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ABSTRACT This article presents an ultracompact Butler matrix (BM) with an extreme aspect ratio for mobile
phones. To overcome the stringent space constraints, we leverage pixel metamaterials optimized by the
nondominated sorting genetic algorithm II (NSGA-II) to construct miniaturized 3-dB hybrid couplers. Four such
couplers are arranged in a parallel configuration to minimize the aspect ratio, thereby facilitating integration
with flexible printed circuits (FPCs) in mobile phones. Moreover, the couplers and their layout are elaborately
co-designed to satisfy the precise phase relations required for beamforming in the BM. With an ultracompact
footprint of 48.5 � 9 mm (1.1 k0 � 0.2 k0, where k0 is the free-space wavelength at the center frequency), the
proposed BM achieves a 16% operating bandwidth, fully covering the upper 6 GHz (U6G) band. Integration of
the BM with four bezel-mounted dipole antennas validates the design, generating four beams steered at 620�

and 665�. Measured results indicate that the efficiencies for four ports all exceed 50% across the U6G band.
This work provides a compact and low-cost beamforming solution for mobile phones, demonstrating significant
potential for future U6G applications.

INDEX TERMS AI, Butler matrix (BM), mobile antennas, multibeam antennas, nondominated sorting genetic
algorithm II (NSGA-II), pixel metamaterials, upper 6 GHz (U6G).

INTRODUCTION
The upper 6 GHz band (U6G, 6.425–7.125 GHz) was officially
designated by 3GPP in 2022 as a pivotal spectrum for
5G-Advanced and 6G networks. Positioned between the 5G
sub-6 GHz and millimeter-wave (mmW) bands, the U6G band
offers substantial advantages over lower frequency bands,
including increased channel capacity and higher data rates,
attributed to its wider bandwidth. Moreover, its coverage
extends significantly beyond that of the mmW band. Recent
studies have investigated U6G channel characteristics,

analyzing both its potential and associated challenges [1], [2],
[3], [4]. A primary challenge is supporting the same cell cover-
age in the U6G band under current co-site configuration con-
straints, i.e., without requiring denser base station deployment.
Specifically, an additional 6 dB path loss at U6G frequencies
compared with 3.5 GHz is reported in [1]. Reference [2]
emphasizes that bridging the coverage gap in co-site scenarios
demands advancements in both base stations and user equip-
ment, i.e., mobile phones. For base stations, the use of larger-
scale antenna arrays is a straightforward and crucial solution,
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while mobile phones require beamforming technology to com-
pensate for the path loss. As calculated in [3], merely increas-
ing the number of isotropic antennas on the user side is
insufficient in rich propagation environments due to theoretical
limits. Consequently, pattern-reconfigurable antenna arrays
capable of generating multiple steerable beams are selected to
enhance both uplink and downlink coverage. Although several
studies have emerged on base station antenna design for the
U6G band [5], [6], [7], [8], research on the mobile phone side
remains lacking. Therefore, there is still an urgent need and a
significant challenge of mobile antenna design in the U6G band.
Compared with the phased arrays with expensive transmitters

