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Butler matrices represent a popular class of feeding networks for an-
tenna arrays. Large dimensions and the lack of flexibility in terms of
achievable output phase difference make conventional Butler structures
of limited use for modern communication devices. In this work, a com-
pact planar 4 x 4 matrix with non-standard relative phase shifts of —30,
150, 120, and 60° has been proposed. The structure is designed to op-
erate at the centre frequency of 2.45 GHz. Small dimensions of 31.3 x
22.9 mm make it useful for Internet of Things applications. The struc-
ture operates from 2.35 to 2.55 GHz, which covers the industrial, sci-
entific and medical bandwidth. At the centre frequency, the measured
amplitude and phase imbalance are 1.65 dB and +4.3°, respectively.
The proposed circuit has been compared to the state-of-the-art struc-
tures from the literature.

Introduction: Feeding networks are the key components of antenna ar-
rays. A type of thereof, Butler matrices (BMs), are characterised by the
ability to provide different phase shifts between the outputs, depending
on the excited input port. A conventional planar BM is composed of
branch line couplers (BLCs), phase shifters, and crossovers [1]. In a 4 x
4 configuration, it can produce progressive phase differences of +45 or
+135° at the outputs. Due to lack of phase-related flexibility as well as
large dimensions applicability of conventional BMs to modern commu-
nication devices, including Internet of Things (IoT) systems operating
within the industrial, scientific and medical band is limited.

The design of miniaturised BMs has recently gained the attention of
the research community [2—7]. Popular size reduction techniques include
replacement of the BM building blocks by their compact counterparts [3,
4], implementation of the structures on multi-layer substrates [5], or de-
velopment of BMs without some of the components [6, 7]. Application
of the mentioned techniques allows for obtaining between 60% to 85%
miniaturisation. Despite a significant size reduction, compared to con-
ventional structures [4, 6, 7], large physical dimensions of these BMs
are still a limiting factor for their application in small-size devices.

BMs characterised by non-standard relative phase differences be-
tween the output ports are normally constructed using components that
support arbitrary phase shifts [8, 9]. In [8], the control over the output
phases is maintained using phase shifters with unequal electrical lengths.
Another method, where unconventional BLCs are used to control the
Butler matrix phase differences, is discussed in [9]. Both approaches
proved to be useful for increasing the BM functionality over the conven-
tional structures.

In this work, a compact planar 4 x 4 Butler matrix with non-standard
relative phase differences between output ports of —30, 150, —120, and
60° is proposed. The structure comprises two pairs of hybrid BLCs with
phase shifts of 75 and 60°, respectively. Dimensions and footprint of
the optimised BM are 31.3 x 22.9 mm and 717 mm?, respectively. The
size reduction has been achieved using a combination of folded BLC
structures and compact crossovers involving the microstrip-to-coplanar-
waveguide transition. The centre frequency of the proposed circuit is
2.45 GHz, and it operates within 2.35 to 2.55 GHz bandwidth. The
magnitude and phase-difference imbalances of the BM at the centre
frequency are 1.65 dB and +4.3°, respectively. Small dimensions and
high performance make the proposed structure suitable for applications
in small-form-factor IoT devices. The presented BM has been bench-
marked against state-of-the-art circuits from the literature and validated
experimentally.

Design concept: A conceptual illustration of the proposed Butler matrix
is shown in Figure 1. The structure is constituted by two pairs of BLCs
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Fig 1 Butler matrix—conceptual illustration. Solid, dashed, and dotted boxes
represent branch line couplers (BLCs), crossovers, and phase shifters, re-
spectively
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Fig 2 BLC with an arbitrary phase difference. (a) Conceptual illustration of
the structure, (b) geometry of the miniaturised circuit

with phase differences of 8, and 85, respectively, two phase shifters 83,
and two crossovers introducing the phase shift of ..

The presented BM can provide relative phase differences of Af;
(i =1, ..., 4, corresponds to the port P; used for structure excitation)
between the outputs Ps g that exceed the capabilities of conventional
structures. The electrical properties of the BM components (see Fig-
ure 1) required to obtain the desired Af; can be determined from [9]

,3] = 05,32 —0.257 (1)
B2 =246 @)
B3 = —0.257 3)

Note that A, = AO; + 7w, AB3; = 0.58, — 0.57, and Aby = Ab;
+ 7 [9]. Consequently, Af, 4 depends on Af; from Equations (1)—(3).
For demonstration, the phase differences of the BM considered here are
setto AG;_4 = {30, 150, —120, 60°} that are obtained using 8, = —75,
B2 =—60, and B3 = —45, respectively.

