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ABSTRACT Beamforming networks for multiple beam antennas are believed to be in the vanguard of
technological developments in mmWave for 5G wireless applications. The basic idea of beamforming
technique is the application of multiple antenna elements radiating the same signal at an identical phase
and wavelength, into one strong signal pointed to a specific direction. For low cost and power consumption,
radio frequency beamforming networks (RF-BFNs) such as Blass matrices, Butler matrices, and Nolen
matrices will play a critical role in achieving the ever-increasing demands in wireless technology. Therefore,
this study aims to present a comprehensive survey and developments of RF-BFNs with (particular focus in
Butler matrices). From the fundamental perspectives of the beamforming techniques and progress over time,
component evolution includes branch-line coupler (BLC), Phase shifter (PS), and Crossovers to complete
system Butler matrix (BM) integration. Different design techniques to improve bandwidth, size reduction,
multi-band, and other performance characteristics are discussed extensively. Furthermore, the paper also
discusses different geometry of Butler matrices in open microstrip transmission lines, substrate integrated
waveguide (SIW) and gap waveguide (GWG) technologies highlighting key developments and research
challenges from single band to dual-band operations. We expect this paper to provide more profound insights
into the designs processes and suggest suitable ways to facilitate further developments of RF-beamforming
networks at mmWave and sub-mmWave frequency ranges.

INDEX TERMS Beamforming networks (BFNs), Butler matrix (BM), fifth-generation (5G), metamaterial
(MTM), millimetre-waves (mmWave), substrate integrated waveguide (SIW), gap waveguide (GWG), ridge
gap waveguide (RGW), groove gap waveguide (GGW).

I. INTRODUCTION
The increase in global data traffic is compelling and expected
to thrive for several years to come with the massive
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developments of intelligent vehicles, Internet-of-things, and
other 5G wireless devices [1]. The high-frequency band
(mmWave) is envisioned to be the frequency range with
which these devices operate. The main benefit of these
5G networks is that they will provide greater bandwidth,
high data rates (10 Gb/s), low latency, and low power

88434 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0003-4643-1482
https://orcid.org/0000-0001-8434-166X
https://orcid.org/0000-0002-5488-9277
https://orcid.org/0000-0002-2160-2743
https://orcid.org/0000-0001-9054-093X
https://orcid.org/0000-0002-5685-3040
https://orcid.org/0000-0003-0564-238X
https://orcid.org/0000-0003-0130-4623


A. B. Shallah et al.: Recent Developments of Butler Matrix From Components Design Evolution to System Integration

consumption [2]. There are two categories of 5G networks:
mid-band (less than 6 GHz) sub-6 GHz 5G and millimeter-
wave 5G that covers (30 GHz to 300 GHz) [3]. Phased array
antennas are vital in 5G wireless and mobile communications
to compensate for propagation loss [4]. One of the essential
tasks in phased array design is the critical design of beam-
forming network (BFN) [5], [6]. Antenna beam steering and
antenna beamforming are exciting techniques widely used in
communications systems, particularly in 5G and other wire-
less technologies. The basic idea of beamforming technique is
the optimal transmission/reception of the signal over different
antennas or from different antennas by appropriately varying
the signal amplitudes and phases to form a fixed directed
beam towards the intended user and reducing the other signal
interference. Whereas in beam steering, the required beam
pattern can be dynamically controlled by altering the signal
phases and amplitudes in real-time without changing the
position of the radiating elements [7]. Nowadays, BFNs for
beam-steerable antennas attract substantial attention due to
their outstanding accuracy, connectivity, and massive spec-
trum efficiency [8]. A conceptual diagram of a basic phase
array antenna, beamforming, and beam steering techniques
are shown in Fig. 1.
BFNs are generally classified into three categories, digital

beamforming networks (D-BFNs) [9], analogue beamform-
ing network (A-BFNs) [10], and hybrid beamforming net-
works (H-BFNs) [11]. In contrast, digital beamforming such
as multiple-input-multiple-output (MIMO) proves to be one
of the most widely used approaches for generating individ-
ual steerable multiple beams because of its flexibility [9],
[12], [13]. However, high power consumption, hardware cost,
and analogue-to-digital offset errors continue to be preven-
tive factors for its use in large-scale, low-cost applications.
To realize the trade-off between hardware cost, complexity
and system performance, H-BFNs, which is a combination
of an analogue-digital network, may serve as an alternative
option [14]. However, A-BFNs or RF-type beamforming net-
works provide a cost-effective, energy-efficient, and most
widely used solution well-fitting into microwave systems
because of their simplicity.

The RF-BFNs, in contrast, are further grouped into two
sub-categories that include quasi-optical (Rotman lens) [15],
[16], and RF-based BFNs [5]. The former is a true time delay
(TTD) device suitable for uttermost wide-band operations,
making it a trending BFN due to its simplicity, reliability,
and higher millimetre-wave frequency applications. At the
same time, the most commonly known RF-based beamform-
ing networks are Blass [17], Nolen [18], and Butler Matrix
(BM) [19].

The 5G mobile network presents New Radio (NR) as a
new air interface standard. This concept will enlarge cellular
networks beyondmobile devices and conventional cellphones
due to higher data rates and low latency attributed to the 5G
network. Thus, it made it significant for new frequency allo-
cations. The 5G NR frequency spectrum bands are classified
into two different ranges. The first frequency range 1 (FR1)

includes the bands used currently by previous generations
and a new band in the sub-6 GHz range. Whereas the other
frequency range (FR2) covers the higher frequency bands in
the mmWave range spanning from (24 GHz to 100 GHz). The
new frequency spectrums provide broader bandwidths allow-
ing the application of internet-of-things (IoT), augmented
reality (AR), and machine to machine (M2M) communi-
cations. Therefore, 5G provides new challenges for BFNs
that must be compact, highly integrated, wide-band, and or
multi-band designed at FR1 and FR2 frequency ranges.

Consequently, this paper provides an extensive review of
analog type beamforming networks with particular focus on
Butler Matrix designs. Different design techniques in open
microstrip transmission line, substrate integrated waveguide
(SIW), and low loss gap waveguide (GWG) technology are
presented. State-of-the-art progress is reported, methods to
improve performance such as compactness, widening band-
width, dual-band, insertion loss, and phase deviation are dis-
cussed. To the best of our knowledge, this is the first exten-
sive survey of Butler matrix based beamforming networks
covering various design approaches from open microstrip
transmission line, SIW and the low loss GWG technologies.
We believe that this review paper will give the needed impacts
and provide future perspectives in developing beamforming
networks for mmWave and sub-mmWave applications.

The remaining of this paper is organized as follows.
Section II provides a fundamental theory of RF-BFNs, and it
discusses the general background and concept of beamform-
ing classified based on their feeding techniques. Apparent
similarities, advantages, and disadvantages of each class over
another are also discussed extensively.

Section III discusses the essential components of the But-
ler matrix that include branch-line coupler (BLC), phase
shifters (PS), and crossover (CO) are presented. The lat-
est development on size miniaturization, wideband, and
dual-band enable techniques will be thoroughly discussed.
Subsequently, section IV presents a detailed discussion of
different innovative methods and performance improvement
techniques of several BM designs focusing on compactness,
bandwidth enhancement, and multi-band operation while
maintaining other performance parameters within the accept-
able range. Finally conclusion and future direction are pre-
sented in section V.

