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Abstract

In this paper, a new technique for shaping multiple beam patterns antenna arrays for 5G and beyond wireless massive MIMO
communication systems is introduced. The technique aims to concentrate the radio energy in specific coverage areas with a desired
shape by optimizing the excitation amplitudes and phases of the array elements. To assess the proposed technique, both genetic
algorithm and particle swarm optimization are utilized to optimize the excitation amplitudes and phases of the array elements such
that the required number of the beams, their shapes, their directions, their power magnitudes, and the desired sidelobe pattern can
be achieved. Simulation results fully confirm the effectiveness of the proposed technique in generating optimized shaped patterns

that can be suitably used for distributing the radiation powers over the coverage areas in the mobile communication base stations.
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1 Introduction

For high-precision communications and improved spec-
tral efficiency, the radiated power by a transmitted antenna
array should be efficiently and precisely distributed accord-
ing to the required coverage area(s). Applications include
energy management in the wireless communications
(where closer targets to the base stations can be illumi-
nated with a lower gain beam), satellites (specifically, satel-
lite-borne array antenna where its pattern shape should be
conformed precisely to the shape of the required coverage
area on the earth [1]), optical communications (specifically,
optical phased arrays to steer multiple laser beams [2]), and
modern radar systems. The key element in these applica-
tions is the antenna array, whose main design parameters
are geometrical layout of the array elements, the inter-cle-
ment spacing, the excitation amplitudes and phases of the
individual elements, and finally the elemental beam pattern
which they can be separately or jointly controlled to gener-
ate a single or multiple beams in the desired directions and
place nulls in the interference directions.

In most of the published works in the literature, the
antenna arrays were used to generate single beams with
highly focused directive power [3—6]. However, it is also
possible to produce multiple beams from the same array

aperture using multiple feeder networks for example
see [7, 8]. Other methods used switched beam approaches [9]
to realize multiple beams. Some specific shapes like flat-
top, cosecant-squared, sum, or any other array patterns
can be obtained by modifying the corresponding excitation
amplitudes and phases of the array elements [1, 10, 11].
It is found, in general, that the optimization algorithms are
more suitable than the analytical methods for shaping the
multiple beam patterns. However, the convergence speeds
of such optimizers depend on the number of design vari-
ables such as array geometry and excitation weights. Thus,
many partially common excitation approaches have been
proposed to reduce the number of the design variables and
simplify the array feeding network [12—15].

In this paper, we introduce an efficient optimization
technique based on the pre-specified mask constraints to
generate multiple simultaneous and reconfigurable shaped
beam patterns. A suitable cost function is applied to per-
form the desired constraint masks on the array radiation
patterns. Two optimization algorithm tools such as genetic
algorithm and the particle swarm optimization are used
to verify such constraint masks. The number of the main
beams, their shapes, their directions, their relative power
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magnitudes, and the desired sidelobe levels can be obtained
according to the given mask using a single array aperture
irrespective of its size and geometry. Further, the method
is also able to place nulls in assigned directions in con-
junction with the generations of required multiple beams.
Furthermore, the technique is quite simple and fast.

2 The proposed technique

The radiation pattern of a linear antenna array consists of
N elements distributed along the x axis with inter-element
spacing, d, can be written as

N J(n= 1) . dsm(B
AP (0)=3 E(0) e o
n=l ~——— \—w——J
Element Pattern Array Factor

where w, =a e” is the excitation amplitude and phase of
the n™ element respectively, A denotes the wavelength, and
6 is the observation angle normal to the array. For the case
of non-isotropic elements, the element pattern may be cho-
sen as EP () = cos(d), while for isotropic elements it may
be simply set to £P (6) = 1.

To generate multiple simultaneous beams equal to B
toward the required directions with differentower levels,
P(0), P(0,), ...

be rewritten as

N
mulnbeam = z ,

n=

P.(0,), the array pattern of Eq. (1) can

{ZP ) dsin eb)}e )2 dsin(o) ©

where B simultaneous beams are placed at the directions
0,,0,,...0,,the power level of each beam is represented
by P(0,), P(0,), ... P,(0,). The half beam widths are
assumed to be A0, AG,, ... AG,, respectively. Moreover,
it is assumed there are a number of Z nulls placed at the
0,, and the sidelobe level

is as low as possible in all other directions. To satisfy these

interfering directions 0, 0,, ...

constraints, we consider the following mask function:

B(6),  —A6,<6,<Ap,
P, (6,), —A0,<6,<A0H,
Mask(0) ={SLL, .., —A8,, <O<Ab, . 3)
Null,,., 6=6,
Nullf, ., 6=6,

In order to get best match between the array pattern
in Eq. (2) and the desired mask in Eq. (3), they are both
vertically and equally divided into M different horizon-
tal sample angles. For each horizontal angle, the differ-
ence (error) between them is determined by computing

the difference between the obtained power level and the
desired mask limit as follows:

¢, = AP(0,)~Mask(6,), m=12,...M . @)

A least mean square (LMS) minimization criterion is
used to find the undesired error in the beam shape region as

1 .
Error = ﬁ;|em| . )
Equation (5) represents the fitness value, and it should
be as small as possible to get the best results. To assess
the effectiveness of the proposed technique, a single flat-
top beam pattern with half beam width equal to AG = 20°,
one desired wide null centered at Null = 34°

Desired

SLL, ... = 25 dB, and the total sample points M = 512 is
generated by using both GA and PSO as shown in Figs. 1
and 2 respectively. The variations of the fitness function
of these two optimization algorithms are shown in Fig. 3.
It can be seen that the result of the GA is better than
that of the PSO especially in the main lobe region where
the maximal ripple in the flattop beam region between
—20° < AG < 20° is less than —0.5 dB and the obtained sid-
elobe level is below —20 dB. More important, the GA is
capable to exactly fit all the mask constraints, while the
PSO fails. In addition, the execution time of the GA and
the PSO to obtain such results are 0.052962 minutes and
0.033701 minutes respectively.

