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Abstract. In a multi-user environment, wireless networks should be massive MIMO
(MMIMO) systems consisting of multiple antennas. MMIMO installs antenna arrays at
base stations and uses hundreds of transceivers and other RF modules to form a very
narrow and focused beam, thus reducing interference. The disadvantage of MMIMO
systems is large power consumption, and the RF module beamforming network for
multiple antennas is significant in terms of power consumption. This paper presents a
new low power beamforming technique for MMIMO systems. The proposed semicircular
array thinned smart antenna (TSA) can form a secure beam for user terminals while
reducing interference. In a thinned array, selected antennas are kept off, which reduces
power consumption but the array pattern remains the same as the built-in array, and the
sidelobe level (SLL) is reduced. The thinned array antennas are designed at 5 GHz of the
sub-6GHz band. The differential evolution (DE) algorithm is utilized to determine the
optimal array sequence and least mean square (LMS), recursive least square (RLS), and
sample matrix inversion (SMI) algorithms are used for beam generation of the TSA and
the algorithms are DE-LMS, DE-RLS and DE-SMI. A maximum of 48% energy savings
is achieved. Using the DE-LMS, DE-RLS and DE-SMI algorithms, TSA achieved
maximum SLL reduction of 11 dB, 11 dB and 9 dB, respectively.

Key words: Smart antenna, thinning, beamforming, signal processing, differential
evolution, power saving

1. INTRODUCTION

Multiple-input multiple-output (MIMO) system places multiple antennas between the
transmitting and the receiving ends for the enhancement of capacity and the quality of the
radio link. MIMO uses multiplexing and spatial diversity to transmit data [1-3]. In multi-
user MIMO (MU-MIMO), the same frequency and time are used to transmit different data
to different users to increase network capacity [4,5]. In MMIMO system, larger antenna
arrays with advanced technologies are used for beam formation [6-9]. MMIMO is the main
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building block of the new fifth-generation radio (5G NR), which provides many advantages
to mobile operators and end users [10, 11]. An MMIMO system with a large array can
produce a 3D beam in both horizontal and vertical planes towards users, which is known
as full-dimension MIMO (FD-MIMO). FD-MIMO increases capacity and data rates for all
users, especially in urban areas with high-rise buildings [12-14]. Because of large number
of antennas with RF modules, the power consumption of MMIMO systems is quite high.
This paper presents a new method of energy savings for large antenna array in MMIMO.

2. RELATED WORK

There are many methods to design highly directive beams in MMIMO [15-24]. In [15], both
dipole and microstrip arrays were used for the MMIMO, and experimental results were reported
for microstrip arrays. The change of thegain model was examined by integrating the array. In
[16], a hybrid MMIMO antenna array for different LTE bands was reported and its impact on
the user was examined. [17] provides an overview of various beamforming techniques in 5G
MMIMO systems. An algorithm for beamforming for MU-MMIMO is reported in [19]. The
Text [20] shows a beamforming method for MU-MIMO systems. In [21], a dual-band MIMO
antenna is proposed for LTE and 5G applications. Chebyshev cone has been proposed for
generating radiation beam in MU-MMIMO systems to suppress side lobes using antenna layer
[22]. A review article [23] was published describing the design and construction of 5G MMIMO
systems. The highly directive beams in a MMIMO system can be generated in several ways
[15-24]. Although the beamforming method is used in MMIMO systems, large antenna arrays
are needed and this causes high energy consumption. The specific problem of reducing power
consumption in MMIMO systems has not been addressed in the literature. This article
introduces the smart antenna concept for installation in MMIMO systems. This beamforming
approach leverages the features of smart antennas (SA) [24-28] and exploits the properties of
thinned antenna arrays to reduce power consumption by firing any antenna in the array. The
SA determines the direction of arrival (DOA) of the signal coming from the cell and ensures
that the signal returns to the user [24]. The efficiency of signal processing algorithms is
important in the operation of SA [26]. Using a thinned antenna array, almost the same
beamwidth with lower side lobe level (SLL) and lower power consumption can be achieved [29
-31]. If all the antennas are in the "ON" state, the array is called a fully populated array. The
ratio of the number of "OFF" antennas to the number of "ON" antennas is called thinning ratio.
There is actually no antenna in the permanent "OFF" position; toggle “OFF” and “ON” as
needed. The matched loads or terminations, connected to the antennas, are used to "turn off" the
antenna. Generally, the "OFF" and "ON" intervals in the sequence are determined by
optimization methods. Generally, optimization techniques such as genetic algorithm (GA),
particle swarm optimization (PSO) and differential evolution (DE) are used to obtain the array
sequence [32-34]. In this paper, a semicircular dipole antenna array is used to examine the
properties of a TSA. The circular, semicircular or elliptical arrays in mobile towers have some
advantages [35-39].