and receivers, multibeam antenna arrays with passive feeding
networks offer a more competitive solution for mobile U6G
applications, due to their low cost and effective beamforming
capability [9], [10], [11], [12], [13], [14]. Among these, the Butler
matrix (BM) [15] is a typical beamforming network extensively
studied to achieve multibeam radiation [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26]. Despite exploring various
miniaturization techniques, these designs still remain prohibi-
tively large for seamless integration into space-limited environ-
ments like mobile phones [27], [28], [29]. Notably, for such
applications, reducing the BM’s length is far more crucial than its
width. The width of the antenna array is usually fixed at over one
wavelength. As such, the BM does not require significant com-
pression in its width. A moderate width can match the antennas
better, enabling short connections between the BM outputs and
antenna feeds. Conversely, the BM’s length is strictly limited by
the available area of the flexible printed circuit (FPC), which is
positioned above the battery and connects the upper and lower
mainboards. Minimizing the length can effectively free up valu-
able space for other functional circuits. Therefore, achieving an
extremely small length-to-width aspect ratio is not only a geo-
metric miniaturization outcome, but also an important require-
ment for practical mobile integration. In [18], a substrate-
integrated waveguide is employed to construct a BM with a
length of 3.7 k, due to the inherently long crossover structure. A
miniaturized alternative is proposed in [19], but it only reduces
the width, neglecting its overall length. Although it reaches a sub-
wavelength width, additional space is still required for antenna
integration. Besides, multilayer techniques are also explored. In
[20] and [21], two-layer substrates are used for area reduction. In
addition, a multifolded structure is proposed in [22], which suc-
cessfully reduces the length to only 0.5 k. However, it comes at
the high expense of complexity and thickness, which contradicts
the primary low-cost advantage of passive multibeam antennas.
Considering the above works, the bottleneck of further miniaturi-
zation and pursuit of an extreme aspect ratio lies in its complex
structure and stringent phase requirements. As a result, despite
the advancements in prior works, existing designs cannot be
readily applied to the extremely limited space in mobile phones.
Fortunately, beyond traditional design approaches, pixel

metamaterials with AI-driven optimization techniques have
attracted attention in the miniaturization of microwave circuits
[30], [31], [32], [33], [34]. In [30], the concept of pixel meta-
materials is introduced to BM design through pixelated patches

and optimization of the potential links between them. More-
over, by applying genetic algorithm (GA), reference [31] suc-
cessfully integrates an arbitrary phase shifter into the pixel
metamaterial coupler, achieving a subwavelength 8 � 8 BM.
Such advancement reveals the potential of a more compact and
flexible topology, inspiring our work in this article. Besides,
the effectiveness and superiority of AI-enabled pixel metama-
terial design have been further validated by applications to the
field of antenna design and optimization [35], [36], [37]. More
broadly, AI-driven metamaterial design has been recognized
as an important route for forward prediction, inverse design,
and spectral correlation in electromagnetic structures [38].
In this article, we apply pixel metamaterials to both the topo-

logical design and miniaturization of the BM for U6G applica-
tions. Different from the previous work [31] relying on single-
objective GA, we adopt the well-established multiobjective
nondominated sorting genetic algorithm II (NSGA-II) to
achieve a more balanced optimization of both amplitude and
phase properties. Based on this algorithm, we propose an ultra-
compact BM with an extreme aspect ratio, which shows excel-
lent beam-steering performance comparable to traditional ones
with a much larger size. To further validate its practicality for
mobile applications, a four-element antenna array is integrated
with the proposed BM, and its multibeam radiation properties
are measured. This work provides a promising, low-cost, and
competitive solution for multibeam antenna design in mobile
phones for U6G applications, effectively bridging the gap
between base stations and user equipment.

MINIATURIZATION PRINCIPLE
Fig. 1 illustrates the application scenario of the multibeam sys-
tem in mobile phones. The system comprises a four-element
bezel-mounted antenna array, a compact feeding network
embedded in the FPC, and signal inputs from the mainboard.
Each input port excites a distinct radiation beam steered toward
a specific direction. Due to the space constraints in mobile
phones, the primary challenge is the design of an ultracompact
feeding network that maintains beam-steering performance and
achieves an extreme aspect ratio. This section provides a com-
prehensive analysis of the miniaturization principles applied to
the feeding network.

