent antennas
when the beam steering angle is large. For example, the
FOV of the spherical Luneburg lens antenna is quite lim-
ited when forming a tight coupling antenna array. More
importantly, non-planar lenses rely on expensive and
time-consuming fabrication technologies such as 3D
printing, which significantly increases their costs. Planar
GRIN lenses highly rely on the choices of materials with
low loss tangent and variable permittivity, resulting in
high costs and limited functionalities.

Metasurfaces, as two-dimensional artificial electro-
magnetic materials, tailor the incident wavefront
through sub-wavelength unit structures, resulting in
compact sizes and light weights**?°. More importantly,
metasurfaces offer substantial design flexibilities to ac-
commodate incident wavefronts, making them promis-
ing candidates for multiple-feed lens antennas. Recently,
lens antennas based on metasurfaces, which are named
metalens antenna, have been prevalently explored. In
2015, Nelson J. G. Fonseca introduced a non-circular
symmetrical lens design capable of achieving a 50° scan-
ning angle, but this design required the rotation of the
lens itself to achieve the 360° beam scanning®. In 2016,
Kien Pham designed a transmissive lens capable of +30°
scanning, yet without a significant breakthrough in scan-
ning angle®'. In 2019, Haofang Wang designed a parabol-
ic-shaped metalens with a scanning angle of +60°, but
the overall gain of the lens was relatively low, with ap-
proximately 18.5 dBi at 0° and only around 15 dBi at
60°%. Albeit the great importance, the design of metal-
ens antenna with a compact size, large FOV, small f-
number, and high gain remains a great challenge.

Performances of multiple-feed lens antennas rely on
the designs of lenses, which vary from different function-
alities. Firstly, the lens must accommodate different inci-
dent wavefronts from different feeds in terms of overall
gain and its flatness crossing the entire FOV. Secondly,
the 3-dB angle bandwidth and the number of feeds must
be carefully planned to avoid the blind zone within the
FOV of the lens antenna. Finally, the cost and compact-
ness of the multiple-feed lens antennas are highly depen-
dent on their lens designs, such as f-number of the lens-

https://doi.org/10.29026/0es.2024.240014

es, choices of lens materials, and fabrication processes of
lenses, etc. Therefore, metalens antenna designs are
highly dependent on multivariate and multi-objective
optimization processes, which can be effectively im-
proved using PSO algorithms.

The PSO is an optimization method that finds the best
solution in the search space by moving a population of
candidate solutions, named particles, based on a mathe-
matical formula over the position and velocity of the par-
ticle®. Therefore, the PSO is a good candidate for the op-
timization of metalens antenna, which has large design
flexibilities, i.e., large solution spaces. However, the PSO
is a metaheuristic procedure, which does not guarantee
the optimal solution. In other words, the PSO may lead
to a sub-optimal solution by directing the swarm of par-
ticles towards the closest extrema conditions.

Here, we propose a design paradigm for metalens an-
tenna based on a physics-assisted particle swarm opti-
mization (PA-PSO) algorithm. The solution space of the
metalens design has been greatly reduced by applying the
rotational symmetry and maximum gain conditions of
the metalens phase distribution. As a result, computa-
tion resources for the optimization process are greatly re-
duced. More importantly, the swarm of particles is guid-
ed by the maximum gain conditions, giving rise to the
less possibility of finding a sub-optimal solution and re-
duced computation time. As a proof of concept, we
demonstrate a compact and wide FOV metalens anten-
na design, which measures nontrivial performances with
an FOV of £55°, f-number of 0.2, a 21.7 dBi gain with a
flatness within 4 dB, and a 3-dB bandwidth >12°. Com-
pared with the traditional PSO algorithm, the PA-PSO
algorithm finds the optimal metalens antenna design us-
ing 1/6 computation time, which shows promising appli-
cations not only in metalens antenna but also in many
other meta-devices designs requiring multivariate and
multi-objective optimization processes.