3. DIFFERENTIAL EVOLUTION ALGORITHM

Here, DE optimization [40-42] is used for the design of thinned antenna array. The
different steps of using the DE algorithm are as follows:
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Step 1: Create an initial population of test vectors or parent vectors of population size P,
where each vector contains 'n” number of genes. Each gene represents a specific antenna
parameter. Before starting the algorithm, the value of each vector in the initial population
is calculated. Each gene is represented by Xg(i,j); where G is the symbol of the it parent
vector and the j" gene of the parent vector.

Step 2: For the i vector, three other mutually exclusive vectors are chosen, different from “i’.
An intermediate donor vector Vg(i, 1.....n) corresponding to Xe(i, 1.......... n) is formed as

Ve (i, ) = X¢ (nbest,j) + F.((X¢ (n1,)) — X; (n2,)))) 1)

here F is the scaling factor and varies from 0 to 2. The ‘nbest’ is the best member of
population for the fitness at the current time step and generated randomly in the program
using DE/rand/1scheme of algorithm. The nl, n2 are the number of genes, related to the
antenna parameters and generated during the simulation.

Step 3: A binary crossover operation is performed between the donor vector and the parent

vector using a crossover probability CR. This provides a target vector, Te(i,1.......... n) and
a random number ‘y’ is generated.
T (i,j)) = Vg (,)) if y < CROT j = jrana @)

T; (i,)) = X; (i,)) otherwise

Step 4: Evaluate the target vector for its cost and if it has a lower cost than the
corresponding parent vector Xg(IL1...... n), then in the next generation the target vector will
replace the parent vector .

Up to the maximum number of generations or up to the termination criterion, steps 2 to
4 are repeated.

4. ADAPTIVE SIGNAL PROCESSING ALGORITHMS

After using DE optimization, array weights are used for generation beam of SA using
LMS, RLS and SMI algorithms respectively. LMS is an adaptive gradient based algorithm
which is stochastic in nature [43, 44] and the filter weights are used to obtain the optimal
Wiener solution of the gradient vector. The weights of the variables are adjusted in each
iteration as [43, 44]

wn+1)=wh)+ ue*(n)x(n) 3)
This error e(n) between the adaptive beamformer array outputs y(n)= w* (n)x(n) and
desired signal d(n) is
e(n) =dn) —wl(m)xn) @)
Here, wH(n) is the Hermitian transpose or conjugate transpose of weight w(n).
The step-size parameter () bound is

1 ®)

< —_—
K= 2 trace [Ryx]

In the RLS algorithm, the convergence speed is controlled by the replacement of the
step size p by the gain matrix. To obtain a fast-turnaround replacement algorithm, the least
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squares method is used instead of statistical method, based on the MSE method [43, 44].
In the RLS algorithm, the weight vector is changed as

w(k) =w(k —1) + gl)[d* (k) — " (k)w(k — 1)] (6)
Where, g(k) = Rz(k)x(k) isgainvector, R,, is correlation matrix
Ry (k) =o¢ Ry (k — 1) + x(k) %" (k) (7

The forgetting factor ‘o’ is a positive constant, 0 <a <1.
The SMI algorithm needs less number of iteration [43-45] for convergence to be
satisfactory and uses K-time samples. In the SMI algorithm, the time-averaged prediction
is equal to the real correlation matrix [25, 45]