II. FUNDAMENTAL THEORY OF RF-BFNs
A. GENERAL CONCEPT
When fed by an input signal, A-BFNs generate several simul-
taneous signals from the same physical layer of an array
antenna having both amplitudes and phases responses needed
to direct its beam in the required direction in space. These
networks have an equal number of input ports M , connected
to output ports N with both M and N as integers, and the
networks are often described asM×N devices. The power at
the input ports is expected to be fully transferred to the output
ports. In transmitting mode, BFNs are characterized by their
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FIGURE 1. Basic diagrams. (a) Phase array antenna. (b) Beamforming technique. (c) Beam steering technique.

transfer matrix S. The excitation coefficient vector Xi where i
is the matrix column elements produced by exciting the beam
port i, which varies from 1 . . .M , while the elements Yj j =
1 . . .N of the y corresponds to the vector delivered at the array
elements (output port). Theoretically, lossless beamforming
should provide orthogonal excitations in the radiating ele-
ments resulting in orthogonal beam patterns in space under
the assumption that the remaining scattering parameters of
the matrix are negligible when all ports are matched and
decoupled [20]. Thus, a single aperture can produce multiple
autonomous radiation beams sequentially when BFN input
ports are fed. At the same time, all corresponding beams are
simultaneously available on receive mode.

Furthermore, circuit-based BFNs can also be classified
based on their feeding topology: series feeds (Blass and
Nolen matrices) and parallel feeds (Butler matrix).

B. SERIES FEED TOPOLOGY
The basic building blocks of RF-based BFNs are phase
shifters, directional couplers, and crossovers. When a wire-
less signal with identical phases and amplitudes is fed at the
input, a simultaneous radiation pattern is produced by the
whole array pointing in particular directions.

The Blass matrix was first introduced in the early 60s [21].
It consists of N number of rows and M number of columns;
N corresponds to the number of beams simultaneously pro-
duced whileM is connected to the antenna elements as feeder
lines. It is composed of only couplers and phase shifters
with no crossovers but rather load terminations at each line
end. The two transmission lines are interconnected at each
crossover by a directional coupler. The input signal applied at
each port propagates along the feed lines that are terminated
by the matched load to prevent reflections. The significant
advantage of the Blass matrix is its flexibility with great
potentiality to generate multiple beams positioned to point in
arbitrary directions. However, the performance of the Blass
matrix is hindered by losses and makes it challenging to

FIGURE 2. Blass matrix schematic diagram [26].

design due to the presence of matched loads and interaction
between the feeding lines and those placed above them as
illustrated in Fig. 2. Therefore, very few efforts were made
on Blass matrix design [17], [22], [23], [24], [25], [26].

Another BFN according to series feed topology is Nolen
Matrix [27], that consists of a four-port coupler and phase
shifters. The amplitude coupling coefficient of the coupler is
determined by the progressive weight of θ , as illustrated in
Fig 3. It was first introduced in 1965 [28] as a lossless form
of Blass matrix whereby simple bends are used in place of
the couplers at the diagonal connecting two successive ports.
The couplers after the diagonal are removed since they are no
longer linked to the inputs or outputs ports. Similarly, from
the reported works [18], [29], [30], [31], one can easily see a
comparison with its Butler matrix counterpart in complexity
for planar realization. So basically, the Nolen matrix can be
regarded as a hardware form of discrete fourier transform
(DFT) that can be reduced to a more straightforward form
and applied to any number of output ports. Just like fast
fourier transform (FFT) analogue equivalent BM that will be
discussed next section [32], [33].
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FIGURE 3. (a) General layout of Nolen matrix and (b) Coupler at the
node [29].

C. PARALLEL FEED TOPOLOGY
Butler matrix is a passive BFN for feeding multi-beam
antenna characterized by parallel feed topology. This BFN,
first introduced in [33], consists of N number of input ports
(the beam ports) connected to transceiver andN equal number
of output ports (the elements ports) connected to the array
elements. The port number N is an positive integer with
the power of 2, N = 2n, with n also an integer. A signal
applied in any input port generates equal amplitudes with
progressive phase differences excitations, resulting in a beam
pointed in a particular direction. Thus, the beam direction in
space is determined by applying a signal through a specific
input port. The essential components of Butler matrix BFN
are characterized by (N/2× log2N ) the branch-line coupler,
phase shifter, and 0 dB crossovers. Due to its simple structure,
the most widely used BM is 4 × 4, as depicted in Fig. 4(b).
It consists of four 3 dB couplers, two 0 dB crossovers, and two
45◦ phase shifters, with ports 1 to 4 as excitation ports (beam
ports) and ports 5 to 8 as output ports (array ports) respec-
tively [34]. All ports are isolated and matched to the network
impedance [35]. Fig. 4(a) illustrates a Quadrature branch-line
coupler (QBLC). It consists of two input and output ports with
a 90◦ phase delay between the output ports. The QBLC is
implemented using two vertical and horizontal transmission
lines of λ/4 length each; the characteristic impedance of the
lines is Zo and Zo/

√
2 respectively.When the signal is fed into

port 1, it separates it into two equal parts with equal amplitude
and 90◦ phase shift between them. Port 1 as an input port,
port 2 and 3 output and coupled port respectively, while
port 4 is terminated at 50 ohms and isolated from the input

FIGURE 4. Schematic diagram. (a) 3 dB Branch-line coupler. (b) 4 × 4
Butler matrix.

port. The crossover is made by cascading two 90◦ BLC. The
function of the crossovers is to create a path for signal into the
second stage with high isolation and 0 dB insertion-loss [32].
The effect of connecting two BLC in cascade will add 90◦

phase shift to the lines being crossed, which can be balanced
by attaching an equivalent amount to the phase shifters in
the uncrossed lines. Ideally, theoretically, BLC crossover has
zero couplings between the two paths [36]. Therefore, the
phase shifters required in this kind of implementation are
constructed as delay lines of appropriate length determined
by L = (φ× λ)/2π, where φ is the required phase shift [34].

Table 1 presents the advantages and disadvantages of each
type of beamforming network.

III. CONSTITUENT OF BUTLER MATRIX
Butler matrix, as described earlier, consists of three pri-
mary devices; these devices include quadrature coupler, phase
shifter, and crossovers. Careful design and proper synthesis
of every device within the circuit result in an excellent BM
circuit according to desired applications. In this section, the
latest developments of such devices as presented by several
researchers are discussed.

A. BRANCH-LINE COUPLER (BLC)
The BLC otherwise known as quadrature coupler, is an
essential circuit element that constitutes the Butler matrix
among these devices. Conventionally, BLC is built using
four λ/4 wavelength transmission lines of 50 ohms (verti-
cal arm) and 50/

√
2 Ohms (horizontal arm) characteristics

impedances sections each. BLCs are 3 dB devices with a
90◦ phase difference from the two outputs ports termed the
coupled and through ports, which usually limits the coupler
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TABLE 1. Advantages and disadvantages of analogue beamforming networks.

operation within a single band operation. Moreover, this
device’s compact size and good performance are often strin-
gent expectations in BM design systems. The geometry of the
typical BLC structure is illustrated in Fig. 4(a). The equiva-
lent even and odd modes’ analyses are usually employed in
BLC analysis. ABCD parameter matrices are used to evaluate
the circuit’s overall transmission and reflection characteris-
tics.

Even mode:

[
A B
C D

]
=

[
1 0
jYB 1

] [
0 jZA
jYA 0

] [
1 0
jYB 1

]
(1)

0e(S11) =
A+ B−C − D
A+ B+ C + D

= 0 (2)

Te(S21) =
2

A+ B+ C + D
= −

(1+ j)
√
2

(3)

Odd mode:[
A B
C D

]
=

[
1 0
−jYB 1

] [
0 jZA
jYA 0

] [
1 0
−jYB 1

]
(4)

0o(S11) =
A+ B−C − D
A+ B+ C + D

= 0 (5)

To(S21) =
2

A+ B+ C + D
= −

(1− j)
√
2

(6)

Having characteristic admittance of the conventional
branch-line coupler YA = 1

ZA
=
√
2 and YB = 1

ZB
= 1,

where Te, 0e and To, 0o represents transmission and reflec-
tion coefficients of the even and odd modes respectively.