Metalens design based on PA-PSO
algorithm

The proposed multiple-feed metalens antenna consists of
a metalens and a feed array, as shown in Fig. 1(a, b). The
metalens is composed of unit cells whose positions can
be described using the polar coordinates UP(«a,7), as
shown in Fig. 1(a). The beam steering function of the
metalens antenna is realized by switching the feeds.
Therefore, the lens antenna emission angle can be de-
scribed using the elevation angle 6 and azimuth angle ¢
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Fig. 1 | Schematics of the PA-PSO algorithm. (a) and (b) Working principle of the metalens antenna. (c) and (d) Comparison between the tra-

ditional PSO and PA-PSO algorithm. The red and blue stars represent optimal and sub-optimal designs, respectively. The red dots and dashed

arrows represent the positions and velocities of the particles, respectively. (c) The working principle of the PSO algorithm where the swarm of

particles is guided by the radiation intensity. (d) The PA-PSO algorithm guides the swarm of particles based on the extrema condition of the radi-

ation intensity, which shows the correct directions of the maximum radiation intensity. This approach guides the swarm of particles more efficient-

ly, which reduces not only the computation time but also the likelihood of finding sub-optimal designs.

of deflection beams, i.e., EA(0, ¢).

The metalens coverts incident wavefronts from differ-
ent feeds, i.e., Feed 1 ... Feed i, into planar ones whose
deflection angles depend on the location of the feeds, as
shown in Fig. 1(b). Here, the incident waves from Feed i
on the metalens can be described by the spatial distribu-
tion of the incident electromagnetic waves,

Ea,r) = Altolen) 1)

where A; and ¢, are the amplitude and phase of incident

waves, respectively.

The incident waves can be tuned by the unit cells inde-
pendently in terms of both phase and amplitude. The
metalens design has a solution space of the size MV
where M is the set of all possible unit cell selections and
N is the number of the metalens unit cells. The solution
space of a metalens design is quite large, considering the
choice of the unit cells is typically larger than 4 to cover a
2n phase change and the number of the unit cells is more
than 1000, i.e., M > 4 and N > 1000. In this paper, two as-

sumptions are made to reduce the solution space for the

240014-3


https://doi.org/10.29026/oes.2024.240014

Jiang SB et al. Opto-Electron Sci 3, 240014 (2024)

sake of the practical computation time. One is that the
transmission coefficients of the unit cells are unity to
minimize the insertion loss of the metalens, i.e., all unit
cells have the same amplitude modulation. The other is
that the metalens has rotational symmetry which is the
same as the feed array. Therefore, the metalens design
can be described by its phase profile, i.e., ¢,_(r). The out-

put wavefront from the metalens can be written as,

E, = Ee 2)

The subwavelength unit cell can be considered a point
source whose radiation pattern can be decomposed to
planar waves with uniform amplitudes. Considering a
certain emission angle EA(6, ¢) the planar wave compo-
nent emitted from a unit cell located at UP(«, r) can be

expressed as,

E,(a,7) = A(0,$)E, e 7, (3)
where A (6, ¢) is the weight of the planar wave deter-
mined by the scattering properties of the unit cells, k is
the wavevector of the planar waves, and r is the displace-
ment of the unit cell from the center of the metalens.
—k - r is the planar wave phase retardation due to the lo-
cation of the unit cells. Here, A,(6, ¢) is a constant due
to the point source approximation of the unit cell.

Therefore, the electromagnetic radiation of the metal-
ens antenna can be expressed as the integration of the
planar waves from all unit cells,

R 2n
E(6,¢) = A, j rfA,-(oc, r)eeteenton(=kn qodr
0 0
4)
where R is the radius of the metalens, k is a function of 6
and ¢, and ¢,(«, r) is determined by the incident wave-
front. Therefore, the radiation intensity I of the metalens
antenna at a given 0 and ¢ can be written as a function

of metalens design ¢, (7),

K¢,(r)) =E(¢,(r)) - E(¢,,(r))"

_ [f re‘/’m(r)js(r)drl . [f re“’m(’)je(?’)dr] , (5)

0 0

where E* is the conjugate of E and

2n
e(r) = [AAi(a, r)el o) 1da determined by both
0

the incident wavefront and the emission angle of the

metalens antenna. Therefore, I(¢, (r))can be written as,

https://doi.org/10.29026/0es.2024.240014

R
I((Pm(r)) — [f re[‘l’m(f)JrPhase(e(r))]j |8(T)d7’|] .

0

R *
l j re[¢m(r)+pha58(£(f))]j|£(r)dr|] . (6)

0
The extrema condition of I can be derived by using the
varjational method detailed in Supplementary informa-
tion, which are

¢,,(r) + phase(e(r)) = constant , 7)
or
E(g,,(r) = [ eme(r)dr =0, ®)

Egs. (7) and (8) represent the maximum and mini-
mum conditions of metalens antenna radiation intensity,
respectively.