N

1 (8)
Ree (n) = o Y x(m) x"!(n)
n=1
L& 9)
r(n) = N Z d*(n) x(n)
n=
The matrix x, (n)is the n-th block of vectors x ranges over N -data snapshots.
The weights in the SMI algorithm are updated as [25, 45]
Wep (M) = Rz (M)r(n) = [xy(n) x (n) ]71d" (m)xy (n) (10)
and the expected signal is [25, 45]
d(n) =[d(1+nK) d(2 +nK) d(3+nK) ........ d(N +nK) ] (11)

5. DESIGN OF THINNED SEMI-CIRCULAR SMART ANTENNA ARRAY OF DIPOLES

A uniform circular array (UCA) and uniform semi-circular array (USCA) of dipoles are
shown in Fig. 1(a) and in Fig. 1(b) respectively. The uniform dipole spacing is ‘d’.
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Fig. 1 (a) Uniform circular array (b) Uniform semi-circular array of dipole antennas

For a dipole antenna of length I’ the radiation electric field is [37]
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[,e~JFr |coS (% 0059) — cos (%) (12)

2nr sin6

E®) =jn

Here, p=2x/2 is the propagation constant, #=120z( is the free space impedance, and Iy is
current amplitude. For N number of dipoles, the total electric field is

Etora = E(6)AF(6) (13)
where, AF(0) is the array factor (AF) for for circular array of isotropic antennas [37]

N (14)
AF(0) = Z IOef[krsinBCos (9o—Pn)+PBnl
n=1
Where, S is the phase excitation of nth antenna, d; is the spacing factor of the i-th element,
and kr and ¢, are

2o
kr =50 =Rl di (15)
_any (16)
Pn = Ez di
i=1

For a semi-circular array, half number of elements of a circular array is taken, so that the

array factor becomes
N/2

AF(0) = Z e/ lkTsinfcos (9o=@n)+6n]

n=1

(A7)

The method of application of DE, in the design of TSA, is shown in Fig. 2. The DE
optimization provides the “ON” and “OFF” sequence with lowest SLL. Then this weight
sequence is used along with LMS, RLS and SMI to generate beam and null of TSA. For
the cost function for thinned smart antenna Eq.(13) for E,:;(6)is used.

Start

Input: Frequency, Element spacing,
Subroutine for Antenna Array Thinning Element number, Length of Dipole,
Direction of Beam, Direction of Null
Evaluate the Fitness by using the <|
Array Factor of Semi-circular

Array using DE Initialize Complex Weights to Zero

Mutation Tem i < Cost Function (Array Factor)
,I se Weighting Calculation
Sequence of the
Crossover Dipole Array
Calculate Error
Selection

Update Weight using Adaptive
Signal Processing Algorithm

Termination Criterion
Reached ?

Yes
End

Iterate nmgen+1

Plot Normalized Array
Factor and Error
Plot Array Factor & Obtain the
Weighting Sequence of the Array

Fig. 2 Beamforming method of TSA
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The subroutine of Fig. 2 is a part of the main program for thinned smart antenna and
therefore the input parameters are same as the main program of Fig. 2. The simulation
parameters for the design of TSA for various beam directions (BD) and null directions
(ND), are presented in Table 1.

The comparison between TSA using DE-LMS and SA without thinning, for 20 dipoles
and 31 dipoles, is shown in Fig. 3, Fig. 4 and Fig. 5.

Table 1 Simulation Parameters

Parameters Values
Number of dipoles (N) N=64, 31, 20
Dipole separation in the array 0.51
Frequency 5GHz
Length of dipole M2 =0.03m
Signal-to-noise ratio 20dB
Value of p in DE-LMS 0.002
Value of o in DE-RLS 0.9
Value of K in DE-SMI 800
Iteration number 800
Population size in DE optimization 48
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Fig. 3 Normalized AF for DE-LMS for N=20, BD=0°, ND=10°
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Fig. 4 Normalized AF for DE-LMS for N=20, BD=20°, ND=10Q°
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The SLL is lowered in DE-LMS by 10 dB when N=20, BD=0°, 10 dB when N=20,

BD=20°, and 11 dB when N=31, BD=0°.