Therefore, for an ideal matching condition: the scattering
parameter matrix of the standard BLC is:

[
S
]
=


S11 S12 S13 S14
S21 S22 S23 S24
S31 S32 S33 S34
S41 S42 S43 S44

 = 1
√
2


0 j 1 0
j 0 0 1
1 0 0 j
0 1 j 0

 (7)

The matrix above shows that the branch-line coupler is
symmetrical and equally splits the power fed through either
input port into two with an equal amplitude but 90◦ phase
difference between the output ports. The fourth port com-
pletely isolated, and there is zero power reflection back at the
input port. Hence, the directivity and isolation of the matched
coupler are very high at the operating frequency. Therefore,
the BLC’s compactness, wide-band, and multi-band oper-
ation influence many microwave communication systems’
performances. To achieve these functions, the λ/4 wave-
length transmission lines of the conventional couplers are
usually converted into their equivalent circuits according to
the specific design and operations. It can be obtained by
equating the ABCD matrix of the traditional transmission
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FIGURE 5. Proposed U and T shaped BLC [39].

line’s ABCD matrix to the desired coupler design [37]. For
the conventional transmission line section in Fig. 4(a), the
ABCD matrix is given by:[

A B
C D

]
λ
4

=

[
cos θ jZ sin θ
j
Zo

cos θ

] [
0 jZo
j
Zo

0

]
(8)

Over the past years, several methods have been investi-
gated for size reduction, bandwidth enlargement, wide-band,
and multi-band operations and reported in the literature.

1) SINGLE-BAND BLC
Das et al. [38] proposed a folded microstrip TL section as
a miniaturization technique for compact BLC design. The
method is fast and achieved excellent performance with a
43.63% size reduction at a 3 GHz frequency. However, the
bends introduced in the design resulted in a shift of center fre-
quency and required a high optimization level. Aminiaturized
BLC for LTE application is proposed in [39]. In this article,
the conventional λ/4 TLs were replaced by U and T-shaped
TL sections, as illustrated in Fig. 5. The design is compact
and covers a dimension of 50 mm × 19.51 mm at 2.2 GHz
center frequency.

In [40], a novel miniaturized 3-dB coupler using a stepped
impedance resonator was proposed. For size reduction, 5
and T-model TLs were employed to replace conventional
quarter-wave transmission lines with a 20 mm × 25 mm
dimension, which is about 50% size reduction compared to
traditional design at 2.45 GHz frequency operation. A com-
pact cascaded coupler using T-sections was proposed in [41]
to achieve wide-band operation. In this design, cascaded sec-
tions were used to enhance the bandwidth, which increased
coupler size due to the nature of the coupler. Hence T-shaped
was employed to further miniaturize the structure. The
method provides 34.4% bandwidth with a 66.5% size reduc-
tion at 3 GHz center frequency. Artificial transmission lines
(ATL) replaced the conventional TL to achieve compact-
ness [42]. The authors considered a high resistance open stub
and a U-form high resistance segment for miniaturization
of the devices. The former achieved a 76% size reduction,
while the latter produced a 69.1% size reduction compared
to the standard design. However, the bandwidth usually tends
to be smaller than the traditional design due to the shift of
frequency caused by discontinuities in the structure. Hence
cascaded sections were employed to enhance the bandwidth.

FIGURE 6. Layout of the proposed BLC [44].

To realize wideband BLC, a three section coupler designed
using triple complementary split ring resonator (CSRR) and
open stubs cascaded together is presented [43]. The CSRR
employed provides 82.56% size reduction compared to the
conventional method and provide 53% useful bandwidth.

A novel miniaturized BLC based on complementary
right/left hand TL was reported in [44]. The inter-digital
structure and double spiral defected resonance cell provided
the needed impression of the negative permittivity and per-
meability. Hence, the design used the composite right/left
handed transmission line (CRLH-TL) structure instead of
conventional TL. The structure achieved a 66% size reduction
over a 1GHz center frequency. Interdigital capacitor structure
was also used to miniaturize the BLC in [45]. Moreover,
open-circuit coupled lines were placed parallel with the port
lines to improve the bandwidth further, as shown in figure 6.
The design demonstrates an excellent performance with 54%
size reduction and achieved 40.2% fractional bandwidth over
2.74 – 4.15 GHz frequency band.

In summary, the conventional BLCs typically occupy large
circuit areas due to their quarter-wave transmission lines
sections. This, however, further narrow the operational band-
width, especially at high-frequency bands. The bandwidth
enhancement of the BLCs was mainly achieved by cascading
two or more transmission line sections as reported in [41]
and [42]. But the circuit size increased compared to the con-
ventional BLC. Since then, researchers have adopted several
ways of innovative coupler implementations, focusing on
compactness, low cost, and ease of fabrications. Different
design methods to improve bandwidth have been reported
in the literature such as open-circuited series stubs, dual
quarter-wave transformer, unequal power division ratio, and
placing open-circuit coupled lines parallel with the port lines
as reported in [45]. To this end, it is understood that due
to the limited bandwidth of the conventional couplers, their
application in wide-band and multi-band systems is limited
to single frequency band operations. The advancement of
multi-band communication systems demands the innovative
design of multi-band BLCs. Latest developments from the
available literature to enable dual-band operations in the fol-
lowing subsection.

2) DUALBAND BLC
Dual-band BLC display certain functionality at two different
frequency bands. The most convenient method to obtain a
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FIGURE 7. Structure of the dual-band BLC [48].

dualband operation for BLC is to transform the components
of a single band coupler into its dual-band counterpart. Open
or short stubs seem to be a suitable option due to their reactive
properties; thus can help obtain multiple frequency responses
in a single device. Therefore, various techniques have been
reported to produce multi-band operations in a coupler.

A novel approach to designing and implementing a
dual-band compact coupler is proposed in [46]. In this
method, the quarter-wavelength branches are converted to
5-mode by attaching stubs at the two ends of the branches
evaluated at the mid-frequency of the two desired bands.
However, the added stubs enlarged the circuit, and the design
is restricted by the range of impedances that can be realized;
thus, dual-band frequency ratios are also limited. To achieve
a more compact layout and improve frequency ratio,5-mode
step impedance stubs with reduced electrical length coupler
were reported [47]. Another design method to obtain more
compact and dual-band operation is by substituting coupled
lines in place of the conventional transmission line branches
as demonstrated in [48]. As shown in Fig. 7, the structure was
designed to have unequal output power at the two frequency
bands.

A dual-band coupler with attached open-ended and short-
ended cross-shaped stubs was introduced in [49]. The struc-
ture is compact with a wide frequency ratio and operates
at 1 GHz and 3.5 GHz frequency bands. Another design
method to obtain a wide frequency ratio is using a couple-line
with attached open stubs as demonstrated in [50]. The cou-
pled line provides the dual-band operation in the design while
employing opened stubs of different characteristic impedance
values further enhances the frequency ratio operation. A pla-
nar dualband BLC with a large frequency ratio was proposed
in [51]. This design used an E-shaped BLC from two cas-
caded 5 -shaped open and short stubs to demonstrate two
prototype couplers for 1/8 GHz and 2.4/5.2 GHz frequency
bands showing excellent performance characteristics.

The dual-band BLCs designed using open and short stubs
require more space than the single-band microstrip designs,
making the device bulky and more complex to fabricate.
Another design method to develop a compact dual-band BLC
is to employ the metamaterial (MTM) technique. This tech-
nology provides unusual characteristics that cannot be found

FIGURE 8. Structure of the MTM-EBG dual-band BLC [56].

naturally, such as negative phase constants. The reactance of
a conventional transmission line in the positive region can
now be effectively controlled in the negative region. A novel
compact dualband BLC utilizing CSRR with coupled line
technique was proposed in [52]. The structure demonstrate
high degree of miniaturization with a 90% size reduction
compared to some previous designs. The work in [53] pro-
posed a novel structure that acts as dual-band BLC at lower
frequency band of 3.3 and 3.85 GHz and acts as a 180◦ rat-
race coupler at a higher frequency band of 5.3 GHz. the novel
structure is implemented using open split ring resonators
based ATL.

