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Abstract:

There is an urgent need for high-capacity connection with high data transfer rate in densely
populated areas due to the rapid growth of mobile communication technologies and the explosion
of data traffic. Multi beam antennas have generated a lot of research interest and have been
extensively explored for base station applications due to their ability to boost communication
capacity and sustain a high data transfer rate. Multi-beam antennas based on Butler matrices
(MABBMs) are also appropriate for base station applications because to their advantages of high
gain, simple design, and low profile. This paper's goal is to give a summary of the current
MABBMs. The presentation of MABBMs includes its specifications, operating principles, design
methodology, and implementation. In the final section, the difficulty of MABBMs for
3G/LTE/5G/B5G base station applications is discussed.

The paper is divided into six sections, in the first section an introduction, in the second section
base station application standards are presented, the design strategy and operating principles of
MABBMs in the third section, and the latest developments in MABBM research for mobile
communication systems are addressed in the fourth section, and challenges are presented in fifth

Section, and conclusions are presented in the sixth Section.
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1. Introduction

With the rapid advancement of mobile communication technology and the expansion of data
traffic, high-capacity connectivity is urgently required in densely populated places. Two primary
conventional strategies are typically used to boost the channel capacity for mobile
communications. One is to use wideband or multiband antennas to increase the frequency
bandwidth. (LI M et al., 2018), (HUANG H et al., 2020), and the other is to divide a sector into
multiple ones by using multibeam antennas (SUDHAKAR et al., 1995), (WINCZA et al., 2017).
Additionally, each of the two techniques—wideband/multiband and multi beam operation—can
be employed at the same time to further increase the communication capacity. A wideband or dual-
band multi beam antenna, for instance, can be used in place of a standard sector base station
antenna to increase capacity. Multi-beam antenna technology, one of the foundational elements of
5G communications, is also capable of providing high data transmission rates, improved signal-
to-interference-plus-noise ratios, increased spectral and energetic efficiency, and flexible beam
shaping. It is widely used for 3G/LTE/5G mobile communication and is a system. the new system
for B5G mobile communication. (HONG et al., 2017)

There are various common techniques that have been used to implement the design of a multi
beam antenna. An aerial reflector is one strategy. Placing numerous feeds in various positions in
front of a reflector aerial will make it simple to obtain multiple beams radiating at various angles.
(SUDHAKAR et al., 1995), (CHOU et al., 2018). Using a lens aerial is a different method.
(MANOOCHEHRI et al., 2018), (MEI Z L et al., 2012). When a lens is activated by several feeds
at various points, the focusing or reflecting function of the lens can vary the direction in which the
electromagnetic wave propagates, producing numerous radiation beams. (HUANG M et al., 2014),
(JIANG Z H et al., 2012)

Reflector-based and lens-based multi beam antennas, while typically adequate for millimeter
wave frequencies, suffer from huge dimensions and are therefore unsuitable for sub-6 GHz base

station applications.

Because to the benefits of high gain, low profile, and simple structure, multi beam antennas fed by
Butler matrices (WU Q et al., 2018), (HONG et al., 2017), they are expected to be an effective
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solution of multi-beam antenna for 3G/LTE/ 5G/B5G mobile communication systems. In this

paper, the multi-beam antennas based on Butler matrix (MABBM) technologies are reviewed.
The structure of this article is as follows.

The standards for base station applications are covered in part 2. The design strategy and
operating principles of MABBMSs are presented in part 3. The most recent developments in
MABBM research for mobile communication systems are covered in part 4. Challenges are

presented in Section 5, and conclusions are presented in Part 6.
2. Specifications for Base-Station

Applications A few crucial MABBM parameters should be necessary for real-world base station

applications.

The first is that in order to provide good coverage, multiple beams must maintain a consistent 10

dB beam width of approximately 120° in the horizontal plane.

The second requirement is that for effective communication, the cross level between adjacent

beams must be around 10 dB, as seen in Fig. 1.
Signals from two sectors will overlap if it is set too high, resulting in continuous handoff.
On the other hand, if the cross level is too low, good coverage is not necessarily ensured.