The physical implication is that the optimal value is at-
tained when the sum of the phase modulation provided
by the unit structures on each ring and the accumulated
phase propagation in the direction of light propagation
on each ring remains constant. In other words, the inci-
dent electromagnetic waves on each ring of the metasur-
face, when integrated over the ring in the direction, re-
sult in a coherent and constructive addition of the field
for each ring.

The extrema condition reveals the relationship be-
tween the metalens design ¢ () and the incident waves
from different feeds &(r), which are the solution space
and the initial conditions of the optimization algorithm,
respectively. The phase of each ring that is served as a
particle in the PSO algorithm is optimized individually,
ensuring that all rings have the same phase in the direc-
tion of 55°. Here, the PSO method is chosen for the met-
alens antenna optimization algorithm, whose optimiza-
tion targets include the compactness (f-number), FOV,
and gain. The criterion is to maximize the radiation in-
tensity when f~number < 0.2 and FOV > +50°.

Figure 1(c, d) show the working principles of the tra-
ditional PSO algorithm and the PA-PSO algorithm. The
red and blue stars represent optimal and sub-optimal de-
signs, respectively. The red dots and dashed arrows rep-
resent the positions and velocities of particles, respectively.
The traditional PSO algorithm guides the swarm of par-
ticles using the radiation intensity, while the PA-PSO al-
gorithm guides the swarm of particles based on the ex-
trema condition as shown in Eq. (7). The extrema condi-
tion shows correct directions of the maximum radiation

240014-4


https://doi.org/10.29026/oes.2024.240014

Jiang SB et al. Opto-Electron Sci 3, 240014 (2024) https://doi.org/10.29026/0es.2024.240014

H PSO

Coupling between rings Ideal phase

PA-PSO

1string

o
O,

2" ring

n" ring

Ideal phase

The introduction of physics decouples rings from each other

[ b T 120 5

e
[This work]

> °I’(-)f.15 4 o
3 S
£ c % AT S
_g § ref.3 S5y 3 %
= @er ®. 2
2 — Physics & PSO e o ref. <
i ref.® ref.”’ 28

201 PSO algorithm a0l o

. Relative calculation errors
0 ) ) " ) . . . 1
0 1000 2000 3000 4000 5000 0 0.5 1.0 1.5 2.0
Time F/D

Fig. 2 | Architecture and performance of the PA-PSO algorithm. (a) Difference between PSO and PA-PSO algorithms. The yellow back-
ground in the image represents the optimization process of the PSO algorithm. During this optimization process, the phase changes between the
rings are coupled, requiring more iteration time. The blue background indicates that after introducing physics, the optimization between the rings
is decoupled, and they do not influence each other. As a result, the number of optimization iterations naturally decreases. (b) Variation of the rel-
ative electric field intensity with respect to the times of iteration for PA-PSO and PSO algorithms. The purple line shows the calculation errors.
The four hexagons from bottom to top represent phase distributions at different stages: initial phase distribution, PSO algorithm iteration 650
times, PSO algorithm iteration 1500 times, and PSO algorithm iteration 4100 times (PA-PSO algorithm iteration 650 times). (c) Comparison of
FOVs and F/D for planar lens antennas. The colors of the points indicate the fluctuation of gains when scanning within the field of view range.
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intensity. Figure S1 shows the flow diagram of the tradi-
tional PSO and PA-PSO algorithms, respectively. For a
fair comparison, the only difference between the PSO
and PA-PSO algorithms is highlighted in the flow dia-
gram with red-dashed lines. The maximum iteration of
both algorithms is set to be 5000 to compare the algo-
rithm convergence speed.

