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(is paper proposes a new Butler matrix topology.(e proposed Butler matrix consists of only four couplers without phase shifters and
crossovers. (e output phase difference is relatively flexible. Compared with the phase differences (±45° and ±135°) generated by the
conventional Butler matrix, the proposed design can generate different sets of phase differences, which can be realized from − 180° to
180°.(e proposed new Butler matrix replaces the traditional 90° coupler with arbitrary phase-difference couplers. In this paper, closed-
form design equations are derived and presented. A 4× 4 Butler matrix with output phase differences of − 30°, +150°, − 120°, and +60° is
designed according to equations. (e 4× 4 Butler is meant to operate at 2GHz. (e simulation results show that the amplitude
unbalance is less than 0.1 dB, the phase mismatch is within 1°, the return loss is higher than 29dB, and the isolation is higher than 32dB.

1. Introduction

In recent years, multibeam antennas have been widely used in
the military and civilian fields. For example, air/space/ground
network, unmanned aerial vehicle (UAV) reconnaissance,
and battlefield situation broadcast system all use multibeam
antennas. Multibeam antennas can form multiple beams,
which make full use of the aperture efficiency of the antenna.
Since it can form multiple beams, the area of its feed network
is smaller and more compact than a conventional single beam
antenna. (ere are many multibeam antenna feed networks,
such as Blass matrix [1], Rotman lens [2], Nolen matrix [3, 4],
and Butler matrix [5, 6]. (e most famous of these is the
Butler matrix due to its simpler topology and low power
dissipation [7]. Moreover, by taking advantage of its beam
orthogonality, which gives it the capability of transmitting
and receivingmultiple beams concurrently, its beam scanning
coverage and the channel capacity significantly improved [8].
(e traditional Butler matrix network is a passive network. By
exciting one of the input ports, the equal-amplitude and
progressive-phase distribution responses can be generated at
the output ports. (e traditional 4× 4 Butler matrix consists
of four 90° couplers, two crossovers and two 45° phase shifters.
Nowadays, the research on the Butler matrix mostly focuses

on flexible output phase difference, wide band engineering,
and size reduction. (e ultrawideband Butler matrix is re-
alized by using a multilayer structure [9]. By using − 45°
couplers, a compact Butler matrix can be achieved without
phase shifters [10]. A single-layer Butler matrix without phase
shifters and crossovers has been proposed [11]. However, its
output phase difference is not flexible, only ±45° and ±135°. A
flexible output phase difference of Butler matrix topology was
established by using couplers with arbitrary phase differences
[12]. However, the matrix topology is complex, which is not
conducive to integration.

(erefore, a feed network topology with flexible output
phase difference is proposed in this paper. (e output phase
difference is more flexible than the traditional Butler matrix,
ranging from − π to π. (is feature can increase the options of
feeding modes for antenna array, extending the range of the
radiation beam angles. (e new Butler matrix consists of only
four couplers, which eliminates phase shifters and crossovers
compared with traditional Butler matrices, reducing the area
and reducing the power dissipation caused by crossovers and
phase shifters. Finally, closed-form design equations are pre-
sented, which provides a reference for the design of the special
radiation angle Butler matrix and streamlines the design
process.
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2. Design and Theory

(e Butler matrix topology proposed in this paper is shown
in Figure 1. It consists of four couplers. (e phase difference
of coupler 1 is β1. (e phase difference of coupler 2 is β2. (e
phase difference of both coupler 3 and coupler 4 is β3. P1, P2,
P3, and P4 are input ports of the Butler matrix, and P5, P6,
P7, and P8 are output ports of the Butler matrix.

(e coupler used in this Butler matrix is an arbitrary phase-
difference hybrid coupler [13]. (e coupler is shown in Figure 2.
Conventional couplers’ output phase difference is 90°. (e ar-
bitrary phase-difference hybrid coupler can generate different sets
of phase differences, which can be realized from 0° to 180°. (e
phase responses of the coupler can be expressed by equations
(1)–(3) [13].

∠S21 − ∠S41 � β, (1)

∠S43 − ∠S23 � π − β, (2)

∠S41 � ∠S23, (3)

where β is the output phase difference of the coupler, and the
range is 0 to π. (e coupler model is shown in Figure 3.