A conceptual illustration of the BLC structure that can realise phase
differences B, and B, is shown in Figure 2(a). The kth coupler (k= 1, 2)
consists of two equal-length sections with the normalised characteristic
impedance of z| 4, and the electrical length of ¢ ; =—90°, as well as two
sections with impedance z, ; and the lengths of ¢, and @3 4, respec-
tively. The electrical parameters of the BLCs can be found by solving
[10,11]:

2

2k
= 4
21k = 4

tan (B;) (tan? (0.5¢24) — 1)
2tan (0.5¢2.x)

— -1 ;
@34 = 2tan (W) 6)

The values determined from Equations (4)—(6) required to obtain the
selected AO| 4 are Z;; = 44.65 2, Z,; = 32.16 2, ¢ = 100.56°,
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2k =

ELECTRONICS LETTERS May 2021 Vol. 57 No. 10 wileyonlinelibrary.com/iet-el 387


https://orcid.org/0000-0003-0244-541X
https://orcid.org/0000-0002-9063-2647
http://wileyonlinelibrary.com/iet-el

—»w;— lz r_
P I
_}o-looowz o0
s#o_vall o ! Wi_o
o0 ‘000 XX
J,H

Fig 3 Compact crossover with the microstrip-to-coplanar-waveguide transi-
tion. From lefi: Top, bottom, and cross-section view. Black circles represent
vias

@31 = 79.44°, Z,, = 4259 Q, 25, = 322 Q, ¢, = 110.71°, and
@32 = 69.30° (note that Zy,; = Zyzi2x). The calculated electri-
cal parameters are used as a starting point for the design of the BM
components.

Butler matrix components: The compact BLC structure incorporated
into the proposed Butler matrix is shown in Figure 2(b). The circuit and
the entire BM are implemented on a dielectric substrate with &, = 3.74,
h = 0.168 mm, and tand = 0.0037. The couplers are miniaturised by
means of folding the conventional transmission line sections. The vector
of geometry parameters that represent the kth BLC is x; = [wyx wa
cix o g by Lig]Y. The relative variables are 7| ; = 3wy + 3cos —
Wik, T2k = bk + Wai + cop, and 735 = L34 + wai + c1.4, Whereas
woy = 0.35 to ensure 50 Q input impedance (cf. Figure 1). The unit for
all design parameters is mm. The dimensions of BLC; and BLC, have
been obtained through local numerical optimisation (gradient algorithm)
oriented towards maintaining the reflection and isolation of each coupler
below —20 dB within the 2.35 to 2.55 GHz range. Other requirements
involved minimisation of the power split imbalance and maintaining the
desired phase differences S, B, at the centre frequency of fo = 2.45 GHz
[2, 11]. The starting points for BLCs design x;® = [0.34 0.55 0.3 0.3 3
2.21.6]" and x,© =[0.46 0.6 0.3 0.3 2 2.3 1.3]7 are determined through
recalculation of the electrical parameters (see the previous section) to the
microstrip line dimensions. The optimised designs are x;* = [0.36 0.56
0.320.392.942.18 1.44]" and x," =[0.380.56 0.2 0.4 3.23 2.58 1.13]".
The optimised BLC; and BLC; are only 8.55 x 6.77 mm = 57.85 mm?
and 8.23 x 6.9 mm = 56.8 mm?, respectively. The obtained circuits ex-
hibit 80% and 79.5% miniaturisation with respect to their conventional
counterparts.

Small dimensions of crossovers are ensured by replacing the cascade-
based circuits with a simple microstrip-to-coplanar-waveguide transition
[12]. The geometry of the used circuit is shown in Figure 3. Its design
parameters x. = [w; wy w3 [} I 3 51 52 di d> r]” have been adjusted to
maximise isolation between the intersected transmission lines as well as
to maintain their equal electrical length. The tuned design x,” = [0.5 0.7
0.5 4.22 0.78 3.55 0.2 0.2 0.6 0.2 0.3]” provides in-band reflection and
isolation both below —30 dB, as well as equal phase shift of 8, = 61.4°
(cf. Figure 1). The structure size is 6.05 x 6.05 mm = 36.6 mm?>.

The proposed BM incorporates the phase shifters in the form of sim-
ple, folded transmission lines. The lengths of the meandered lines can
be adjusted individually in order to provide enhanced control over the
relative phase differences between Ps to Pg ports. The vector of phase
shifters lengths is x, = [p1 p2 p3 pa]” (cf. Figure 4(a)). Its initial values
X, =1[4.0 4.0 1.8 1.8]7 are calculated from B3 and B..