As shown in Fig. 2(a), compared with the PSO algo-
rithms, the PA-PSO algorithms decouple the optimiza-
tion of each ring while utilizing the particle swarm opti-
mization algorithm's search capability for the optimal
values. Figure 2(b) shows the optimization speed of both
algorithms evaluated by using the times of the iteration.
Given the widespread use of the PSO algorithm in practi-
cal engineering optimizations, we conduct a comparison
between the PA-PSO and PSO algorithms in terms of the
radiation intensity, which is a critical parameter for the
design of metalens antenna. To quantify differences be-
tween the two algorithms, we define calculation errors

based on their respective radiation intensity outputs. Al-

1
H Metalens center |

Feed 1, Feed 2, ... Feed i

though the extremum condition serves as the criterion
for determining the optimality of the PA-PSO algorithm,
we still calculate the energy emitted in a specific direc-
tion by the entire lens after each iteration for the pur-
pose of comparison. The results, depicted in Fig. 2(b),
show an interesting trend: initially, the calculation error
increases rapidly when the iteration count is less than 65.
This suggests that the PA-PSO algorithm converges to
the optimal solution more quickly than the standard PSO
algorithm. Subsequently, the calculation error decreases
as the radiation intensity improvement between adja-
cent iterations diminishes when approaching the opti-
mal solution. Our final optimization results reveal that
the relative intensity achieved by the PA-PSO algorithm
is 94.62806, while for the PSO algorithm, it is 94.62786.
As the interaction count approaches 5000, the calcula-
tion error tends to zero, signifying the convergence of
both algorithms. Consequently, the PA-PSO algorithm
demonstrates significantly lower computational cost
while achieving optimization results identical to the
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Fig. 3 | Design and Characteristics of the metalens antenna. (a) Design parameters of the unit structure of the metalens antenna. (b) Trans-

mission spectrum of the unit cells. (c) Phase spectra of unit cells when the unit cell is rotated with respect to the fast axis of the left circularized in-

cident light.
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widely used PSO algorithm. However, the PA-PSO algo-
rithm reaches the best state after 650 times of iteration
while the traditional PSO algorithm costs 4100 times of
iteration, i.e., more than six times of computation time
compared with PA-PSO. Therefore, the PA-PSO ap-
proach guides the swarm of particles more efficiently,
which reduces not only the computation time but also
the likelihood of finding sub-optimal designs.

Metalens antenna design and
characterization results

The design parameters of the metalens antenna are
shown in Fig. 3(a). The feeds array is located on the fo-
cal plane of the metalens, which is 22 mm away from the
metalens surface, i.e., F = 22 mm. The displacement x of
the feeds is defined by the distance between the feed and
the central axis of the metalens. The radius of the metal-
ens R is 55 mm. The f-number of the metalens is defined
by the ratio of the focal length F and the lens diameter,
i.e., F/2R, which is the same as geometric lenses. There-
fore, the f-number of the proposed metalens is 0.2, indi-
cating a compact design of the metalens antenna.

A Pancharatnam-Berry unit cell structure is chosen
for the metalens design to accommodate the incidence
with circular polarization states®. The unit cell structure
has three layers of identical metal structures spaced by
two dielectric layers (Rogers 4350b) with a permittivity
of 3.2 and a thickness /& of 0.762 mm. Detailed design pa-
rameters of the metal layer can be found in the inserted
table of Fig. 3(a). The multiple-layer design of the unit
cell structure enables a high transmission and a 2m phase
modulation of the incident EM waves with a frequency
range of 27 to 30 GHz, which is shown in Fig. 3(b, c), re-
spectively. Here, the unit cells are rotated with respect to
the fast axis of the left circularized incidence to cover the
2n phase modulation.

A microstrip antenna design is chosen for the feeds of
the metalens antenna (see Fig. S2). As shown in Fig.
S2(c), the output wavefront of the feed antenna is simi-
lar to a point source, which has a 3-dB angular band-
width of 110°. Figure S2(b) shows that return loss of the
feed is low within the frequency region, ranging from 27
to 30 GHz.

The metalens antenna is characterized by a mi-
crowave near-field scanning system, as shown in Fig.
4(a), which is composed of an Agilent N5247A vector
network analyzer (VNA), two VNA header extenders at
Ka-band (one transmitter and one receiver), and a WR-

28 open waveguide as a probe. RF absorbers are also used
to avoid reflections between the instrumentation. The
lens is placed between the WR-28 waveguide and the
feed, which is assembled in the focal plane of the lens.
The displacement x of the feed is regulated by a mechan-
ic frame as shown in Fig. 4(b). As a result, the feed dis-
placement x can be chosen from 0, 5 mm, 10 mm, 15
mm, 20 mm, 25 mm, and 30 mm using different mount-
ing positions on the focal plane. The receiving WR-28 is
placed at 100 mm behind the metalens to perform the 2D
near-field measurement, as shown in Fig. 4(d).