In [54] and [55], the design demonstrates that traditional
TLs, characterized by the distributed series inductance and
shunt capacitance, can be made much smaller by adding
lumped-type reactance periodically in a unit cell, composite
right/left hand transmission line (CRLH-TL) can be con-
structed. MTM-EBG based on a microstrip medium can also
allow the dual operating frequencies as reported in [56].
As shown in Fig. 8, the structure has a series loading capac-
itor in the coplanar waveguide strip conductor placed in
the branches of a BLC. It enables the device to support
a second operating frequency relatively close to the other.
In [57], a dualband coupler based on CRLH-TL is utilized to
implement a dual-band balun to operate at 2.4 and 3.5 GHz
frequency bands. The designed structure is compact with
about 20 mm2 dimensions.
To this end, various techniques have been proposed to

make the BLC operate in dual frequency bands. The most
common method is to attach stubs of required impedance to
the uniform transmission line. However, these often cause
the structure to be much bigger, occupying a larger area
than the corresponding single-band designs. Moreover, some
researchers proposed that the stubs be arranged within the
four corners of the BLC to make it more compact. Similarly,
these further make the design more complex and difficult to
fabricate. The MTM approach is the most convenient tech-
nique to design a more compact dual-band coupler. Although
resonance type structures such as split ring resonator (SRR),
andCSRR can provide dual-band operations and significantly
reduce size compared to traditional TL designs, they gener-
ally suffer from high loss and narrow bandwidth as described
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in [58]. It was shown that MTM-EBG [56], CRLH-TL [54],
[55], [57], can be used to realize a λ/4 length transmission
lines with 90◦ phase difference at two frequency bands and
exhibit broad bandwidth and low loss simultaneously.

B. MICROWAVE PHASE SHIFTERS (MPS)
A MPS is a device designed to change the phase of electro-
magnetic signals at the output of the microwave transmis-
sion line to a specified degree, with respect to the phase of
the signal at the input. Phase shifters, just like BLCs, are
widely used microwave devices in many microwave circuits
and beamforming networks. Generally, phase shifters can be
divided into two classes: analogue phase shifters that provide
a continuous phase shift or delay line [58], [59], and digi-
tal phase shifters that provide a discrete set of phase shift
or delay lines [60]. As a good performance, planar phase
shifters featured compact size, simple design, and relatively
wide bandwidth is required for practical applications. Tra-
ditionally, the Butler matrix’s phase shifters are fixed and
use delay lines to provide the required phase shift. However,
the narrowband nature of this circuit significantly limits the
operation bandwidth of the design.

The Schiffman device was the earliest planar circuit intro-
duced in the late 50s [61]. It is a passive instrumental compo-
nent and the most attractive differential phase shifter due to
its simplicity and broadband characteristics [62]. It consists
of two parallel-coupled lines of equal length with one side
shortened and producing a delay of 90◦ over a specified
bandwidth. However, it required a high degree of coupling
that broadside coupled lines must be employed. Furthermore,
the work was based on stripline structure, where both odd and
even modes propagate with equal phase velocity. Contrary to
the design in microstrip transmission form, where the phase
velocity of odd and even modes are unequal, and thus the
coupling ratio produced is limited. Therefore, this issue was
acknowledged and several modifications have been reported
to compensate for the discrepancy between the even and
odd mode phase velocities. Like using a coupled line with a
modified ground plane to increase the even-mode impedance
as demonstrated in [63]. Similarly, the same modified ground
structure was employed in [64] with a dentate microstrip
transmission line for broadening the operational bandwidth.
More recently, articles [65], [66] demonstrate that Schiffman
phase shifters can also operate in their second phase period
suitable for more considerable phase shift value greater than
90◦ and broader phase shift bandwidth using the same cou-
pling coefficient. In addition to their operational bandwidth
limitations, microwave phase shifters also suffer from large
dimensions. Hence, the MTM approach has also been the
key technique for developing a more compact phase shifter.
In [67], a significant size reduction of the conventional phase
shifter was achieved by employment CSRRs etched on the
ground plane.

In order for phase shifters to operate over dual frequency
bands simultaneously, conventional wideband phase shifters
barely realize independent phase shift values in different

frequency bands with good isolations. Therefore, developing
dual-band phase shifters having two separate and constant
phase shift bands is paramount. Even so, somewhat few tech-
niques to obtain dual-band phase shifters have been reported.
The work in [68] presents a reconfigurable circuit operating
in two different phase shifts. Two reactive loads controlled by
two single-pole-double-throw (SPDT) switches are employed
to obtain the two different phase states. In [69] and [70],
dual-band stub-loaded structures in the forms of5-shape and
T-shape that produced arbitrary phase shifts at two frequency
bands have been demonstrated.

Moreover, to obtain simultaneous dual phase-shift in two
independent frequency bands, coupled lines with attached
shorted-circuited stubs at each end of the line were presented
in [71]. As mentioned earlier, all the techniques primarily
focused on achieving simultaneous phase shifts at differ-
ent frequency bands. They are designed at two independent
frequencies, hence suffer a limited phase shift bandwidth.
Therefore, Dong et al. [72] and Qiu and Zhu [73], proposed
synthetic methods to develop differential phase-shifters with
first and second-order predetermine phase-shifting bands and
independent filtering passbands. Similarly, CRLH-TLs have
been applied for achieving dual-band PS in [74] and [75].

C. MICROWAVE CROSSOVER (CO)
Microwave crossovers are passive devices that allow
microwave signals to pass across one another with relatively
zero interference between them. In the design of microstrip
circuits, transmission lines usually require crossings between
two lineswith high isolation purity. However, when two trans-
mission lines overlap, the signal stability tends to be affected
by the interfering signal between them, thus affecting the
signal purity at the output port. Alongwith basic requirements
in high-density microwave circuits, Co is one of the structural
components used in Butler matrix design for beamforming
applications [76]. Generally, the crossovers are realized using
air bridges, underpasses, or multilayer substrates [77], [78].
The airbridge is implemented using microelectromechanical
system (MEMS) processing and bond wires, increasing cost
and occupying a large circuit area.

On the other hand, multilayer approaches are made where
the transmitting signal passes between different layers and
requires microstrip-coplanar waveguide-microstrip transi-
tions. Vias and slot lines are also necessary, increasing com-
plexity and fabrication difficulties. The most widely used
planar crossover is based on the sections of microstrip trans-
mission lines. The structure is achieved by cascading two
BLCs providing a better operation bandwidth as described
in [79]. However, the circuit dimensions are relatively large
at low microwave frequencies when integrated to other sys-
tems. In order to attain a more compact crossover structure,
the transmission lines were replaced by capacitive loaded
ATL in [80] achieving size miniaturization of 30% less than
the conventional design. In [81], the geometric size of the
crossover was reduced by substituting the quarter-wave trans-
mission line section with a low pass filter that retains the
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FIGURE 9. Proposed balanced-to-single ended crossover [90].

same phase shift as the replaced segment. The structure is
compact with 64% reduced surface area compared to the stan-
dard design. Jayakrishnan et al. [82], [83] also demonstrated
that crossover region can be made using a microstrip patch
technology. Similarly, for crossover size-reduction, MTM
structure can also be employed as presented in [84].