Arbitrary phase-difference hybrid coupler consists of four
branch lines. Z1, Z2, andZ3 are characteristic impedance of
branch lines. θ1, θ2, and θ3 are electrical lengths of branch lines.

However, the model in [13] ignores the microstrip dis-
continuity effect. (e microstrip discontinuity effects in the
design of arbitrary phase-difference hybrid coupler contain
bends and T-junctions. With increasing frequency, the par-
asitic of discontinuities will cause the performance to deviate
from the design, such as center frequency shift, mismatch
increase, and performance degradation. In [14], the equiva-
lent model of the T-junction is proposed. According to the
T-equivalent model, the correction of the operating frequency
and S-parameters is achieved by adjusting the characteristic
impedance and electrical length of the four branch lines.

According to the relationship between the output phase
difference of the coupler, the phase difference relationship
between the output port and the input port can be derived.
For the convenience of calculation, it is assumed that the
phase response of port P5 is α1 when port P1 is excited, and
the phase response of port P5 is α2 when port P3 is excited.
Table 1 shows the phase of ports P5, P6, P7, and P8 when
ports P1, P2, P3, and P4 are excited.

From Table 1, the progressive phase of the output port
when input from different ports can be obtained. When
ports P1, P2, P3, and P4 are respectively excited, the output
phase differences Δθ1,Δθ2,Δθ3, andΔθ4 can be obtained as

for port1 : Δθ1 � − β1 � β1 − β3 + 2n1π, (4)

for port2 : Δθ2 � π − β1 � β1 − β3 − π + 2n2π, (5)

for port3 : Δθ3 � − β2 � π + β2 − β3 + 2n3π, (6)

for port4 : Δθ4 � π − β2 � β2 − β3 + 2n4π, (7)

where n1, n2, n3, and n4 take integers, β1, β2, and β3 take
values ranging from 0 to π, and the four output phase
differences are not equal (Δθ1 ≠Δθ2 ≠Δθ3 ≠Δθ4). For easy
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Figure 1: Butler matrix topology.
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Table 1: Phase response of the butler matrix.

Input
Output

P5 P6 P7 P8
P1 α1 α1 − β1 α1 − β3 α1 − β1 − β3
P2 α1 − β1 π + α1 − 2β1 α1 − β1 − β3 π + α1 − 2β1 − β3
P3 α2 α2 − β2 π + α2 − β3 π + α2 − β2 − β3
P4 α2 − β2 π + α2 − 2β2 π + α2 − β2 − β3 2π + α2 − 2β2 − β3
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implementation, we set n1 � 0 and n3 � 0. From (4)–(7), the
relationship between β1, β2, and β3 can be obtained as

β1 �
β3
2

, (8)

β2 �
β3
2

+
π
2

. (9)

Substituting (8) and (9) into (4)–(7), the final formulas
for the Butler matrix’s output phase differences can be
derived as

Δθ1 � −
β3
2

,

Δθ2 � π −
β3
2

,

Δθ3 � −
π
2

−
β3
2

,

Δθ4 �
π
2

−
β3
2

.

(10)

It can be seen from the above that based on this closed-
form design equations, the Butler matrix can be designed
according to the required output phase difference, and the
output phase difference range can be between − π and π. And,
the output phase difference is not symmetrical. (is feature
provides amore flexible choice when feeding the antenna array.

According to the closed-form design equations, a Butler
matrix with output phase differences of − 30°, 150°, − 120°,
and 60° is designed. (e phase difference of couplers β1, β2,

Table 2: Characteristic impedance and electrical length of the coupler.

Phase difference (°)
Parameter

Z1(Ω) Z2(Ω) Z3(Ω) θ1(°) θ2(°) θ3(°)

30 25 22.361 22.361 90 127.76 52.24
120 43.301 32.733 32.733 90 69.295 110.705
60 43.301 32.733 32.733 90 110.705 69.295
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Figure 4: (a) Coupler model with 30° output phase difference. (b) Simulation of the coupler with 30° output phase difference.

Table 3: Optimized parameters of the coupler.

Parameters Values (μm)
L0 3636
L1 1150
L2 6197
L3 5550
L4 13654
L5 7850
W0 318
W1 1281
W2 1090

Table 4: Optimized parameters of the coupler.