Figure 5 shows the measured gain profiles of the met-
alens antenna with different feed displacements x when
the incident frequency is 28.5 GHz. Figure 5(a-c) show
the comparison between the experimental (blue lines)
and simulation results (red lines) when the displacement
is 0, 15 mm, and 30 mm, respectively. The experimental
results agree well with the simulation results obtained us-
ing the Finite-Difference Time-Domain method. Figure
5(d) shows the measured max gain when the feed dis-
placement varies from 0 to 30 mm. The elevation angle is
changed from 0° to 55°, indicating an FOV of +55°. The
gain reaches 21.7 dBi when the displacement x is 0, and
the flatness of the gain is within 4 dB. The gain profiles of
different displacements can be found in supplementary
Fig. S3. The metalens antenna is designed to operate
within a frequency band spanning from 27 to 30 GHz.
Our selection of the feed antenna is a patch antenna
widely used in phased array antennas® . Notably, this
patch antenna exhibits a reflection loss of less than 10%
across the entire range of 27 to 30 GHz (as shown in Fig.
S2(b)). Additionally, the radiation pattern remains sta-
ble within this frequency band (Fig. S2(c)). However, it is
important to note that the axial ratio of the feed antenna
varies significantly with the frequency and radiation an-
gle (as demonstrated in Fig. S2(d)). Consequently, the
gain fluctuation from 27 to 30 GHz is limited to within 5
dB, as indicated in Fig. S4. In Fig. S5, we observe that
within a 15-degree range, there is a polarization isola-
tion exceeding 10 dB. Similarly, within a 41-degree
range, the polarization isolation remains at 6 dB. Howev-
er, as the angle increases beyond these ranges, the polar-
ization isolation gradually decreases to 3 dB. This reduc-
tion is primarily attributed to the energy emitted at large
angles from the feed source, which lacks favorable axial
ratios, leading to a diminished polarization isolation.

Table 1 shows a comparison between different types of
lens antennas with beam steering functions. The pro-
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Fig. 4 | Device fabrication and experimental setup. (a) Schematic of the experimental setup for near-field measurement. (b) The fixture and

metasurface lens antenna used in the test. The bottom of the fixture holds the feed source antenna and includes insertable holes to alter the po-

sition of the feed source. The distance from the feed source to the metasurface lens is 2.2 cm. (c) A enlarged view of the metamaterial lens. (d)

Photograph of the experimental setup. The experimental setup consists of probes, assembled feed source antenna, metasurface lens, and a vec-

tor network analyzer connecting the probes and feed source antenna.

posed metalens design has superb performances in terms
of compactness and FOV when compared with other
metalens antenna designs. The overall performance of
the metalens antenna is comparable with and some-
where better than the planar lens antennas, as seen in
Fig. 2(c). In comparison with existing configurations of
planar lens antennas characterized by f-number, FOV,
and scanning losses, the proposed metalens antenna de-
sign stands out as a significant advancement. With an
eminently low f-number of 0.2, the focal length is opti-
mized for compactness while maintaining efficient inci-
dent wave gathering. Notably, the metalens demon-
strates a wide FOV of £55°, surpassing many configura-
tions in Fig. 2(c) and rendering it highly versatile for ap-
plications requiring extensive angular coverage. The op-
timization process, guided by the PA-PSO algorithm,
minimizes scanning loss by prioritizing maximum gain
conditions. In contrast to diverse tradeoffs existing in
other configurations, the proposed metalens antenna

achieves a compelling balance in various critical charac-

teristics. Notably, the metamaterial lens design proposed
in ref.*? adopts a parabolic phase distribution, which ex-
hibits a relatively low efficiency. Under nearly equivalent
aperture conditions, the 0-degree gain of this design can
reach 21.7 dBi, whereas the parabolic design only
achieves 18.5 dBi. Additionally, the parabolic design
leads to difficulties in enlarging the lens size*!, a chal-
lenge not present in the design proposed in this paper.
Furthermore, due to the effective decoupling of interac-
tions between rings achieved by the proposed algorithm,
there is a distinct advantage in optimizing large-sized
lenses. In the case of an n-ring lens, with coupling
present, there are n? possible phase distributions (where
Q is the number of phases being searched). After decou-
pling, there are only n-Q possible phase distributions.
Therefore, the introduction of physics effectively re-
duces the optimization scope, especially in the optimiza-

tion process of large-sized lenses.