Novel Topological Design
As shown in Fig. 2(a), a conventional 4� 4 BM consists of four
hybrid couplers, providing equal amplitude and a 90� phase dif-
ference between two output ports, two −45� phase shifters, and
two crossovers. Such standard configurations make the length of
the BM usually over one wavelength, which is infeasible for
integration into the FPC. Besides, when considering the connec-
tion between the BM and the antenna array, four transmission
lines with an identical phase are necessary. To address these two
critical issues, we propose a novel topological design for an
ultracompact and highly integrated BM, as depicted in Fig. 2(b).
In this design, pixel-metamaterial couplers are employed to
replace the traditional hybrid couplers, which offers two key
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advantages for miniaturization. First, due to a more efficient use
of the available area, the size of each individual coupler can be
reduced. Second, previous work [31] has presented the integra-
tion of phase shifters within the couplers, allowing for more

flexible topology designs of the four couplers. Consequently,
these couplers can be arranged in a compact, parallel configura-
tion, as shown in Fig. 2(b). Through co-design with the connect-
ing transmission lines, the specific phase requirements of this
topology can be jointly optimized within the pixel metamaterial
design. By combining these advantages, we achieve a highly
compact BM topology with an extreme aspect ratio, making it
suitable for integration in mobile phones.

AI-Enabled Pixel Metamaterials
To replace the traditional hybrid couplers in the proposed topol-
ogy, we employ pixel metamaterials combined with AI-driven
optimization technique. The fundamental pixel structure, the
optimization procedures, and the flowchart of the NSGA-II
algorithm are outlined in Fig. 3. The pixel metamaterial consists
of a 2-D array of metallic patches, with potential connecting
strips between adjacent patches. The freedom of design is maxi-
mized by modeling each strip as an inner port and controlling its
state. By adjusting the port impedance to either zero or infinity,
we can effectively simulate the physical presence or absence of
the strip. Specifically, setting the impedance to zero (Zipn ¼ 0)
shorts the two adjacent patches by the strip, forming inductive
coupling. Conversely, setting the impedance to infinity (Zipn ¼
1) removes the strip, and the coupling becomes capacitive.
Therefore, the states of all inner ports can be encoded as a binary
sequence, where each unique sequence defines a specific physi-
cal layout and its corresponding electromagnetic properties.
The optimization process follows a three-step procedure.

First, a full-wave pre-simulation is conducted, where all N
inner ports and the four main ports are considered. This simu-
lation yields the impedance matrix Zpre of the entire (N + 4)-
port network, as shown in (1). This matrix serves as the foun-
dation for subsequent optimization

Zpre ¼ Zmp,mp Zmp,ip

Zip,mp Zip,ip

� �
: (1)

Here each element in the matrix is a matrix too. For exam-
ple, Zmp,mp refers to the 4 � 4 impedance matrix of the four
main ports. Similarly, Zmp,ip is the 4 � N matrix of the mutual
impedance between 4 main ports and N inner ports.
Second, for any given binary sequence defining the states of

the N inner ports, we can construct an N-dimensional imped-
ance matrix Zip, whose diagonal elements are either 0 or 1 (a
sufficiently large number for realization). The impedance
matrix of the four main ports Zmp corresponding to that specific
binary sequence can be derived from the pre-simulation
impedance matrix Zpre of the N + 4 ports and the vector Zip.
This is achieved by solving the set of equations (1)–(4), result-
ing in a closed-form expression of Zmp given in (5)

Vmp

Vip

" #
¼ Zpre

Imp

Iip

" #
(2)

Vip ¼ ZipIip (3)

Vmp ¼ ZmpImp (4)

FIG. 1. Application scenario for the multibeam system in mobile phones.
Each input port corresponds to a steered beam, with the feeding network on
the flexible printed circuit and the antenna array on the bezel.

FIG. 2. (a) Conventional and (b) proposed novel topology of the Butler matrix.
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Zmp ¼ Zmp,mp þ Zmp,ip Zip � Zip,ipð Þ�1Zip,mp: (5)

Subsequently, the S-parameters of the four-port coupler can
be calculated from Zmp using the impedance-to-scattering
transformation, as shown in (6), where Z0 is a diagonal matrix
containing the normalization impedance

Smp ¼ Zmp � Z0ð Þ Zmp þ Z0ð Þ�1: (6)

