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Planar Two-Dimensional Scanning Multibeam Array
Antenna Based on a 3 x 3 Butler Matrix Network

Shu-Kuan Zhao ¥, Miao Lv, Zhi-ya Zhang

Abstract—In this letter, a wideband two-dimensional (2-D) scan-
ning multibeam array antenna is proposed using a novel beamform-
ing network (BFN). First, a novel three-beam Butler matrix (BM)
network, as the core of the BFN, is proposed and described. The BM
network comprises a directional coupler, T-shaped power dividers,
and coupling baluns, which avoids using crossovers and lossy
lumped elements as in a conventional BM network. In addition,
a dual-stripline structure is employed to combine multiple com-
ponents, which considerably reduces the BM network aperture.
Then, six three-beam BMs are stacked and interconnected to form
a complete 2-D BFN, whose scanning features of two orthogonal
planes are controlled by two sets of BMs. Finally, to verify the
working principle of the BFN, a 3 X 3 all-metal antenna array
is designed and combined with the BFN. Notably, the low-profile
antenna element achieves a wide operating bandwidth of 34.5%.
Furthermore, a prototype is fabricated and tested, which shows that
the antenna realizes switched beams in nine directions, indicating
that an excellent 2-D scanning function is realized.

Index Terms—Beamforming network (BFN), Butler matrix
(BM), multibeam, two-dimensional (2-D) scanning, wideband.

I. INTRODUCTION

ITH the development of smart antenna technology, the

multibeam antenna, a core technology, has been widely
studied recently. An array antenna with a beamforming network
(BFN) can realize multisector coverage that has higher capacity
and more flexible operation modes than antennas with single-
sector coverage [1]-[3].

For different applications, the Blass matrix [4]-[6], Nolen
matrix [7]-[9], and Butler matrix (BM) [10]-[19] networks
are commonly employed as BFNs. The application of the BM
network in a smart antenna field has been more successful than
the other two networks because of its excellent performance
in terms of broadband realization, low power loss, and easy
realization [10]. In recent years, various BM schemes have been
proposed, such as microstrips [11]-[13], striplines [14]-[17],
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Fig. 1. Topology of the proposed 2-D multibeam array antenna.

waveguides [18], and substrate integrated waveguides [19]. Nu-
merous studies concerning BM networks have focused on circuit
miniaturization, bandwidth enhancement, and flexible beams.
However, complex crossover junctions and phase shifters are
required to expand the bandwidth and flexibly control the beam
[13]. In addition, the most common method to achieve a compact
structure is to load lumped components [12] or use a costly
multilayer structure [14]-[17]. Notably, these flaws limit the
use of BMs in various scenarios.

As an extension of a one-dimensional (1-D) scanning phased
array, 2-D multibeam antennas have the advantages of wider
coverage, higher data transmission rates, and more extensive
application scenarios. However, 2-D BFNs usually have large-
scale complex circuits, especially planar structures [20]-[25].
The accumulated power loss and the large number of crossovers
in the realization make the design challenging. In such a case, the
complexity of the circuit can be effectively reduced by cascading
1-D BFNs to achieve 2-D scanning functions [9], [25].

In this letter, a 2-D scanning phased array using a 2-D BFN
comprising six novel three-beam BM networks is proposed. The
overall topology of the BFN is first provided in Section II. As
the core component of the BFN, a compact wideband three-
beam BM is introduced and analyzed in detail. To verify the
effectiveness of the BFN, a 3 x 3 array antenna is designed
for compatibility with the BEN. Afterward, a prototype is fabri-
cated, tested, and discussed in Section III, which shows that an
excellent 2-D scanning function is realized.

II. GEOMETRY AND WORKING PRINCIPLE

The topology of the proposed 2-D scanning multibeam array
antenna is shown in Fig. 1. The novel three-beam BM has
three output ports that can provide constant amplitude and three
phase delays of —120°, 120°, and 0° when the three input ports
are individually excited. Six three-beam BMs of the BFN are
divided into two groups and stacked together to manipulate
the beam direction of two orthogonal directions. Moreover, by
switching between the input port excitation, nine beams with
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Fig. 2. Topology of the proposed three-beam BM.
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Fig. 4. Construction and equivalent circuit of the 1.77 dB coupling balun.
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(b). Amplitude ratio and phase difference of the output ports.

different directions can be generated to achieve a typical 2-D
beamforming property.

A. Theoretical Analysis of the Three-Beam BM

In this section, a novel topology of the three-beam BM is
proposed, as shown in Fig. 2. It mainly comprises three simple
components: a directional coupler, T-shaped power dividers,
and coupling baluns. To explain the working mechanism of the
matrix, a transmission matrix is analyzed as follows.