The third requirement is that each beam's side and grating lobes must be suppressed at a low

level to minimize signal interference with nearby beams.

A Figure 1. Tri-sector base station scenario.
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Because of this, base stations in highly populated locations urgently need MABBMs with such

performances over a large frequency band or several frequencies.
A. FSO Transceiver Design

Fig.(a) shows the optical route and system design of our suggested FSO transceiver. In order to
effectively regulate the received light deflection angle and fibre coupling, five VCM actuators
were built to control the 3-axis position of the lenses located on the receiving and transmitting
optical path. Our miniature VCM actuator and lens measure 12 mm * 12 mm * 5 mm and 8

mm, respectively, as illustrated in Fig. (b).
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We created a 3-port, polarization-independent FSO-C for the first time, with properties resembling
those of a fiber-based optical circulator, to enable fiber-to-fiber and full-duplex transmission. It is
made up of a polarizing beam splitter (PBS), a prism mirror, a half-wave plate (HWP), and a 45°
Faraday rotator (FR). In this circulator, the insertion loss is less than 0.5 dB, and the isolation

between the three ports is greater than 25 dB.

Contrary to the fiber-based optical calculator, which can be installed at the FSO transceiver's
receiving port, the FSO-C can enable effective and independent control of the transmitted and
received beams, much like the binocular FSO transceiver, which results in a straightforward and

adaptable optical path design.
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In fact, the FSO-C, especially for narrow beam FSO links and moving platforms, will not only
permit full-duplex transmission but will also completely eliminate the effect of the optical aerial
roll. The incoming laser beam emitted from the SMF is aligned and extended to the ¢2 mm beam
by altering the 3D location of the VCMS5 lens. Before being transmitted to the air, the collimated
beam proceeds via the FSO-C and a 1:7.5 beam expansion process to reach a diameter of

about @15 mm..

A 50 mm lens is used to accept the beam at the receiving end, which is then aligned using
VCM1&2 and fed via the FSO-C. The beam is then seamlessly coupled to the fiber core using
both the fine tracking module based on VCM1&2 and the fiber coupling module based on VCM4.

We used a 10:90 beam splitter and a QPD as a tracking sensor to run the fine tracking module.

In actuality, the QPD sensor performs better than image sensors in terms of response time and
beam position accuracy (I. A. lvan et al., 2012). The lens location (x, y) was initially adjusted so
that the laser beam spot is centered at the QPD aperture, and its z-value is utilized to control the
beam spot size. We then added another VCM actuator (i.e., VCM3) to concentrate the beam to the
QPD sensor. The proportional-integral-derivative (PID) controller used the predicted slanted angle

of the received wave front to order the VCMs 1 and 2 in a way that minimized the deflection angle.

We used a commercial VCM actuator in this terminal that was created expressly for use with
smartphone cameras, where the control bandwidth was up to 100 Hz. Due to | the closed-loop
servo bandwidth, (ii) the used off-the-shelf VCM technology bandwidth (that is developed for
smartphone camera), and (iii) the adjustable lens weight, the control bandwidth in our system was
restricted to up to 100 Hz. To maximize the bandwidth, the PID controller's parameters were

carefully modified in both the x and y axes.
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Fig E. VCM actuator stroke vs. applied current.
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The response of our VCM stroke (m) to the applied current is shown in Fig. E. (mA). According
to the picture, the VCM will travel linearly from 120 m to +120 m, with a full stroke of 240 m,

and can even reach 300 m, when the current is changed between 50 mA and +50 mA.

So, we can simply regulate the movement of the lenses to the required position by keeping the
VCM displacement at the linear region. For better performance of upward and downward
displacement, the hysteresis tolerance and gravity of the lens system have been considered in our

design.

The VCMA4 z-value was tuned to make the concentrated spot size comparable to the fiber core size
in order to provide optimal coupling efficiency. A collimated laser beam of wavelength and
diameter DB needs to be coupled onto a fiber with a mode field diameter dF, according to Gaussian

optics. , the coupling lens focal length should be

f=nDB dF /4A.
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Fig. H. Received optical power profile for different z value of VCM4. (a) z= 0. (b) z=—-90
pm. (¢) z=—175 pm.