Based on (6), a loss function can be calculated to quantify
the deviation of the achieved S-parameters from the required
ones, which provides the goal of optimization.
Third, once the algorithm converges on an optimal binary

sequence, it is mapped back to a physical geometry of the strips.
A final full-wave postsimulation is then performed to rigorously
validate the performance optimized by the algorithm.
Different from traditional optimization based on full-wave

simulations, the proposed method only requires two full-wave
simulations by means of inner-port modeling and matrix calcu-
lation, achieving significant acceleration and enabling the
application of advanced AI-driven optimization. Given the dis-
crete, binary nature of the coding sequence, GA-based algo-
rithm is preferred for optimization [31], [39], [40], [41], [42].
While prior work [31] employed a single-objective GA, we
introduce a multiobjective formulation to achieve more bal-
anced performance. The loss function is decomposed into a
3-D vector as shown in the following equation:

Ltotal ¼ Lamp�r, Lamp�t, Lphadif�t½ �: (7)

The three terms correspond to the reflection amplitude,
transmission amplitude, and transmission phase difference,
respectively. Herein, we adopt NSGA-II [43], [44], [45], [46]
to optimize this multiobjective problem. Unlike single-
objective GA that relies on weighted sums to combine objec-
tives, NSGA-II employs a Pareto-based approach. Its mecha-
nisms of fast nondominated sorting, crowding-distance

estimation, and elite preservation allow it to efficiently evolve a
set of optimal solutions called Pareto front in a single run. From
this Pareto-optimal set, the final coding sequence is selected
using the ideal-point method. This algorithm enables a superior
balance between the amplitude and phase properties of the cou-
pler, which is critical for realizing a high-performance BM
within our novel and compact topology.
For clarity, the target phase differences for the coupler with

additional phase shifters in Fig. 3 are listed in the following
equations:

u31 � u41 ¼ 90� þ u4 (8)

u42 � u32 ¼ 90� � u4 (9)

u31 � u42 ¼ �u1 þ u4: (10)

The detailed structural parameters of the pixel metamaterial
are marked in Fig. 4 and summarized in Table I. Each coupler
consists of a total of 16 � 8 grid (128 patches) with 232 inner
ports. The main ports 1 and 4 that may incorporate additional
phase shifters are indicated in blue and red, respectively.

FIG. 3. Fundamental structures, optimization procedures, and flow chart of the algorithm of the pixel metamaterials.

FIG. 4. Structural configurations of the pixel-metamaterial coupler.
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All full-wave simulations are performed using the commercial
software ansys high frequency structure simulator (HFSS),
while the NSGA-II optimizations are executed in MATLAB.
In the NSGA-II optimization, the population size is set to
2000, and the maximum number of generations is set to 400.
The Pareto fraction and migration fraction are 0.35 and 0.5,
respectively. For each pixel coupler, the HFSS pre-simulation
with five discrete frequency points takes about 1.5 h, and the
subsequent MATLAB-based NSGA-II optimization takes
about 3 h on a desktop workstation with an Intel Xeon Plati-
num 8377C CPU.

BM DESIGN
Coupler Optimization
Based on the topology introduced in the previous section and
the phase requirements of the BM, two types of pixel couplers
are inserted into the layout, as shown in Fig. 5(a). To facilitate
seamless integration with the antenna array, the distance
between the two output ports is set to 16 mm, and the line gap
is set to 0.8 mm. Notably, the crossover is realized using a sim-
ple 0-X resistor. The phase delays of different sections of
transmission lines are simulated and presented in Fig. 5(b) and
(c). From Fig. 2(a), the phase difference between the hybrid
couplers (green path minus the black path) is designed to be
−45�. However, as observed in Fig. 5(b), the actual difference
in this parallel topology is approximately +43�, resulting in a
total required compensation of 88�. Leveraging the symmetry