Another practical application of the proposed technique
is in the mobile base station where the radiation pattern of
its designed antenna array can be suitably shaped to fit the
service area. The interference between mobile cells can
be significantly reduced by concentrating the radio energy
inside the covered cell while preventing it to reach other
cells that reuse the same frequency. A collinear array com-
posed of 10 elements distributed along z-axis and spaced
by d=0.54 is considered in this scenario. According to the
Friis transmission equation, the transmit antenna gain, G,
can be represent by Eq. (6) [6]:

P

R

2thY 1
GT(9)=T —)
TR

(0)( A

where P, is the received power by a mobile, P, is the trans-

(6)

- 5 - 9
cos? 0

mitted power by the base station, G,(0) is the received
antenna gain of the mobile user which may be considered
constant over #, where @ is the elevation angle, % is the
height of the transmit antenna, and A is the wavelength.
Note that the radiation pattern gain of the transmitted
antenna array is distributed like secant-squared over the
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Fig. 1 Shaped pattern obtained using GA (a) and its corresponding amplitude and phase excitations (b)
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required service area 6, < 6 < 180° and it should be min-
imum outside the service area within the angular range
0° <0< 0, to reduce the interference (see Fig. 4 (a)).
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Fig. 3 Cost function variations for GA and PSO for the results that shown in Fig. 1 and Fig. 2

Here, 0, = 95° 6, = 105°, and the SLL___, = 20 dB

within the angular range 0° < § < 95°. The result is gener-

ated by optimizing the excitation amplitudes and phases
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Fig. 4 (a) Base station model, and (b) secant-squared array pattern,
(c) amplitudes and phases of pattern in (b)

of the array elements using GA as shown in Fig. 4 (b).
The optimized amplitude and phase excitations of the
base station antenna array are shown in Fig. 4 (c). It can be
seen from Fig. 4 (b) that the obtained SLL is about —16 dB
within the angular range 0° <8 <90°, while the main beam
width covers the angular range 105° < 6 < 180°.

3 Simulation results

In the following examples, a single linear antenna array
composed of 20 elements spaced by d = 0.51 is consid-
ered to generate the required shaped patterns. The used

specifications of the GA were set as follows; an ini-
tial population size of 50, number of iterations is set to
1000, selection is roulette, number of crossovers is 2,
mutation probability is 0.04, and mating pool is chosen
to be 4. The minimum and the maximum values of the
excitation amplitudes and phases are bounded between
0~1 and —90°~90° respectively. Note that the proposed
method is also capable to control the dynamic range
ratio DRR =|amax / |amm
by choosing the bounded values of the amplitude exci-

of the antenna array excitations

tations. For example, if the minimum amplitude bound
is chosen to start from @ = 0.2 and a_ = 1, then the
DRR = 5. Note that this parameter is very important in the
practical implementation of the array feeding network.
The first example optimizes the excitation amplitudes
and phases of the antenna array to impose two specific
main beams B = 2 and a single wide null using the fitness
function of Eq. (3) where the peak power in each beam
is set to P/(0,) = P,(0,) = 0 dB, the half width of each
beam is A0, = 15°, Af, = 5°, the SLL = —20 dB, the

Desired

depth and the width of the null is Null}jepth = —60 dB and
10° (centered at 55°) respectively. The optimized pattern
is obtained using the GA as shown in Fig. 5. Fig. 5 also
shows the optimized amplitude and phase excitations of
the array elements. From Fig. 5, it can be seen that the
required two beams and a single wide null were exactly
placed according to the specified constraint mask. On the
other hand, the PSO was unable to generate an optimized
pattern according to such constraints, thus, the results of
PSO were not shown here.

As asecond example, a shaped pattern with B =3 peaks,
half beam widths equal to AG, = Af, = A0, = 10° and
SLL, ... = ~20 dB is synthesized using the same number
of array elements as in the previous example. The results
of the GA are shown in Fig. 6. Again, the PSO was unable
to satisfy such constraints.

As a third example, a wide shaped beam with a width
equal to 60° and SLL . .

the same parameters as in pervious. The results are shown

= —20 dB is synthesized using

in Fig. 7. Good agreement between the obtained beam
using GA and the desired constraint mask is also observed.
These results fully confirm the effectiveness and power-
ful of the GA in conjunction with the described constraint
mask for generating specific pattern shapes according to
the demanded coverage regions.

Finally, a shaped pattern with B = 4 peaks and
SLLDesired
first and third peaks are made lower than the other two

= =30 dB is designed. The power levels of the
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An effective synthesis technique for modern antenna
arrays is proposed to generate multiple simultaneous and
reconfigurable beams according to the demanded coverage

4 Conclusions

@
Fig. 7 Obtained shaped pattern (a) and its corresponding amplitude and phase excitations (b) for a single wide beam and SLL

-6 dB, 0, —6 dB, and 0. The results of the GA are shown
in Fig. 8. As can be seen that the entire required multiple

peaks by —6 dB. The power levels of these four peaks were

peaks are obtained.
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Fig. 8 Obtained shaped pattern (a) and its corresponding amplitude and phase excitations (b) for B = 4 peaks, different power levels and SLL, ., =-30 dB

regions. The cost function was formulated according to
the specific constraint mask that best describes the desired
pattern shapes and an optimization algorithm such as GA
or PSO were used to generate the required array patterns
by optimizing the excitation amplitudes and phases.
Results verified the effectiveness, simplicity, and ver-
satility of the proposed technique. It provides a high
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