Numerical results and measurements: The geometry of the proposed
Butler matrix is shown in Figure 4(a). The vector structure adjustable
variables is x; = [x; X2 p; p2 p3 p4]7. The initial design is x,© =10.36
0.560.320.392.942.18 1.440.380.56 0.2 0.4 3.232.58 1.134.04.0 1.8
1.8]". The final design x;" = [0.36 0.56 0.32 0.39 2.94 2.19 1.45 0.39
0.580.22 0.45 3.34 2.56 1.13 3.76 3.6 1.33 1.42]" is obtained as a result
of BM fine-tuning oriented towards reduction of the phase difference
and magnitude errors. The size of the optimised structure, expressed as
A x B (see Figure 4), is only 31.3 x 22.9 mm = 716.8 mm?. The elec-
tromagnetic (EM) simulation results show that in the 2.35 to 2.55 GHz
band, the BM offers reflection below —13 dB but also the amplitude and
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Fig 4 Compact Butler matrix with non-standard phase differences. (a) Opti-
mised design with a highlight on phase shifters dimensions, (b) photograph
of the manufactured structure prototype
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Fig 5 Butler matrice: Comparison of simulations (left) and measure-
ments (right) with respect to reflection/isolation (solid colour), transmission
(dashed colour) and phase-shift (black) responses for the structure excited
through (a) Port P; (phase difference at the output ports: —30°), (b) port P,
(phase difference at the output ports: 150°), (c) port Pz (phase difference at
the output ports: —120°), (d) port P4 (phase difference at the output ports:
60°)

phase imbalance below 0.6 dB and slightly above +5°, whereas at the
centre frequency, the figures are below 0.55 dB and +4.1°, respectively.

The proposed BM has been fabricated (see Figure 4(b)) and mea-
sured. A comparison of simulation and measurement results is shown in
Figure 5, whereas the performance figures of the structure, that is, in-
band reflection (Rpy) and isolation (/y), as well as magnitude (AM)
and phase-shift (AP) imbalance within the frequency band and at f; are
gathered in Table 1. The overall agreement between the simulation and
the measured results is acceptable having in mind that the magnitude is
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Table 1. Compact Butler matrice (BM): Comparison of simulations
and measurements

Port P, Port P, Port P; Port Py
Excitation  Sim. Meas. Sim. Meas. Sim. Meas. Sim. Meas.
Rpw [dB] -154 -153 -169 -144 -l64 -167 -133 -16.6
Ipw [dB] -172  -129 -172 -10.0 -182 -10.0 -183 —12.7

AMpy [dB] 0.55 2.09 0.60 1.81 0.51 1.62 0.43 0.98
AMjy [dB] 0.55 1.65 0.40 1.66 0.23 1.01 0.38 0.79
APy [°] +2.1 +73  £25 £66 £28 £84 £53 £75

APp [°] +14 +43 09 £40 £1.7 £1.0 £4.1 +3.5

Table 2. Proposed BM: Benchmark against the state-of-the-art cir-
cuits

Performance figures Size

fo BW AMy,y APy Di i Di

(GHz) (%) (dB) ©) (mm x mm) (Ag X Ag)
[9] 5.8 7.3 0.45 +6.0 71.4 x 119 1.89 x 3.15
[2] 1.0 N/A 1.20 +1.0 87.8 x 82.4 0.49 x 0.46
[6] 6.0 7.2 0.4 +0.9 58.9 x 57.9 1.96 x 1.93
[4] 1.8 5.5 2.40 +59 99.5 x 127 0.82 x 1.04
[5] 28 32 4.70 +16 16.8 x 14.9 N/A
This 245 9.4 0.55 +4.1 313 x 229 0.44 x 0.32

work

expressed in dB. The discrepancies between the responses mostly result
from the fabrication tolerances as well as the errors introduced by the
manual circuit assembly and imperfections of the measurement setup.

Comparison with benchmark structures: The proposed circuit has been
compared against BMs from the literature in terms of size and perfor-
mance (EM simulation results). The considered figures include band-
width (BW) (defined for isolation and reflection both below —15 dB),
magnitude imbalance, and phase-shift error (both at the centre fre-
quency) [2, 4-6, 9]. The dimensions of all structures are expressed in
the guided wavelength A, calculated for a given centre frequency and
the electrical parameters of the substrate used for circuit implementation.
The results from Table 2 indicate that the proposed BM provides com-
petitive performance and outperforms the benchmark circuits in terms
of size.

Conclusion: In this work, a compact 4 x 4 Butler matrix for IoT appli-
cations has been presented. The structure provides non-standard relative
phase shifts between output ports of =30, 150, —120, 60°, respectively.
The circuit’s electrical dimensions are 0.441, x 0.321, mm, with an
overall footprint of only 720 mm?. The small size has been achieved

using folded couplers and miniaturised crossovers. Simulation results
indicate that the proposed BM offers reflection below —13 dB within
the frequency range from 2.35 to 2.55 GHz. Furthermore, at 2.45 GHz
measured magnitude and phase errors of the BM are below 1.7 dB and
+4.5°, respectively. The structure outperforms state-of-the-art circuits in
terms of size while maintaining competitive performance.
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