The received optical power profile for VCM 4, which is employed for fiber coupling, is plotted
in Fig. H. The power values were obtained using a 10 mm SMF core, by spiraling the x and y
axes of the VCM4 lens, and for three different z positions (0, 90, and 175 mm). We can simply
control the fiber coupling efficiency for better system performance because of the VCM
linearity. In fact, the power profile at the fiber core exhibits Gaussian behavior for the incident

collimated beam.

Hence, the power profile size and peak power can be effectively regulated by altering the z

value.
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3. Design Principle and Method of MABBMs

Butler matrix (WANG Y et al., 2018), (DYAB et al., 2018) is a type of passive multiport network
that features many phase differences, low loss, a low profile, and a simple structure. It has found
widespread use as an aerial feeding network for multi-beam radiation. When an antenna array of
M elements is coupled to a N M Butler matrix, the input ports can be simultaneously energized to
produce N independent beams pointing in various directions. Here is a detailed explanation of the

Butler matrix-based multi-beam antennas' operating principles and design methodology.
3.1 Principles of Operation for MABBMs

An antenna array's mechanism for producing multi-beam radiation is examined using the beam-
scanning theory of the antenna array, and the results can be utilized to inform the thorough design
of MABBMs. The beam-scanning angle O of a linear antenna array can be determined using the

comprehensive theory of antenna arrays. (BALANIS, 1996)
00 = arcsin ( - oA 2nd ),

(1) where ¢ and d explain the phase difference and gap between related neighboring items,
and A illustrates, using the schematic design in Fig. 2, the wavelength connected to the

operating frequency in vacuum.

(2) It can be seen from Eq. (1) that the wavelength, which corresponds to the antenna'’s operating
frequency, the phase difference, and the distance d between neighboring elements all affect the

antenna array's beam-scanning direction.

A Figure 2. Beam-scanning of a linear arrayv.
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The beam scanning direction of the array is simply governed by the phase difference of
neighboring elements after the working frequency and spacing have been chosen, and various
phase differences result in various beam-scanning orientations. An antenna array can radiate
numerous beams in various directions when several signals with various phase differences
simultaneously excite it, a process known as multi-beam emission. The radiation pattern of a three-

beam antenna array powered by a 3 5 Butler matrix at 2.2 GHz is depicted in Fig. 3.

A Figure 3, Radiation pattern of three-beam antenna array,

A half-wavelength electric dipole makes up the element, and there is a 75 mm gap between each
one. The excitation of the array has 1200, 0o, and +1200 identical amplitude and phase differences.
It is evident that the MABBM has been able to successfully produce 3 beams that point in three

separate directions.
3.2 Design Method of MABBMs

Two varieties of the MABBMSs' multi-beam radiation are used in practical applications: 2D
multiple beams in both the horizontal and vertical planes (LIAN et al., 2018), (KIM et al., 2016)
and multiple beams in either the horizontal plane or the vertical plane (TAJIK et al., 2019), (SHAO
Q et al., 2019). This study presents the design technique of MABBMSs with numerous beams in
the horizontal plane, which simplifies the analysis without losing generality. Similar design
principles can be used to create additional types of 2D MABBMs. According to Figs. 4a, 4b, and
4c, respectively, a 1D MABBM is typically composed of a M L array, N M Butler matrices, and

L-way power dividers.
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A Figure 4. Multi-beam antenna based on N x M Butler matrix with (a) M x L array; (b) N x M Butler matrix; (¢) power divider.

The design steps of the MABBM can be summarized as follows.

Executing the N—M Butler matrix is the first step. First, the number (N) of an MABBM's

radiation beams and Butler matrix's input ports are established.

The number of radiation beams and the communication capacity are correlated, with more

radiation beams offering more capacity.

By multiplying the necessary communication capacity by the Butler matrix's number of input
ports, one may get the number of radiation beams. The Butler matrix's output port numbers (M),
as well as its amplitude and phase difference, are then determined by the side lobe level needed
for each beam. Based on the aforementioned rationale, the N M Butler matrix is created to satisfy

the bandwidth, amplitude, and phase difference specifications.