The transmission matrices of directional couplers, T-shaped
power dividers, and coupling baluns are denoted as C, T, and B,
respectively. In the BM network, two power ratios are designed:
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1:1 and 1:2. The phase delays between outports for the above-
mentioned three components are 90°, 0°, and 180°, respectively.
The transmission matrices of the five components in Fig. 2 are
expressed as follows:
.21 ]\/5 7T1:|: i:|7712:|:
i vz

Bi=[i% ~i%]. B= i i) (M

The transmission of the entire three-beam BM can be divided
into three parts corresponding to three transmission matrices:
01, 02, and Q3. Considering the continuous transmission of
signals, the transmission matrix of the entire BM network can
be expressed as follows:
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From matrix Q, the coefficient of the transmission matrix is
1/ /3, and the phase difference of each row is —2m/3, 27/3,
and 0. These results indicate that the proposed topology can
allocate desired output signals of equal magnitude and linear
phase delay, which is consistent with the output characteristics
of the proposed three-beam BM.

B. Realization of the Three-Beam BM

The detailed configuration of the three-beam BM is shown
in Fig. 3. The network is fabricated on a middle double-layer
Rogers 5880 substrate (¢, = 2.2 and tan = 0.0009) with a
thickness of 1.574 mm. The entire BM network is placed in
a closed metal cavity, and six SMA connectors are set on the
sidewalls corresponding to the input and output terminals on the
upper layer of the double-layer substrate.

The structure and dimensions of the BM network are shown in
Fig. 3(b). A dual-stripline structure is introduced to achieve size
reduction by combining multiple components. First, a three-dB
branch directional coupler set at the center of the double-layer
substrate and a T-shaped power divider network arranged on
both sides of the double-layer substrate are used as the inner
cores and combined with the upper and lower grounds to form
the first stage stripline. In addition, the double-layer T-shaped
power divider network with short metallized vias acts as the
outer conductor of the second-stage stripline structure. The two
output lines of the three-dB branch directional coupler [see thin
red lines in Fig. 3(b)] are transformed into a T-shaped power
divider network as the inner core of the second-stage stripline.
To provide an efficient connection channel for the dual-stripline,
four quarter wavelength branches are introduced with eight
shorting metal screws to the T-shaped power divider network.
In this case, the second-stage stripline constitutes two coupling
baluns, i.e., 1.77 dB and 3 dB.
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Fig. 6.

To illustrate the working principle, the circuit of the 1.77 dB
coupling balun is analyzed. Its structure and equivalent circuit
diagram are shown in Fig. 4. Unlike the traditional baluns
used for antenna feeds [26], [27], for the coupling balun, the
output impedances R; and Rs in series represent the input
impedances of the subsequent transmission lines. The power dis-
tribution ratio of ports Eand Fis K (K = R; : Ry = 1 : 2forthe
1.77 dB coupling balun). The coupling balun can be regarded as
a four-port network, where port 1 is the input port, ports 2 and 3
are the output ports, and port 4 is the isolation port. The simulated
results in Fig. 5 exhibit the simulated return loss at the input and
output ports, where the 10 dB bandwidth is 0.6 GHz (54.1%). In
our focus bandwidth (0.9-1.3 GHz), the isolations between the
ports are greater than 15 dB (ports 2 and 3) and 35 dB (ports 1
and 4). The phase difference between the output ports is 180°,
and the phase fluctuation is less than 2°. The amplitude ratio
of the output port ranges from 1.4 to 1.43, indicating a power
division of 1:2. These results indicate that the introduction of
the coupling balun can play a role in both power distribution
and phase shift.

When port 1 or 2 is excited, the signals are first distributed
by the 3 dB branch directional coupler and then fed into the
second-stage stripline. Finally, the signals processed by the two
baluns reach three output ports for signal synthesis. When port 3
is excited, only the T-shaped power divider network is used to
achieve equal power and phase signal outputs. The simulated
results of the corresponding S-parameters are shown in Fig. 6.

In summary, the circuit topology in Fig. 2 is realized intel-
ligently. The reuse of spaces and routes effectively reduced
the network size. The circuit size was only 153 x 256 mm?
(0.56 x 0.94 2%, where A is the free-space wavelength at 1.1
GHz).