All the crossover designs mentioned above operate in a sin-
gle frequency band only. For multi-band operation, individual
components for microwave systems should be compact and
cost-effective with considerably high-performance charac-
teristics at different frequency bands. A planar dual-band
crossover with asymmetrical 5-shaped TLs was developed
in [85] and [86]. A compact dual-band crossover using sym-
metrical H-shaped structures is also reported [87]. Inspired
by [85] and [86], the crossover miniaturization was achieved
by reducing the number of inner open stubs in [88]. Derived
from a standard patch structure, a cost-effective and straight-
forward dual-band crossover was proposed [89]. Another
design method to develop a dual-band crossover is proposed
in [90]. In this method, twoCRLH-TLs that control frequency
ratio were utilized to create a dual-band balanced structure,
as illustrated in Fig. 9.

IV. MICROSTRIP TL BUTLER MATRIX
Traditionally, microstrip transmission lines are used to prop-
agate microwave-frequency signals. It is one of the many
forms of planar transmission line structures along with
stripline and coplanar waveguide that can easily be integrated
on the same substrate [91]. It is simple, low cost, and almost
supports the transverse electromagnetic (TEM) propagation
mode. It is lighter and more compact. However, microstrip
TL suffers from low power handling capacity, high losses, and
susceptibility to crosstalk and spurious radiation. Microstrip
material has inherent bandwidth limitation from which TL is
made up [92], [93].

Furthermore, Butler matrix consists of 90◦ BLC, 45◦ phase
shifter, and 0 dB crossovers that can be easily constructed
using microstrip owing to various advantages that include
low profile, low cost, and easy fabrication. However, the
conventional BLC, the primary building block of BM design,
is based on four transmission lines of λ/4 length provides
a narrow bandwidth. Similarly, the dimension is compara-
ble to the wavelength hence considerably large [94]. Fur-
thermore, the bandwidth of the multi-beam antenna array
is primarily restricted by the BFNs instead of antenna

elements [95]. Therefore, many research focused on BM
performance improvements such as bandwidth enhance-
ment, size miniaturizations, and multi-band systems of wire-
less communication devices operating across the frequency
ranges of interest.

A. SINGLE BAND BUTLER MATRIX
The increasing use of 5G devices at a high-frequency range
mmWave has become the day’s subject in the wireless com-
munication industry. Antennas for 5G applications usually
utilize smaller element sizes at a high-frequency range.When
designing a BM-based multi-beam antenna system, the area
occupied by BM is generally much larger than the array ele-
ments themselves. Therefore, BM size reduction is more crit-
ical for the entire form factor minimization [96]. Crossovers
have also been the significant bottleneck for BM structure
for a long time. The traditional design is subject to lim-
ited bandwidth and large electrical size due to λ/4 length
transmission-line sections [97]. To mitigate the problem, sev-
eral techniques have been reported by many researchers, such
as BMwithout crossovers [98], [99], [100], [101], [102], with
transformed Branch line coupler [103], [104], BM with the
introduction of MTM structure [105], [106], [107], [108],
[109], [110], [111], [112], [113] and ATL-based BM [114],
[115], [116], [117]. Some new concepts improved bandwidth
whereas others achieved size reduction by removing crossing
entirely.

In [97], a novel broadband quadrature coupler was intro-
duced by combining patch coupler and coupled line. The
patch coupler is a rectangular patch with two cross slots that
creates two near resonances and a novel broadband phase
shifter with changing length and width of the feed-line as
shown in Fig. 10. The reported design operating at 35 GHz
center frequency achievedwide bandwidth of about 3.95GHz
at the expense of having size and fabrication complexity.
Four different 4×4 BM topologies operating at 2.44 GHz
were designed in [98]. The design with the shorter TL length
was used to fabricate an 8 × 8 BM structure at 1.9 GHz.
However, the structure becomes more complex as more input
and output ports are required. The network reported in [99]
further affirmed what was earlier said in [98]. As the structure
size increases, the output ports would be forced to be placed
on the inner side of the structure while the input ports are
placed on the outer side. That means the array elements
will be placed at the center of the BM structure, and para-
sitic radiations of the BM will affect the antenna radiation,
thus degrading the overall performance. The work in [100]
proposed a 4 × 4 BM without crossing. The structure was
obtained by employingBLCwith open stub and phase shifters
of 45◦ and 90◦ to realize miniaturization. The design was
compact and achieved excellent performance with a 42.68%
size reduction compared to the traditional BM.

In [101], the structure consists of two modified BLCs and
two 90◦ BLCs without any phase shifter and crossover. The
compactness is achieved by two modified BLCs designed
in such a way to replace 90◦ BLCs and 45◦ phase shifters
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FIGURE 10. Structure of the broadband BM [97].

FIGURE 11. Layout of the designed 4 × 4 BM [104].

at 2 GHz frequency. A 4 × 4 BM with flexible phase dif-
ference without Phase shifters and crossover was proposed
in [102]. The simulated result shows an excellent perfor-
mance at 2 GHz operating frequency. Article [103] suggested
a single layer 4 × 4 BM without phase shifter and crossover.
A modified BLC replaced the phase shifter with a 45◦ phase
difference achieving a 37.1% bandwidth at 6 GHz operat-
ing frequency. In [104], a wideband 4×4 BM constructed
with a novel hybrid coupler with arbitrary phase difference
was proposed. As illustrated in Fig. 11, the design achieved
compactness by eliminating crossover and produced a wide
bandwidth of 45.3% operating at 2.56 GHz.

A mesh quarter-wavelength microstrip TL loaded with
CS-SRR in its ground planewas used to achieve 16.6%minia-
turization in [105]. Another CSRRs based miniaturization
technique ware reported in [106]. Phase delay characteristics
of CSRR loaded in a ground plane were utilized to achieve
48% size reduction. The CSRRs were placed only at the
phase delay length of the transmission line without offsetting
the BLC and crossover. In [107], 4 × 4 BM was designed
based on a perfect magnetic conductor. The proposed design
is compact and has an excellent performance with enhanced
bandwidth operating over the 27-31 GHz frequency range.

In [110], a wideband microstrip transmission line BM
was designed and inverted over artificial magnetic conductor
(AMC) realized by an array of mushroom-shaped electro-
magnetic band gap (EBG) unit cells. The purpose is to reduce
the radiation loss due to discontinuities in the BFN. The
design produced 30% bandwidth with a BM overall size of
60 mm × 50 mm at 30 GHz. The same authors adopted a
similar concept in [109], where a single substrate microstrip
transmission line 4× 4 BMwas incorporated within a perfect
magnetic conductor (PMC) packaged environment to sup-
press losses, as shown in Fig. 12.

FIGURE 12. Layout of the shielded BM [109].

FIGURE 13. Fabricated compact 4 × 4 BM [112].

In [111], 4 × 4 square ring metasurface element array was
used as a top layer to enhance scan angle of 2 × 2 BM fed
antenna array operating at 28 GHz frequency. The system
acquires about 3.4 GHz operating bandwidth. A 4× 4MTM-
based BM was presented in [112]. The structure was made
by incorporating open-circuit coupled lines and interdigital
capacitor unit cells for the horizontal and vertical arm of
BLC in Fig. 13. The design achieved 75% compactness
and improved bandwidth at 3.5 GHz. Du and Peng [113]
present an ultracompact miniaturized BM based on an elec-
tromagnetic MTM transmission line structure. Double spiral
line-loop ware used to replace quarter-wavelength TL in
BLC design. The network has excellent return loss with an
80.9% BM size reduction compared to the conventional BM.
A solid patch BLC and open circuit stub-loaded line on PS
was adopted to produce wideband, and the design achieved
16% bandwidth enhancement over 30 GHz frequency of
operations.

