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Abstract—In this letter, a subwavelength 8 × 8 Butler matrix
(BM) with inverse-designed pixel metamaterial is proposed for
space limited systems. With inverse-designed metamaterial, the
broadband asymmetric 3-dB couplers with arbitrary phase dif-
ference are constructed, which eliminates the space for phase
delay lines in BM, significantly reducing the overall size. Finally,
a prototype of the proposed BM is fabricated and measured,
which exhibits a bandwidth of 21.6% by occupying a compact
size of 0.95λ0 × 0.70λ0 × 0.01λ0. With a subwavelength scale, the
proposed ultracompact BM can be easily integrated with antenna
array for applications in compact multibeam systems.

Index Terms—Butler matrix (BM), couplers, metamaterial, size
miniaturization, space limited systems.

I. INTRODUCTION

W ITH the development of wireless communications,
multibeam antenna arrays are widely applied in var-

ious space limited scenarios [1], [2], [3], [4], offering the
advantages of low power consumption and high integration
[5], [6], [7]. The feeding networks of antenna array have
received extensive attention in recent years. Rotman lens and
Luneburg lens realize different phase shifts to the antenna
ports in a massive propagation system [8], [9], [10], [11].
In addition, the reflection and transmission arrays based on
metasurfaces have been widely studied for multibeam systems
[12], [13], [14], [15]. However, these lens-based methods often
require multiple wavelength sizes, limiting the integration with
antenna arrays [16], [17].

As another method, Butler matrix (BM) has been widely
studied as a feeding network with guided wave structures [18],
[19], [20], [21], [22], [23], [24], [25]. However, the BM still
takes up a much larger area than the antenna array, limiting
the further applications in space limited scenarios [26], [27].
Therefore, a number of methods have been proposed for minia-
turization of BM. Transmission lines with high impedance and
artificial transmission lines are used to reduce the size of BM
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Fig. 1. Strategies for miniaturizing BM. (a) Traditional BM. (b) Compact
BM without phase shifters based on asymmetric couplers.

[28], [29], [30], [31]. What is more, the size of BM can be
reduced by decreasing the number of input or output ports
but results in a loss of functionality [32]. Specially designed
couplers and crossovers are used to reduce the whole foot-
print, but within the limitation of bandwidth [33], [34], [35],
[36], [37].

In this letter, a subwavelength BM with eight input ports
and eight output ports is proposed. Based on the pixel
metamaterial, asymmetric 3-dB couplers with arbitrary phase
difference can be inversely designed. Thus, the phase shifters
in the BM can be integrated into couplers, downsizing the
overall size of BM. A prototype of the proposed BM is
constructed. The measured results show that, at a compact
scale of 0.95λ0 × 0.70λ0 × 0.01λ0, an impedance bandwidth
of 3.30–4.10 GHz is achieved with high port isolation and
output balance. With the merits of subwavelength size and
wide bandwidth, the proposed BM can be adapted in multi-
beam antenna systems for space limited scenarios as mobile
terminals, satellites, and radars.

II. DESIGN AND METHODS

A. Miniaturization Strategy
A conventional BM consists of symmetrical 3-dB couplers,

crossovers, and phase shifters. As an example, Fig. 1(a)
illustrates the architecture of a BM with eight-port inputs
and eight-port outputs. The different lengths of orange lines
represent different phase shifters. In addition to the 22.5◦, 45◦,
and 67.5◦ phase shifts required by the BM structure, these
phase shifters must account for the different electrical lengths
brought in by the crossovers, which often requires a delay
length close to half a wavelength, limiting the integration and
bandwidth of the BM. Thus, by utilizing asymmetric 3-dB
couplers with arbitrary phase differences at the output ports,
the phase shifters in a conventional BM can be shrunk into
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Fig. 2. Design of asymmetric couplers. (a) Traditional 3-dB couplers.
(b) Asymmetric couplers based on metamaterial. (c) Equivalent circuit model.

the couplers, reducing the overall length of the BM, shown in
Fig. 1(b).

B. Inverse-Designed Asymmetric 3-dB Coupler
The conventional 3-dB couplers are designed with a sym-

metrical structure, as shown in Fig. 2(a). However, in BM,
there is always a phase shifter connected after one of the
output ports. With pixel metamaterial, asymmetric couplers
can be inversely designed without adding extra area. The basic
architecture of the proposed pixel metamaterial is illustrated in
Fig. 2(b). Several square pixel-like patches are filled between
the four ports. Different structures can be constructed by
controlling the ON/OFF states of the sticks between patches,
realizing different four-port network functions. The proposed
pixel metamaterial can be further analyzed by an equivalent
circuit model, as shown in Fig. 2(b) and (c). The whole
base unit of pixel metamaterial can be regarded as a circuit
model with four feeding ports and N internal equivalent ports.
The internal equivalent ports are used to represent whether
the sticks between patches are connected. Specifically, the
impedance value of the equivalent port can be set to 0 for
short-circuit or ∞ for open-circuit, representing the ON/OFF
states of the linking sticks, and the impedance of equivalent
ports can be organized into a diagonal matrix ZEP, with a total
of 2N possible values

ZEP = diag
�
Z1

EP,Z
2
EP, . . . ,Z

N
EP

�
. (1)

Then, the impedance characteristics of four-port network ZP
can be derived from the impedance matrix Z of the N+4 ports
and the matrix ZEP of the equivalent ports

Z =

�
ZP,P ZP,EP
ZEP,P ZEP,EP

�
(2)�

VP
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�
=

�
ZP,P ZP,EP
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IP
IEP
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VEP = ZEPIEP (4)

ZP = ZP,P + ZP,EP(ZEP − ZEP,EP)−1ZEP,P (5)

and the transfer function of this four-port network T can be
further calculated from ZP, offering the possibility to quickly
get the electromagnetic functions of different states of sticks.