C. Two-Dimensional Scanning Multibeam Array

To verify the function of the 2-D BFN, a 3 x 3 half-mode
microstrip array antenna is designed. The dimensions and con-
figuration of the array elements are depicted in Fig. 7(a). The
antenna comprises two half-mode microstrip antennas shortened
on one side, a feed probe with disk loading, and a metal ground.
Two pairs of shorting pins are introduced on each side of the
two microstrip patches to reduce the cross-polarized radiation
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Simulation and measurement results of the proposed BM. (a)—(c) Transmission coefficient. (d)—(f) Phase difference. (g) Reflection coefficient. (h) Isolation.
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(a) Geometry and (b) simulated results of the antenna unit. a = 75,
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(a)

Fig. 9. (a) Configuration of the nine-element antenna array. (b) Test environ-
ment and overall structure.

and simultaneously act as support columns [28]. Fig. 7(b) shows
that a wide bandwidth (|Sy;| < —10 dB) of 34.5% covering
0.93-1.31 GHz and two attenuation poles (1.0 and 1.21 GHz)
are achieved. In addition, a stable normal radiation pattern with
identical polarization, wide half-power beamwidth (HPBW)
(154° in the E-plane), and low cross-polarization properties
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(<—16 dB) are successfully achieved in the entire operation
band shown in Fig. 8.

Based on the proposed antenna unit, a 3 x 3 array antenna
is developed, as shown in Fig. 9(a). The distance between the
adjacentelements is D1 = 141 mm and D, = 180 mm. By adding
the corresponding excitation signal, nine beams with different
directions were generated (see Fig. 10).

III. EXPERIMENTAL RESULTS

To verify the theoretical results, the proposed three-beam BM
is initially fabricated, as depicted in Fig. 9(b). The S-parameters
of the BFN are measured using an AV3672B vector network
analyzer (see Fig. 6). In the operation bandwidth (0.95-1.25 GHz
for 12 dB return loss), the transmission coefficient is approxi-
mately —5.2 dB, and the phase delays are approximately —120°,
120°, and 0°. In the entire operation bandwidth, a 0.7 dB
variation in the transmission coefficient and a +5° variation
in the output phase are achieved under P1-P9 excitations. In
addition, the isolations between each pair of input and output
ports are >14 dB. The measured results agree well with the
simulation and theoretical results. Table I shows the comparison
between the three-beam BFNS obtained in this article and other
previous works. The beam-forming network in this letter has
excellent performance, including the lowest loss, wide operating
bandwidth, and lower output amplitude and phase fluctuations.

TABEL I
COMPARISON BETWEEN THE PROPOSED THREE-BEAM BM WITH OTHER BFNS
Performance [15] [17] [9] [3] Our work
Type Stripline Microstrip Stripline
Size (1) NG NG 1.38x0.61 NG 0.94x0.56
Layer 3 3 1 2 2
Imbalance 1.2dB | 0.6dB 0.4 dB 2.6dB 0.7 dB
(M/P) +10° +3° +4.1° +10° +5°
IL(dB) 0515 | >1 NG 124 03-14
BW (RL>10 46% 33% 8% 7% 34.5%
dB)
An‘tem?a Yes No Yes Yes Yes
realization

NG: not given; M/P: magnitude/phase; IL: insertion loss RL: return
loss; BW: bandwidth.
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5
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Fig. 12.  Simulated and measured gain of the array patterns corresponding to
ports 1, 3,7, and 9.

In addition, the compact structure and fewer layers are imple-
mented simultaneously.

Finally, the proposed 2-D scanning phased-array antenna is
fabricated, assembled, and tested. Fig. 9(b) depicts the array and
test environment. A near-field SATIMO antenna test system is
employed to test the radiation pattern of the array. Based on
the symmetric relation, the simulated and measured radiation
patterns corresponding to ports 1, 3, 7, and 9 are shown in
Fig. 11, which indicates that the beam direction of the array
agrees with the simulation. The results demonstrate that nine
beams with different spatial orientations are realized with the
excitation of nine ports. The measured and simulated gain of the
antenna array are shown in Fig. 12. The variation trend of the
measured gain with frequency is consistent with the simulated
results. However, the problem of sidelobe level elevation, beam
broadening, and gain reduction occur, mainly because of the
array antenna installation error, especially the unit phase error.

IV. CONCLUSION

In this letter, a broadband 2-D scanning multibeam array
antenna using a novel BFN is presented. First, a three-beam BM
is theoretically analyzed as the core component. To avoid the
introduction of complex crossovers and lossy lumped elements,
a dual-stripline structure is employed, and the circuit structure
is realized using only the conventional broadband directional
coupler, T-shaped power dividers, and coupling baluns. Then,
six three-beam BMs are interconnected to construct a nine-beam
2-D BFN. Finally, a wideband low-profile half-mode microstrip
antenna is designed to form a 3 x 3 antenna array, which
is combined with the BFN to realize beam scanning in nine
directions. The antenna is a good candidate for 2-D scanning
because of its compact structure, low cost, and flexible beam.
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