Creating a M—L array is step two. The Butler matrix's output port count (M) determines the number
of elements in the array's horizontal plane, and the needed gain (L) determines the number of
elements in the array's vertical plane. Also, the cross level between adjacent beams and the spacing
between adjacent parts in the horizontal plane both have a significant impact on the coverage area
of the multiple beams and should be carefully chosen. On this foundation, the antenna element is
created to fulfill the demands of the requisite bandwidth, and the necessary M L array is then put

into practice.

Step 3: Implementing the MABBM. For the purpose of implementing the suggested multi-beam
antenna, each power splitter's input port is first linked to the output port of the Butler matrix using
50 coaxial cables, followed by the output port of the antenna element in the vertical plane. 4 Recent
MABBMs for Base-Station Applications Research Progress Several MABBMs have been

proposed recently for use in mobile communication applications.
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A small dual band two-beam 4* 8 antenna array with dual polarizations is suggested (ZHANG et

al., 2017) for base station applications.

Two 4* 4 sub arrays operating in the 3G (1 710-2 170 MHz) and long-term evolution (LTE) (2
490-2 690 MHz) bands make up this system.

The elements of the two 4* 4 sub arrays are interconnected for size downsizing, as depicted in
Fig. 5a.
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A Figure 5. Dual-band two-beam antenns in Rell [ 3], (a) Elements distribation of the inter-
leaved configuaration: (b) Beam forming nctwork disgram.

By utilizing filtering antennas (DUAN et al., 2016) with out-of-band radiation suppression, the
mutual coupling between the elements operating at different bands is suppressed. Beam-forming
networks with minimal magnitude and phase imbalances are specifically created for each band in

order to provide stable two-beam radiation patterns within the two operating bands.

Fig. 5b presents the beam-forming network's configuration. Four filtering power dividers and a 2
x 4 Butler matrix make up the structure (PDs). The two full bands of the array show a consistent
10 dB beam width approximately 120° in the azimuth plane, and the two beam radiation patterns

meet the base station applications' need for coverage of 120° in the azimuth plane.
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Moreover, within the two operational bands, 16.4 dBi/15.5 db peak gains and roughly 10 db

cross levels at the intersection of two beams are attained.

A wideband dual-polarized 4 6 antenna array with two beams is offered (YE L H et al., 2019) for
base station applications. The arrangement of its three 4 2 sub arrays is depicted in Fig. 6a. A wide
band crossed dipole is used as the fundamental component to produce 45° dual polarized radiation.
The lower and top 4 1 sub arrays for each 4 *2 sub array are out of alignment in the horizontal

plane.

4 % 2 suburray 111 <4

1 @E@J m] %1 subsarmay IV
@]@:@:@ 1 sal m

BM: Butler matrice  PS; phase shifter

A Figure 6. Wideband two-beam antenna in Ref. [36].

This results in good grating-lobe suppression since the 4 *2 sub array is similar to an 8* 1 sub

array with half of the neighboring element spacing.

Certain wideband beam-forming net works with minor magnitude and phase imbalances are
developed to achieve stable two-beam radiation with little side lobe over a wide frequency
spectrum. Figure 6b displays the beam-forming network diagram. It is made up of eight 1-to-3
power dividers, two 1-to-2 power dividers, two phase shifters (PSs) at 45 degrees, two Butler

matrices (BMs), and two 1-to-2 power dividers.

Moreover, the neighboring element spacing is improved to achieve a consistent 10 dB beam width
around 120°, satisfying the base station application's need for coverage of 120° in the horizontal

plane.
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In the horizontal plane, the array's two beams have a constant 10 dB beam width of about 120
degrees and a cross level of roughly 10 dB. For voltage standing wave ratio, the impedance
bandwidth is determined to be 56.1% (1.64 - 2.92 GHz) (VSWR)

Butler matrices-based broad band three-beam antenna arrays are reported (ZHU et al., 2019) and
used to boost the capacity of 3G/LTE base stations. A wideband 3 3 Butler matrix, made up of
fixed wideband phase shifters and quadrature couplers, is the key component of three-beam arrays.

Strip lines are used to implement phase shifters and wideband quadrature. 1.7-2.7 GHz.