of the two couplers, we set the phase shift u4 in Fig. 3 for both
types to 44�, thereby addressing half of the required compensa-
tion. Furthermore, to balance the phase relations between the
four output ports of Coupler B/C and the four antenna ele-
ments, the phase term u1 for type 2 is set to 66�. With these
target phase adjustments, the pixel metamaterials for both
types of couplers are optimized using the NSGA-II framework.
For the first type, the optimized results are presented in Fig. 6.
The reflection coefficients and coupling coefficients between
any two input ports are all below −10 dB across a broad fre-
quency band, ensuring low reflection and high port isolation.
The four transmission amplitudes are close to −3 dB, with an
imbalance of less than 1 dB. Critically, as shown in Fig. 6(d),
the achieved phase relations are in close agreement with the
targets specified in (8)–(10). Similarly, the results for the sec-
ond type are presented in Fig. 7, where the phase relations also

TABLE I. Structural parameters of the BM (Unit: Millimeters)

Parameter Value Parameter Value

Lx 9.3 Lsubp 0.3
Ly 4.5 Lsubl 0.3
d0 16 Wsubl 0.1
dgap 0.8 Wstrip 0.45

FIG. 5. (a) Proposed BM with the novel topology. (b) and (c) Phase
responses of S21 for different transmission-line sections: (b) between cou-
pler A&B/C&D and (c) between coupler B/C and the four output ports.

FIG. 6. Optimized structure and results for the first type of the pixel coupler.
(a) Structural details (red patch marks port 4). (b) Reflection coefficients. (c)
Magnitudes and (d) phases of transmission coefficients.

FIG. 7. Optimized structure and results for the second type of the pixel cou-
pler. (a) Structural details (blue patch marks port 1, and red patch marks
port 4). (b) Reflection coefficients. (c) Magnitudes and (d) phases of trans-
mission coefficients.
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align with those given in (8)–(10). This consistent agreement
for both types of couplers confirms the effectiveness of our
design.

Overall Butler Matrix Results
Combining the optimized pixel couplers, we develop the com-
plete BM with an ultracompact size of only 48.5 � 9 mm. The
simulated surface current distributions when port 1 or 2 is
excited are shown in Fig. 8. Owing to the high degree of opti-
mization freedom provided by pixel metamaterials, it enables
more diverse current paths within a constrained area to satisfy
the BM’s beam-steering requirements. To validate the design,
a prototype of the pixel-metamaterial BM is fabricated, as
shown in the photograph of Fig. 9. The substrate F4BTM440
is used for fabrication, which is a high-permittivity F4B-based
laminate with high-dielectric, low-loss ceramic fillers. Its rela-
tive permittivity er is 4.4 and the loss tangent tand is 0.0025. Its
thickness is only 0.25 mm, making it compatible with integra-
tion into the FPC of mobile phones. The BM is fed through
eight sub-miniature version A (SMA) connectors. S-parameter
measurements are performed using an N9917A vector network

analyzer (VNA). For each measurement of a specific Smn, the
remaining ports are terminated with 50-X absorption loads.
The S-parameter results are all shown in Fig. 10. Across the

operating band from 6.3 to 7.4 GHz, which corresponds to a
relative bandwidth of 16%, both simulated and measured
reflection coefficients are consistently below −10 dB, indicat-
ing excellent impedance matching. The port isolations are plot-
ted in Fig. 10(c) and (d), with coupling coefficients of less than
−10 dB across the impedance bandwidth. Fig. 10(e)–(h) show
the transmission coefficients from the four input ports to the
four output ports. Due to port coupling, dielectric loss, and
conductor loss, the proposed BM exhibits an average insertion
loss of 1.1 dB in simulation and 1.6 dB in measurement.
Besides, amplitude and phase imbalance are critical parameters
for beamforming networks. The simulation results show that
the transmission amplitudes Smn (where n corresponds to ports
1–4 and m to ports 5–8) range from −5.2 to −8.6 dB across the
band, resulting in an amplitude imbalance of 61.7 dB. For
measurement, the amplitude imbalance is61.6 dB. Regarding
phase performance, four clusters of phase differences corre-
sponding to the four input ports are obtained around the target
values of 645� and 6135�. The phase imbalance is 618� in
simulation and 616� in measurement. These results demon-
strate close agreement between the simulation and measure-
ment, confirming the feasibility of the proposed BM. The slight
discrepancies are mainly due to fabrication inaccuracies and
additional losses. For example, slight variations of the microstrip
width may change the characteristic impedance, leading to
minor performance degradation in impedance matching.