Fig. 14 shows an ATL incorporated with quasi-lumped
elements was used to design a 4 × 4 BM in [114]. The
proposed structure was compact with a 79% size reduction
at 0.9 GHz frequency. In [115] and [116] a miniaturized 4 ×
4 BMs were presented. Compared to the standard design,
the size reductions were achieved by replacing conventional
TLs with ATL, that resulted in 72.5% and 59.6% miniatur-
ization. A compact 4 × 4 BM was proposed in [117]. ATLs
replaced the quarter-wavelength transmission line segment in
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FIGURE 14. Layout diagram of the proposed (a) branch-line coupler and
(b) fabricated miniaturized BM [114].

designing BLC. The total area of the proposed matrix is
73.2% less than the traditional design over the 0.9 - 1.1 GHz
frequency range. A novel and miniaturized 4 × 4 BM
designed with forward wave coupled line coupler and Schiff-
man PS were proposed in [118]. The structure employs two
C-shape and one I-shape defected ground structure (DGS)
placed at the ground plane of the couplers and a dumbbell
shape DGS at 0dB crossover to enhance the design perfor-
mance further. The proposed design provides a bandwidth
of 120 MHz and occupies an area of 84.74 mm × 76.56 mm
at a 2.4 GHz center frequency.

Table 2 presents the summary of the reported Butler matri-
ces with the reduced number of components. Most of the
reviewed articles in this table focused on eliminating crossing
and PS to achieve miniaturization and improved bandwidth.
However, the essential function of a crossover is to channel
the signal from one section to another with high-isolation
loss and 0 dB insertion loss. Therefore, the BM without a
crossover is expected to provide better performance charac-
teristics in terms of bandwidth improvement, compact size,
and phase and amplitude imbalances. Furthermore, avoidance
of crossovers will lead to output ports placed at the center of
the network; this makes the array element integration difficult
and creates chances of interference between the antenna and
network surrounding it and affect the element’s radiation as
demonstrated in [98]. From the analysis of the designed BM
without any crossing [98], [99], [100], [101], [102], [103],

[104], only article [100] present considerable results with
size reduction and slightly improved bandwidth while still
maintaining excellent performance characteristics.

Similarly, articles [101], [102], [103], [104] from the table
present the design of BM with modified BLC that elimi-
nates phase shifters and crossovers. Most of the techniques
demonstrate improved bandwidth and reduce the overall size
and complexity of the network. This technique still gravely
increases the phase variation and insertion loss as reported
by [104]. At the same time the design in [103] shows a dete-
riorating performance in insertion loss, phase variation, and
amplitude imbalance as frequency increases. To conclude,
the methods without crossing, without both crossovers, and
phase shifters can only be applied in systems operating at a
lower frequency, smaller networks, and unsuitable for more
extensive BM networks.

Metamaterial structures exhibit unique artificial character-
istics not found in nature that are beneficial to microwave
devices. Such properties can be utilized extensively to
improve microwave devices and circuits’ performance char-
acteristics.

Table 3. presents the summary of BMwithMTM structure.
Based on the analysis, it is understood that most of the articles
significantly achieved excellent size reduction and bandwidth
improvement. Even though Du and Peng [113] failed to pro-
vide information about the system’s bandwidth and amplitude
imbalance, phase variation is within the required range. From
the analysis in table 3, it is evident that increases in the
frequency of operation do not have much significant effect on
the performance parameters of the network as demonstrated
in [109], [110], and [111]. To this end, it was understood
and concluded that this technique might be ideal and suitable
for both low band mid-band and high band BFN for 5G
applications.

Tables 4. Presents a summary of the BMdesigned using the
ATL technique. From the analysis so far, it is understood that
ATL-based BM designs demonstrate an excellent size reduc-
tion. Themethod can synthesizemicrostrip transmission lines
by reducing their physical length while maintaining their
electrical properties precisely as conventional ones. However,
ATL makes the structure design complex and hard to manu-
facture. It further narrows the operational bandwidth of the
system compared to traditional BM as was reported in [114],
[115], [116], and [117]. As a result of additional loss due to
a large number of discontinuities in the design, thus signif-
icantly deteriorating the overall performance. As mentioned
earlier in section I, BFN for 5G applications requires wider
bandwidth for optimum system performance. This concludes
that the ATL-based BM can only provide size miniaturization
and not required bandwidth for 5G BF applications.

B. DUAL-BAND BUTLER MATRICES
Characterized by the concurrent service of two or more
frequencies in one device, it offers faster speeds and
decreases the impact of interference from other devices. With
the increasing need for multifrequency, small-sized mobile
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TABLE 2. Summarized Butler matrices with decreased number of components.

TABLE 3. Summarized Butler matrices with metamaterial structure.

terminal devices and multibeam-based stations in 5G
mmWave applications, dual-band devices provide broader
roaming capabilities. Therefore, several dual-band BM BFN
methods are being developed and reported to meet the expec-
tations of these demands.

The first planar dual-band BM was reported in [119]. The
proposed design utilizes a dual-band BLC having two parallel
coupling lines in which the length of one arm is double the
other arm. The phase shifter is made from a TL with mean-
dered curves to provide a proper phase delay, corresponding

to the delay of the cascaded crossover and the needed phase
shift. Although no effort was made to minimize the size and
enhance the bandwidth of the design, the structure demon-
strates a good return and isolation losses greater than 20dB
operating at 2.4 GHz and 5 GHz frequency bands. In [120],
Jizat et al. proposed a reduced size dual-band BM using shunt
meandered line BLC and PS operating in dual frequency
bands of 2.45 GHz and 5.8 GHz. The design provides promis-
ing performance with improved bandwidth and covers a total
area of 96 mm × 125 mm compared to the standard method,
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TABLE 4. Summary artificial transmission line-based BM.

FIGURE 15. Fabricated prototype of 4 × 4 BM [122].

which is 36% less than the conventional BM. A modified
BMwith BLCs with different properties in the two frequency
bands is proposed as a feeding network in [121]. The struc-
ture consists of P radiating elements operating at a higher
frequency band and P/2 dual-polarized radiating elements
operating at a lower frequency band integrated on the same
aperture. The proposed structure having P×P BM at 5.2 GHz
and P/2×P/2 BM at 2.4 GHz properly excites the antenna
elements. A dual-band BM with the same phase difference
for LTE applications is proposed [122]. As shown in Fig. 15,
the proposed BM is a 4 × 4 network comprising 3-dB dual-
band BLC and 45◦ broadband PS without CO to operate
1.85 GHz and 2.7 GHz frequency bands. A dual-band 4 ×
4 BM that also avoids the use of any crossing is presented
in [123]. This design replaced the quarter λ/4 TL of a single
band 3-dB BLC with a dual-band impedance transformer as
described in Fig. 16, a short stub was connected at both ends
of the coupled line for a dual-band phase shifter design to
mitigate band ratio limitations. The structure was compact
and achieved 22.3% bandwidth over the 1 GHz and 2.5 GHz
frequency bands. Reference [124] proposed a novel branch

FIGURE 16. Circuit layout of the proposed BM [123].

line coupler equivalent to dual-band ±90◦ BLC and ±45◦

phase shifter with 2.3 to 4.4 frequency ratio operations. Its
application to develop a dual-band 4 × 4 BM decreases the
number of elements and reduces complexity, as shown in
Fig. 17.

Table 5. presents the detailed summary of the dual-band
BMs. From the analysis in the table, it is understood that
dual-band butler matrix for multi-beam systems are designed
mainly by converting all primary elements of the single-band
BM into their dual-band counterparts; or by creating different
radiating elements interleaved together operating at lower and
upper-frequency bands. BM can also be developed to oper-
ate in a dual-frequency band while producing an excellent
performance characteristic. Except for [119] and [122], all
other articles in the table demonstrate the compact size and
improved bandwidth over 1-6 GHz frequency ranges.

C. SUBSTRATE INTEGRATED WAVEGUIDE (SIW)-BASED
BM
K. Wu was the first to propose SIW technology in the early
2000s [125]. SIW presents a class of specific substrate inte-
grated layouts of planar and non-planar systems. It demon-
strates that any non-planar system can be incorporated in
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TABLE 5. Summary of dualband Butler matrices.