Beam-forming networks made up of augmented 3 3 Butler matrices and power dividers are
suggested in order to increase the number of output ports from three to five or six, as shown in
Figs. 7a and 7b, respectively, in order to achieve the appropriate beam width and the necessary
crossed level between adjacent beams. With strong impedance matching, high beam isolation, and
three-beam radiation in the horizontal plane over the broad frequency range of 1.7-2.7 GHz, dual-
polarized, three-beam antenna arrays with five and six elements are created to span the 3G/LTE

spectrum.

A dual-layer 4* 8 Butler matrix-fed compact four-beam slot antenna array with side lobe level
suppression provided by substrate integrated waveguide technology is proposed. (LIAN et al.,
2018)

XXX XXX

A Figure 7. Three-beam antennas with (a) five elements and (b) six elements in Ref. [37].

A novel dual-layer structure made up of a 4 4 Butler matrix and an amplitude ta per is suggested

to alleviate the issue of the excessive crossovers in the traditional 4 8 Butler matrix,
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As shown in Fig. 8a. In order to reduce side lobe level, the amplitude taper is used to transform
the four outputs with equal power divisions into eight outputs with unequal power distributions

from the four outputs with equal power divisions provided by the 4 4 Butler matrix.
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A Figure 8. Four-beam array in Rel. [38].

To reduce the number of needed crossovers from the original five sets to just one set, the proposed
topology of the 4* 8 Butler matrix is used. To attain improved compactness, the 4* 8 Butler matrix
can therefore be greatly simplified. In order to produce four-beam radiation with low side lobe
level, an eight-element slot antenna array is fed by the suggested BM. The simulated model and

prototype are illustrated in Fig. 8b.

By adding two sets of vertical linkages to the standard array layout, a modified topology of a 2D
multi beam antenna array (L1 Y Jetal., 2017) supplied by a passive beam forming network is

proposed to significantly boost the communication capacity.

In contrast to the conventional design, the proposed array structure in Fig. 9 may be easily
incorporated onto multi-layered planar substrates, which has advantages for millimeter wave
applications such as low loss characteristics, ease of realization, and low fabrication cost. The next

step is to create a 4 4 multi beam aerial array that can produce 16 beams.

Future millimeter wave wireless systems utilized for 5G/B5G communications might find it
advantageous to create the relatively large size 2D multi beam antenna arrays with planar passive

beam forming networks using the proposed array topology.
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5. Challenges of MABBMs

As mobile communication technology advances quickly, mobile communication systems move in
the direction of various frequency bands, miniaturization, and low cost, which results in the

following

Ihe finst sel of vertical
wilerconneciions

lormung network
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Figure 9. Configuration of the planar 2D multibeam antenna array in Ref. [39].

5.1. Challenges for MABBM:s.

(1) Wideband or multi-band MABBM design Mobile communication technologies including 2G,
3G, 4G, 5G, and B5G will coexist for a very long time in the future in the 5G/B5G era. An
MABBM must cover numerous communication frequency bands in order to adhere to the
development trend of mobile communication, reduce the number of antennas, and increase the
usage of space resources and spectrum resources. Thus, it is extremely difficult to create a
broadband or multi-band MABBM with strong impedance matching, high beam isolation, and

effective side lobe suppression..

(2) MABBM miniaturization Mobile communication system spacing and cost can both be
decreased with the use of miniature MABBMSs. The Butler matrix must be smaller, and the space

between antenna elements must be closer, in order to miniaturize MABBMs.
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Strong electromagnetic coupling and radiation interference would be introduced as a result,

leading to issues like deteriorated beam solation and distorted radiation pattern.

Hence, another difficulty is miniaturizing an MABBM with good electrical and radiation

performance.
6. Conclusions

In summary, this research has reviewed the MABBM technologies. The requirements for base
station applications, the operating principles, the design, and the implementation of MABBMs are
discussed, and the most recent advancements in research on broadband or multi-band MABBMs
are reviewed. The entire MABBM is viewed as a possible path towards the development of high-
performance 3G/LTE/5G/B5G mobile communication systems, even though a few related

challenges need to be resolved.
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