Discussion
The primary advantage of the proposed BM lies in its ultra-
compact size and extreme aspect ratio. To quantitatively show
the superiority, we conduct a performance comparison
between this work and other recently published works on mini-
aturized BMs in Table II.
Benefiting from the topology design and use of pixel meta-

materials, the proposed design has the smallest footprint and
the most extreme aspect ratio (defined as length divided by
width) among these works. Previous works [18] and [24]
achieve excellent beamforming properties such as low ampli-
tude imbalance. However, their lengths and widths are both
much larger than one wavelength, rendering them impractical
to integrate into mobile phones. Although Jung et al. [22] also
reports a small aspect ratio of 0.25, it relies on a multilayer
stacked low-temperature co-fired ceramic (LTCC) structure,
which increases fabrication complexity, cost, and thickness. In
contrast, our design achieves a much wider bandwidth cover-
ing the U6G band. Besides, our single-layer substrate fabrica-
tion presents distinct low-cost and low-profile advantages over
the multilayer folded structure. Compared to [31] with single-
objective GA optimization, our design exhibits better beam-
forming properties with smaller amplitude and phase imbal-
ance, owing to the advanced multiobjective NSGA-II
optimization algorithm. This work achieves competitive band-
width and beamforming performance, with a multifold reduction

FIG. 8. Current distributions of the proposed BM when port 1 is excited in
(a) and port 2 is excited in (b).

FIG. 9. Photograph of the prototype of the BM. Seven ports are terminated
with 50-X absorption loads.
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of area, which can better fit the FPC region and leave more
space for other circuits, showing its suitability and superiority
for space-constrained mobile applications.
For further improvement in the future, structural symmetry

and other geometric features can be exploited to reduce the
full-wave simulation domain and meshing complexity.
Besides, more advanced evolutionary strategies, such as adap-
tive population size, adaptive crossover/mutation operators,
and physics-based constraints on the initial population, can be
introduced to accelerate convergence. Deep-learning-assisted
surrogate models in [47] may further improve the scalability of
the proposed approach for larger BMs.

INTEGRATION WITH ANTENNA ARRAY
To fully validate the performance of the multibeam system in
mobile phones, we integrate the proposed BM with a four-
element antenna array on the bezel. Dipole antennas are
selected because their linear structure is suitable for narrow
bezel integration and their broad radiation in the azimuth plane
benefits multibeam coverage. Four dipoles are printed on the
outer layer of a 1-mm-thick F4B substrate, which is mounted
vertically to the mainboard. In addition, the ground plane on
the mainboard provides a clearance of 0.3 mm for better radia-
tion. The array is excited by four coupling lines on the FPC,
which are connected to the four output ports of the BM.

FIG. 10. Results of the proposed pixel-based BM. (a) and (b) Reflection coefficients. (c) and (d) Coupling between each two input ports. (e) and (f) Transmis-
sion amplitudes from input ports to outputs. (g) and (h) Transmission phases from input ports to outputs. Solid lines are simulated results, while dashed lines
are measured ones.