FIGURE 17. Fabricated prototype of 4 × 4 BM [124].

a planar form designed using two equally spaced rows of
metallic holes (vias) connecting the bottom and top metallic
layers separated by a dielectric substrate. The dispersion
and propagation characteristics of SIWs are homogeneous to
those of metallic hollow waveguides. Many devices designed
for waveguide technology can easily be mimicked using
SIWs; this makes them lighter, more straightforward to con-
struct, and less expensive to fabricate than standard hollow
waveguides. Nowadays, SIW technology is significantly used
to realize BFNs for multi-beam antennas utilizing most of
the advantages of hollow waveguides in a planar structure.
Recently, T. Paul et al proposed a non-planar BM-based BFN
for application in the X band frequency range that demon-
strated an excellent performance characteristic [126]. How-
ever, the structure was bulky and complex to realize, further
illustrating the need for a waveguide modeled in planar form.

SIW technology is a good compromise for BM design
compared to waveguide or microstrip technologies regard-
ing insertion losses or reduced weight. It suffers the same

limitations as rectangular waveguides regarding operational
bandwidth. Its valuable bandwidth ranges one-eighth from
the cutoff frequency of TE10, which is the fundamental
mode, to the cutoff frequency of the second mode TE20;
this means the SIW basically operates in a single-mode
band [127]. Therefore, the operational bandwidth is narrower
than microstrip TL [128]. To improve the SIW bandwidth and
reduce the overall size, several SIW structures were reported.
In this section, recent developments in SIW-based BM are
reported. Size miniaturization, bandwidth enhancement, and
different methods to improve performance characteristics are
also discussed and presented.

A planar wideband 4 × 4 BM in SIW technology with
enhanced power handling on a single layer was proposed
in [129]. The structure exhibits a 24% relative bandwidth
over the 12.5 GHz frequency, owing to a cruciform SIW
quadrature coupler with enhanced bandwidth adopted in the
design. SIW based BM was used as a BFN for multi-beam
array antennas for 5G mobile devices [130]. In this structure,
the overall dimension of the SIW antenna array, including
BM, was 72 mm × 27.4 mm and achieved 4 GHz mea-
sured 10 dB bandwidth at 30 GHz frequency with excellent
steerable radiation. In SIW BM design, the most convenient
approach to build a CO is to have straight delay lines to
provide the required phase shift or to cascade two 90◦ hybrid
couplers to make the crossover. However, these approaches
increase the circuit size and further complicate the BM
design. Another possible technique is to use a curved delay
line to provide the desired phase shift as proposed in [131].
As shown in Fig. 18, the designed structure is small with a
74.3 mm × 56 mm dimension and operates over a 60 GHz
frequency band. In [130], a 4 × 4 SIW BM with a modified
directional coupler for slot antenna array is proposed for a
multi-beam antenna feeder. The modified hybrid coupler was
realized using a 90◦ hybrid coupler followed by a−45◦ phase
shifter that outputs 45◦ /135◦ output phase difference. The
design exhibits miniaturization of the overall structure with
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FIGURE 18. Layout of (a) SIW BM structure (b) fabricated multibeam
antenna [131].

110 mm× 42 mm dimensions over the 28-32 GHz frequency
range. Article [132] presents SIWbased BM to operate within
the 27.75 - 28.25 GHz frequency range. The 4 × 4 BM
structure consists of four 90◦ couplers, two crossovers, and
two 135◦ phase shifters made by cascading two hybrid cou-
plers. The lateral size of the BM structure is 100.59 mm ×
50.75 mm at 28 GHz center frequency. In their effort to
reduce the structure size, Pezhman [133] proposed a novel
compact 4× 4 SIW based BM using a single layer approach.
The novelty of the design was eliminating the CO sec-
tions and developing a BM on fewer components based on
a 4 × 4 multiple-aperture coupler (MAC) in cascade with
a 4 × 4 PS. The proposed structure shown in Fig. 19 demon-
strates a significant size reduction with a total area of
56.5 mm × 21 mm, including the antenna, which is a 33%
reduction in size compared to similar designs. The work
in [134] proposed a compact and broadband 4 × 4 substrate
integrated waveguide Butler matrix with phase and magni-
tude error reductions. The method uses a dual-layer approach
to achieve compactness covering a 55 mm × 34 mm total
area with a 22% bandwidth improvement. It avoided using
a length-line for size reduction, which increases the output
phase error. In [135], the design achieved miniaturization
by eliminating the CO and using a dual-layer approach in
designing an 8 × 8 SIW based BM that resulted in 50%
size reduction and 10% useful bandwidth at the 30 GHz fre-
quency band. To decrease the longitudinal length, the design
proposed in [136] introduced an interdigital slot (IDS) in the
SIW transmission line. It produced a TE10/TE20 dual-mode
that can be controlled by optimizing the size of the slots and
varying the difference between the phase constant of the two
modes. As a result, the coupling region was shortened, and

FIGURE 19. (a) Circuit layout of the proposed design. (b) Fabricated
prototype of the structure [133].

FIGURE 20. (a) Layout diagram of the proposed BM. (b) Fabricated
prototype [137].

miniaturization was obtained. The overall structure size is
reduced by 29% and operates over a 30 GHz frequency band.

A 5 × 8 BM based on SIW technology was proposed
in [137]. In this design, the BM was constructed directly by
combining two 3 × 4 BMs, a power divider, and two 3 dB
couplers with the top layer (in blue) and bottom layer (in red),
as illustrated in Fig. 20. The proposed design was compact
with a 27.46 mm× 63.69 mm structure size at 26 GHz center
frequency. By adopting the dual-layer approach, the size and
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FIGURE 21. Layout diagram of the proposed (a) branch-line coupler and
(b) fabricated miniaturized BM [138].

complexity of the BM were effectively reduced, and about
10.2% bandwidth was also reported over the 27.8 – 30.8 GHz
frequency range. In [139], a compact mmWave endfire array
antenna with dual-polarization for multibeam applications is
proposed. A dualmode SIW segment with dual-mode excita-
tion is obtained by inserting a metal layer in the middle of
the conventional SIW; this can be considered as two stacked
SIWs. The structure was used as a feeder to endfire array and
achieved the 11.3% bandwidth improvement with 27.4mm×
69.63 mm overall dimensions.
Another means to minimize the size of SIW is to fold the

SIW structure around metal support, forming C-shaped; thus,
referred to as substrate integrated folded waveguide (SIFW)
as proposed in [140]. This method led to the 40% reduction
in size and required a multilayer approach that demonstrated
an excellent performance. To further miniaturize and enhance
the bandwidth performance of classical SIW technology, the
substrate integrated ridge waveguide (SIRW) was proposed
in [141], [142], and [138]. This structure is a dual-layer
topology that uses fragmented in-length metal vias forming
ridge in the wall of the SIW. The design in [141] exhibits
a 20% bandwidth over the 30 GHz frequency band, and the
overall BM size was reported to be 5.6 λ × 7.1 λ. In [138],
a miniaturized 4 × 4 BM using ridged half-mode SIW was
proposed. As shown in Fig. 21, the design topology achieved
miniaturization through the transverse resonance technique
and the capacitive ridge introduction that resulted in a 5%

bandwidth and 70% size reduction compared to the full-mode
SIW.

Table 6 gives a detailed summary of some of the SIW
Butler matrices. Different innovative techniques from previ-
ous works of literature to improve compactness, wideband,
and other critical performance parameters were presented.
It is evident that SIW BM technology demonstrates excellent
performance in terms of size reduction and insertion loss.
However, even though most articles are designed at a high-
frequency, greater than 25 GHz, the realized bandwidth is
relatively narrow. Multilayer structure demonstrates a greater
level of compactness and shows improved bandwidth as
in [140]. Finally, articles [138], [141], [142] presents an
encouraging solution for implementing better bandwidth and
miniaturization beam steering devices for 5G applications.