Parameters Values (μm)
L0 3636
L1 2000
L2 3704
L3 5800
L4 14357
L5 9800
W0 318
W1 714
W2 430
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and β3 in the Butler matrix is 30°, 120°, and 60°, respectively.
(e characteristic impedance and electrical length param-
eters of each coupler are shown in Table 2.

3. Simulation

(e designed Butler matrix was simulated by HFSS soft-
ware. (e coupler model with 30° output phase difference is
shown in Figure 4(a). Table 3 shows the optimized pa-
rameters of the coupler. (e S-parameter showing the
reflection coefficient, transmission coefficients and the
output phase difference are shown in Figure 4(b). It can be
seen from the figure that S11 and S31 of the coupler are less

than − 35 dB at 2 GHz. S21 and S41 are − 3.05 dB. (e output
phase difference is 30.5°.

(e coupler with 60° output phase difference and the
coupler with 120° output phase difference are symmetrical,
so only the coupler with 60° output phase difference is
simulated. Table 4 shows the optimized parameters of the
coupler. (e coupler model with 60° output phase difference
is shown in Figure 5(a). (e S-parameter showing the re-
flection coefficient, transmission coefficients, and the output
phase difference are shown in Figure 5(b). It can be seen
from the figure that S11 and S31 of the coupler are less than
− 40 dB at 2GHz. S21 and S41 are − 3.05 dB. (e output phase
difference is 60.1°.
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Figure 5: (a) Coupler model with 30° output phase difference. (b) Simulation of the coupler with 30° output phase difference.
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(emodel of the Butler matrix is shown in Figure 6. (e
S-parameter is shown in Figure 7. (e output phase dif-
ference is shown in Figure 8.

From the simulation results in Figure 7, it can be seen that
the signal is input from different ports at 2GHz, the amplitude
imbalance of the output signal is less than 0.1dB, and the return
loss and isolation are both greater than 29dB.When the signal is
input from port 1, its amplitude responses are S51 � − 6.07dB,
S61 � − 6.01dB, S71 � − 6.04dB, and S81 �− 6.05dB. When the
signal is input from port 2, its amplitude responses are
S52 � − 6.02dB, S62 � − 6.03dB, S72 � − 6.05dB, and S82 �

− 6.06dB. When the signal is input from port 3, its amplitude
responses are S53 � − 6.05dB, S63 � − 6.01dB, S73 � − 6.09dB, and
S83 � − 6.03dB. When the signal is input from port 4, its

amplitude responses are S54 � − 6.01dB, S64 � − 6.05dB,
S74 � − 6.05dB, and S84 � − 6.09dB.

(e differential output phases of the Butler matrix ob-
tained by exciting port 1, port 2, port 3, and port 4 at the
center frequency are − 30°±0.2°, 150°±1°, − 120°±0.5°, and
60°±0.5, respectively.

Overall, it can be seen that the simulation results of the
proposed Butler matrix verify the design concept. (e
performance of the proposed 4× 4 Butler matrix topology is
excellent. In contrast to other Butler matrices, it has a flexible
output phase difference and reduces size of the topology. In
addition, its insertion loss and isolation performance are also
excellent. When the Butler matrix is fabricated, the mea-
sured results may be worse than the results of the simulation.
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Figure 7: S-Parameter of Butler matrix when: (a) port 1 is excited; (b) port 2 is excited; (c) port 3 is excited; (d) port 4 is excited.
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Due to the impedance mismatch of the port and
manufacturing process issues, the insertion loss will in-
crease, and the output phase differencemay be slightly offset.
But the phase relationship does not change.

4. Conclusion

(is paper presents a new 4× 4 Butler matrix topology. (e
proposed Butler matrix consists of only four couplers. A rel-
atively flexible output phase difference can be achieved without
the addition of phase shifters and cross couplers. A Butler
matrix with phase differences of − 30°, +150°, − 120°, and +60° is
designed. (e simulation results at 2GHz operating frequency
show that the amplitude unbalance is less than 0.1 dB, the phase

error is within 1°, the return loss is higher than 29dB, and the
isolation is higher than 32dB. (is Butler matrix has excellent
performance, and the multibeam antenna based on this feed
network can be applied to 5G communication.

Data Availability

(e simulation data used to support the findings of this
study have been deposited in the Figshare repository
(https://figshare.com/articles/butler111_aedt/9703652/1).
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