Conclusions
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Fig. 5 | Gain profiles of the metalens antenna when the feed is placed on the focal plane with different displacements x. Comparison be-

tween the experimental results (blue lines) and simulation results (red lines) when the feed source position is (a) at x = 0, showing a maximum

gain of 21.7 dBi, which corresponds to an angle of 0°; (b) at x = 15 mm, showing a maximum gain is 21.2 dBi, which corresponds to an angle of

25°; (c) at x = 30 mm, showing a maximum gain is 18.3 dBi, which corresponds to an angle of 55°. (d) The relationship between the maximum

gain angles and the corresponding gains obtained from testing the feed source at different positions.

Table 1 | The comparison between different types of lens anten-
nas with beam steering function.

Lens type FOV F Ref.
+55° NA ref.?!
Luneburg Lens
+61° NA ref.?
+48° 0.5 ref.’s
Grin Lens
+40° 0.4 ref.*
+55° 0.2 This work
Metalens 0°-50° <1 ref.5”
0°-50° 0.55 ref.%

In summary, this paper proposes a nontrivial PA-PSO
optimization method for designing multiple-feed metal-
ens antennas. The proposed method guides the speed
and velocity of particles based on the extrema condition
of the metalens design, giving rise to a much faster opti-
mization process for the metalens antenna design. As a
proof of concept, a design of compact metalens antenna

is proposed and compared with the existing lens anten-

nas, showing superior antenna performances in terms of
FOV, gain, compactness, low cost, etc. However, metal-
ens antennas exhibit a tradeoff between the overall effi-
ciency and the FOV, resulting in relatively lower aper-
ture efficiencies compared to their counterparts based on
phased arrays. Specifically, the aperture efficiency is 17%
at the central frequency, i.e., 28.5 GHz. Nevertheless,
when compared to other metalens designs with similar
FOVs*, our scheme demonstrates a significant improve-
ment in aperture efficiency. This improvement is sub-
stantiated by an overall 3 dB gain across the entire FOV.
Crucially, we expect that by integrating the patch anten-
na design into the PA-PSO algorithm, we can optimize
both the broadband performance and the polarization
isolation of the metalens antenna within the frequency
range from 27 to 30 GHz.

This innovative algorithm, enriched by the infusion of
physics principles, not only navigates the expansive solu-
tion spaces inherent in multivariate and multi-objective
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optimization but does so with an exceptional efficiency.
Its accelerated convergence makes it particularly well
suited for resource-intensive tasks, making a notable im-
pact on the pace of design exploration and refinement.
As a testament to its prowess, the PA-PSO algorithm is
applied to the design paradigm of multiple-feed lens an-
tennas, where it not only overcomes limitations of tradi-
tional PSO algorithms but also achieves notable results in
a fraction of the time. The proposed compact metalens
antenna, designed under the guidance of PA-PSO, sets
new benchmarks with a wide field of view, high gain,
flatness, and a bandwidth exceeding expectations. Its
compact form factor, characterized by a low f-number,
further attests to the ability of the algorithm to deliver
superior performance within constrained spatial require-
ments.

In essence, this paper not only introduces a cutting-
edge optimization algorithm but also demonstrates its
prowess through a tangible application in antenna de-
sign. The accelerated optimization process opens av-
enues for its use in diverse fields beyond metalens anten-
nas, positioning the PA-PSO algorithm as a transforma-
tive force in advancing solutions for complex multivari-
ate and multi-objective optimization challenges. The
proposed metalens antenna, characterized by its wide
field of view, compact design, and optimized scanning
capabilities, holds significant promise across diverse ap-
plications in contemporary electromagnetic systems. In
communication systems, the efficiency of the metalens
antenna in capturing incident waves over a broad angu-
lar range positions it as an ideal candidate for next-gen-
eration wireless communication and satellite technolo-
gies. Furthermore, the metalens antenna is well feasible
for radar systems, 5G networks, and the Internet of
Things. The unique attributes of the metalens antenna,
guided by the innovative PA-PSO algorithm, pave the
way for enhanced performance and efficiency in electro-
magnetic systems, marking a noteworthy advancement
in the realm of applied electromagnetics.
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