D. GAP WAVEGUIDE (GWG)-BASED BUTLER MATRICES
The beam scanning potential of multibeam antennas can
be realized using RF-BFNs and enhance the utilization of
spectrum resources. However, when working at higher fre-
quencies in mmWave bands, the dielectric loss and radiation
loss increases significantly when the BFNs are based on the
traditional microstrip line technique. SIW technology has
been used to obtain lower transmission loss at the mmWave
band, yet suffers from the dielectric loss due to the substrate
material.

The GWG is an emerging technology proposed by Per-
Simon Kildal in 2009 [143]. It is relatively a waveguide
structure consisting of two semi-enclosed contactless sur-
faces. The metallic plate at the bottom is replaced by a high
impedance perfect magnetic conductor (PMC) structure with
a textured of square metallic nails. At the top of the structure,
a metallic plate acting as a perfect electric conductor (PEC) is
placed such that at a distance less than λ/4 no propagation of
electromagnetic waves between the two surfaces. The propa-
gation characteristics of GWG below and above cutoff were
investigated [144], and the typical structural diagrams are
shown in Fig. 22. The GWG technology, which includes ridge
gap waveguide (RGW) and groove gap waveguide (GGW)
technologies, has tremendous advantages of low loss, low
fabrication difficulty, and easy assembly than the SIW tech-
nology as frequencies increases [145]. It has broad imminent
applications in the designs of both active, passive devices,
and complex networks at mmWave and sub-mmWave fre-
quencies. The GWG structure can be designed simply by
adequately positioning the nails that define the groove, and
the signal mostly travels in the air without leakage losses.

An initial work that employed the GWG technique in BM
design using inverted microstrip on a ridge was reported
in [146]. The structure presents the easy translation of typical
microstrip devices and circuits with enhanced performance.
As mentioned earlier, using the classical groove version pro-
vides several advantages concerning losses as the frequency
increases. Therefore, the design of 4 × 4 BM’s components
in GWG technology was proposed in [147]. All the compo-
nents are wideband and demonstrate good performance over
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TABLE 6. Summary of substrate integrated waveguide (SIW) Butler matrices.

FIGURE 22. Groove gap and ridge gap waveguide structures [145].

the 26 GHz frequency band. A wideband 4 × 4 BM in the
printed (RGW) was reported in [142]. As shown in Fig. 23,
the structure is compact and achieved 21.25% bandwidth
centered at a 30 GHz frequency band.

Another full metallic RGW 4 × 4 BM was presented
in [148]. The simulated results from the design demonstrated
an excellent performance over the 24 GHz to 28 GHz fre-
quency range. Zarifi et al. [149] proposed a 4 × 4 BM based
on RGW for applications in the 60 GHz frequency range. The
structure shown in Fig. 24 is made from four 3-dB couplers,
four PSs, and two COs. The two additional PS inserted before
the output ports 5 and 8 provide appropriate progressive
phases at the output.

FIGURE 23. Layout diagram of the proposed (a) BM and (b) fabricated
BM [142].

In [150], a GGW-based cross-polarization array antenna
is fed with GGW BM to develop a wideband multibeam
antenna at the 83 GHz frequency band. A multi-layer GGW-
based BM is employed as a feeding network for leaky-wave
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TABLE 7. Summary of gap waveguide (GWG) Butler matrices.

FIGURE 24. Proposed BM structure [149].

array antenna in [151]. Each component of BM is on a
different layer, and the BM is designed using a 3-D design
fabrication technique, as shown in Fig. 25. The article in [152]
presents a modified BM in 3-D GGW technology as shown
in Fig. 26 the BM structure is asymmetric and designed to
operate at 94 GHz for radar applications.

Therefore, one can observe the progressive development
of BM based on GWG technology. A detailed summary of
some of the BMs designed based on GGW is presented
in Table 7. Algaba-Brazalez and Rajo-Iglesias [146] and
Bernal and Rajo-Iglesias [147] show the early stage of BM
design in GWG technology, where BM components such
as couplers, phase shifters, and crossovers are developed at
high frequencies without complete BM integration. All the
remaining articles from the table present the fully integrated
BM using GWG technology. From the table, it was deduced
that amplitude imbalance is below 2 dB; this indicates the
low loss nature of the technique as we go further up in the
frequency range. Similarly, excellent operational bandwidth
was achieved using this technique, especially the multi-layer

FIGURE 25. Layout diagram of the proposed (a) overall multi-layer BM
and (b) different layers of the design [151].

approach reported in [151]. Except in the article [152],where
the narrow bandwidth and high phase error were due to
the design’s asymmetry between the input and output ports.
Therefore, it can be concluded that the GGW technique is a
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FIGURE 26. Proposed 3-D BM structure [152].

good candidate for BM design in mmWave and sub-mmWave
frequency bands.

V. CONCLUSION AND FUTURE WORK
This paper reviews recent progress in RF-BFNs, focusing
on beamforming network developed from the Butler matri-
ces. Components that include BLCs, phase shifters, and
crossovers for BM implementation were relatively discussed.
Microwave devices built from microstrip transmission lines
usually occupy large circuit areas, exhibits narrow band-
width, and high transmission losses especially at high fre-
quency ranges. Since then, many researchers have developed
distinctive and innovative design methods to mitigate the
challenges and improve the network performance. From the
literature, it was found that MTM-based structure provides
better performance in terms of insertion loss, phase deviation,
and fabrication cost with an additional degree of freedom
in miniaturization. Furthermore, MTM themselves are clas-
sified into resonant and nonresonant types structures. The
resonant types such as SRRs and CSRRs generally exhibit
narrow bandwidth and high loss. The quality factor associated
with the resonator, which is related to transmission, has an
unavoidable trade-off between transmission level and the
operational bandwidth [153]. The loaded quality factor (total
transmission loss) in a resonator is equal to the summation of
the losses due to external circuits (source/load) coupling and
the ohmic/dielectric losses.

Similarly, the loaded quality factor, which is actually a fig-
ure of merit in terms of transmission is inversely proportional
to the operational bandwidth, and is also derived from the
magnitude of S21. The maximum quality factor is achieved by
decreasing the bandwidth at the resonance frequency. There-
fore, resonant structures do not represent a good propagating
medium for modulated signal. Consequently, nonresonant
type MTM TL structures such as CRLH TL provides planar
configurations with simultaneous wide bandwidth and low
loss suitable for modern microwave applications.

Each of these elements contributes to overall BM circuit
performance. The analysis also found that BM can be made
to operate at two different frequency bands. Simply by con-
verting each single-band component to its dual-band coun-
terpart. However, it is understood that most of the techniques
are performed with small frequency ratios (<3). In practical
applications, enlarging the frequency ratio and maintaining

a compact structure without deteriorating performance is
paramount. Furthermore, most reported works in the liter-
ature were conducted below sub-6 GHz 5G, above which
the system will be virtually impractical to implement due to
fabrication tolerances. Another promising research direction
for BM design in the upper 5G frequency range bands is
to employ SIW technology. SIW BM has better insertion
loss, low implementation cost, and high-power capacity. Yet,
most designs operate at a higher frequency and suffer from
bandwidth limitations due to similarities with the rectangular
waveguides. Therefore, innovative methods for bandwidth
enhancement and dual-band enabling of SIW BM is great
future direction. Recently, the groove gap waveguide technol-
ogy proved to be feasible solution in terms of losses and low
manufacturing cost regardless of the design frequencies. This
is due to the fact that GGWhas no substrate andwavesmainly
propagate through air. Therefore, each reported technique
from the analysis has advantages and disadvantages regarding
deployment into the desired frequency spectrum.
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