TABLE II. Performance comparison

Reference
Area (k2)

(Length 3 Width)
Bandwidth

(%)
Insertion
Loss (dB)

Amplitude
Imbalance (dB)

Phase Imbalance
(degree)

Aspect
Ratio

[18] 3.7 � 1.4 6.7 0.6 61.0 615 2.64
[22] 0.5 � 2.0 4.7 2.9 61.2 N. G. 0.25
[24] 2.8 � 1.8 26.0 3.8 61.1 N. G. 1.56
[31] 1.0 � 0.7 21.6 1.9 62.2 625 1.43

This work 0.2 3 1.1 16.0 1.6 61.6 616 0.18

Note: N. G.: not given. Bold entries denote the results of our work.
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A series capacitor of 2 pF is employed for impedance match-
ing. The detailed parameters of the antenna array are marked
in Fig. 11 and summarized in Table III. A photograph of the
fully assembled prototype is shown in Fig. 12. S parameters
are measured using the VNA, while far-field radiation patterns
are measured in an anechoic chamber.
The reflection coefficients are plotted in Fig. 13, showing

that the impedance bandwidth covers the entire U6G band.
Fig. 14 presents the S-parameters between two input ports,
showing isolation levels over 10 dB across most of the U6G

band. The minor differences between simulation and measure-
ment results can be attributed to the cable’s effects on imped-
ance matching and slight imperfections in the manual assembly
process.

FIG. 11. Structural configurations of the multibeam antenna array deployed
on themobile phone.

TABLE III. Structural parameters of the antenna array
(Unit: Millimeters)

Parameter Value Parameter Value

Ldip 11.6 Lgnd 150
Wdip 2 Wgnd 75
Lfeed 8 Wbezel 4
Wfeed 0.3

FIG. 12. Photograph of the fabricated multibeam antenna array with four
coaxial lines, three of which are connectedwith absorption loads.

FIG. 13. (a) Simulated and (b) measured results of the reflection coefficients
of themultibeam antenna array.

FIG. 14. (a) Simulated and (b) measured results of the coupling coefficients
between each pair of input ports of themultibeam antenna array.
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The 2D radiation patterns for all four ports are measured
and shown in Fig. 15. With the BM’s beam-steering capabili-
ties, four distinct beams are generated, directed at approxi-
mately 620� and 665�, realizing multibeam radiation.
Moreover, the main beams cover approximately half of the
space, from −90� to 90�, providing superior beam coverage.
Simulation verifies that the beam-steering angles are consistent
with those of the four-dipole array under ideal excitations,
although higher sidelobes are introduced due to the imperfec-
tion of the BM. Based on the radiation patterns, the peak real-
ized gains and efficiencies of the four ports are also provided
in Fig. 16. Across the whole U6G band, all four beams achieve
a peak gain of over 5 dB, compensating for the increased path
loss. The total efficiencies of all beams exceed 50%, confirm-
ing the system’s performance. In summary, by integrating the
proposed BM with a bezel antenna array, we further validate
the performance of the AI-enabled ultracompact multibeam
antenna system for mobile phones.

CONCLUSION
In this article, we propose an AI-enabled pixel-metamaterial
BM featuring an ultracompact size and an extreme aspect ratio,
making it suitable for deployment in the limited space of
mobile phones. A novel topology is introduced to significantly
reduce the physical length of the BM, enabling direct integra-
tion with a bezel antenna array. The use of pixel metamaterial
with NSGA-II optimization framework facilitates this compact
layout. As a result, we successfully design a BM with a
remarkably small size of only 48.5 mm � 9 mm � 0.25 mm,
which compresses its length to the subwavelength scale and
achieves an extreme aspect ratio of only 0.18. Prototypes of
the BM and its integration with a four-element antenna array
are fabricated and tested, confirming the feasibility of the pro-
posed approach. The BM operates over a wide bandwidth of
16%, covering the U6G band. When connected to the bezel
antennas, the system can generate four beams steered at 620�

and 665�, meeting the requirements of reconfigurable radia-
tion patterns for U6G applications. The peak gains exceed 5
dB, and the total efficiencies are over 50% across the U6G
band. This work demonstrates a novel and practical beamform-
ing solution enabled by AI-driven optimization, showing sig-
nificant potential for future U6G communications. Moreover,
the methodology of AI-driven metamaterial design is not lim-
ited to BM design, but can potentially be extended to other
compact microwave components and metamaterial-based
devices.
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