The inverse design process can be divided into the several
steps, as shown in Fig. 3. First, the basic structure of the
pixel metamaterial is designed. Second, the phase design target
for the asymmetric coupler is determined. Finally, the genetic
algorithm is employed to minimize the loss function for the
specified design targets. The loss function is set as

L =
X
ω

�
kpLp(ϕ, ω) + kaLa(ω)

�
(6)

Fig. 3. Design flowchart of asymmetric couplers.

Fig. 4. Structure parameters of pixel metamaterial. a = 20, wf = 1.37,
lf1 = 1.4, lf2 = 0.6, d1 = 1, d2 = 1.6, d3 = 0.8, d4 = 1.6, d5 = 0.2, and
d6 = 0.2 mm.

where La and Lp represent the term related to the trans-
mission amplitude and phase, respectively. Starting from a
random set of states, the equivalent circuit model is utilized to
rapidly calculate the S-parameters of different structures. The
crossover and mutation process are used to generate new state
for optimization until the target is satisfied.

As an example, shown in Fig. 4, a pixel metamaterial is
illustrated to optimize an asymmetric 3-dB coupler, which
consists of 10 × 10 patches and four feeding ports. The
dimensions of the whole structure are selected close to a
conventional 3-dB coupler. The selection of the patch number
and the structure dimensions considers factors such as mutual
constraint between optimization accuracy and size and com-
putational complexity. The optimization results indicate that,
within the wide frequency range of 3.3–3.8 GHz, asymmetric
3-dB couplers with minimal phase error can be achieved
when the required additional phase difference is less than 90◦,
thereby fulfilling the design criteria for compact BM.

III. BM DESIGN

Based on the above asymmetric 3-dB couplers with arbitrary
phase differences, a compact 8×8 BM model is designed and
depicted in Fig. 5. Two crossover sections are designed and
simulated to determine the required phase delay. According
to the structure of BM and crossover sections, five different
asymmetric 3-dB couplers with different phase responses
are required, marked as A-E in Fig. 5(a). Specifically, the
asymmetric couplers from A to E are required to be inversely
designed with additional phase differences of 57.4◦, 42.9◦,
67.2◦, 31.2◦, and 67.8◦ at central frequency point.
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Fig. 5. Structure of BM. (a) Multilayer structure and (b) prototype of BM.

Fig. 6. Measured S-parameters results of BM. (a) Matching coefficient of
each input ports. (b) Isolation between the input ports of the BM.

TABLE I
PERFORMANCE COMPARISON

Combining the inverse-designed asymmetric couplers and
crossover sections, the BM is composed of two identical
single-layer FR4B265 boards (εr = 2.65 and tanθ = 0.002)
with a thickness of 0.508 mm, which are joined together
by RO4450F prepreg (εr = 3.52 and tanθ = 0.004) with a
thickness of 0.1 mm. The BM is fed through 16 surface-
mounted 50-Ω subminiature version A (SMA) connectors, and
the metallic vias represented by the brown portion are used for
the electrical connection of the upper and lower layers, as well
as the connection of the SMA connectors to the microstrip
lines.

IV. EXPERIMENTAL RESULTS

As shown in Fig. 5(b), a prototype of the proposed
BM is constructed, occupying an overall size of 70 ×
50 × 1.116 mm3 without feeding structures. The 16 SMA
connectors are soldered to the BM for 50-Ω coaxial feeding

Fig. 7. Measured transmission coefficient. (a) Transmission amplitude.
(b)–(i) Transmission phase gradient with an input port from 1 to 8.

lines, and the performance of this BM is measured with the
N9917A vector network analyzer. Fig. 6 depicts the measured
S-parameters of the propounded BM. The measured
−10-dB impedance bandwidth is 3.30–4.10 GHz. Meanwhile,
the isolation between each input port of the BM is higher
than 13 dB in the 3.30–3.80-GHz frequency band for 5G
communications, which can satisfy the application require-
ments of the mobile terminals, as shown in Fig. 6(b). In
addition, Fig. 7(a) demonstrates the S-parameters from eight
different input ports to eight different output ports, indicating
an insertion loss with 1.9 dB and amplitude imbalance of
2.2 dB in the 3.3–3.8-GHz frequency band. What is more,
Fig. 7(b)–(i) depicts the measured phase gradient formed at
the output ports from each input ports. From ports 1 to 8,
different phase gradient differences of 22.5◦, −157.5◦, 112.5◦,
−67.5◦, 67.5◦, −112.5◦, 157.5◦, and −22.5◦ are formed at
the output ports in the frequency bandwidth, with a phase
imbalance of 25◦. Table I lists the performance comparisons
between the proposed BM and other recent existing designs.
Compared with previous designs, with comparable insertion
loss and output imbalance, the proposed compact BM based on
inverse-designed pixel metamaterials achieves subwavelength
scale and greatly improves the ratio of bandwidth to footprint.

V. CONCLUSION

As a conclusion, in this article, a subwavelength 8 × 8 BM
is proposed for integrated multibeam antenna arrays. Based on
inverse-designed metamaterial, asymmetric 3-dB couplers with
arbitrary phase difference can be customized, which obviates
the phase shifters in BM and reduces its overall footprint.
The measured results indicate that the proposed BM exhibits a
bandwidth of 21.6% within a subwavelength scale. At the same
time, the methodology of pixel metamaterial is adaptable to
other integrated BM, exhibiting a promising potential for on-
chip multibeam antennas in mobile terminals, satellites, radars,
and such type of space limited systems.
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