The comparison between TSA using DE-RLS and SA without thinning, for 20 dipoles

and 64 dipoles, is shown in Fig. 6 and Fig. 7.
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InFig. 6, and 7, the SLL is lowered in DE-RLS by 10 dB when N=20 and 6 dB when N=64.

The comparison between TSA using DE-SMI and SA without thinning, for 20 dipoles
and 64 dipoles, is plotted in Fig. 8 and Fig. 9.
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Fig. 8 Normalized AF for DE-SMI for N=20, BD=0°, ND=10°
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Fig. 9 Normalized AF for DE-SMI for N=64, BD=-15°, ND=10°

In Fig. 6, and 7, the SLL is lowered in DE-SMI by 7 dB when N=20, 9 dB when N=64.
The performance comparison of TSA with SA is presented in Table 2.
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Table 2 Results for TSA
Antenna  Dipolenum BD SLLmax ON (1) & OFF (0) sequence Reduction Power

type ber (dB) of SLLmax saving
in (dB)
SA N=20 o° -10 AION e NIL
Without  N=20 20° -9 AION e NIL
Thinning N=31 00 -9 AION NIL
(LMS) N=64 -15° -9 AION - NIL
Thinned N=20 0o° -20 0 01 0 0 1 0 11 10 45%
SA 111 1 1 01 0O
(DE-LMS) 1 0
N=20 20° -19 10 0 1 01 1 1 1 10 40%
111 1 0 1 0 01
0 0
N=31 Q0 -20 10 0 001 0 11 11 48%
11111 1 1 11
10 01 0 0 1 0O
0 0 0 O
N=64 -15° 20 10 00 0 0 O0 OO 11 42%
01 0010010
1101 1 1 1 11
111111 1 11
1111 1 1 1 01
11 1 0 00 1 0O
1 01 0 0 1 1 0O
0
SA N=20 o° -10 AION NIL
Without 20 -8 AION NIL
Thinning N=31 o0 -7 AION NIL
(RLS) N=64 -15° -8 AION - NIL
N=20 Q0 -20 0 01 00 1 0 11 10 45%
111 11 01 00O
1 0
N=20 20 -18 1 0 01 0 1 1 11 10 40%
11 11 01 0 01
0 0
N=31 Q0 -18 10 0 001 0 11 11 48 %
Thinned 11111 1 1 11
SA (DE- 10 01 00 1 0O
RLS) 0 0 0 O
N=64 -159  -14 1 0 0 0 OO0 OO 6 42%
01 0 010 010
11 01 1 1 1 11
1111111 11
1111 1 1 1 01
111 0 00 1 0O
101 0 01 1 0O
0
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SA N=20 00 -10 AION NIL
Without 20 -11 AION e NIL
Thinning  N=31 o° -7 AION e NIL
(SMI) N=64 -15% -7 AION e NIL
N=20 o0 -17 0 0100 1 0 1 1 7 45%
111 1 1 01 00O
1 0
N=20 20 -14 10 01 0 1 1 11 3 40%
111 1 01 0 01
0 0
N=31 Q0 -16 10 00 01 0 1 1 9 48 %
111111 1 11
Thinned 10 01 0 0 1 0O
SA 0 0 0O
(DE- SMI) N=64 -150  -16 100 0 0 0 00O 9 42 %
01 0010010
1101 11 1 11
111111 1 11
111 1 11101
1110 0 0 1 0O
101 00 1 1 0O
0
The 3dB beamwidths for the SA and TSA are compared in Table 3.
Table 3 Simulated 3 dB beamwidths (BW) for SA and TSA
No. of Beam 3dBBW 3dBBW 3dBBW 3dBBW 3dBBW 3dB BW
dipole direction for SA forTSA  forSA  forTSA  for SA for TSA
Antennas without (DE- without (DE- without  (DE- SMI)
thinning LMS) thinning RLS) thinning
(LMS) (RLS) (SMI)
20 e 8.20 90 7.1° 80 6.8° 7°
20° 9.3° 100 5.50 6° 9.20 100
31 e 2.50 30 2.3° 3.20 3.50 3.9
64 -15° 3° 3.5° 3° 3.1° 2.8° 2.9°

The 3dB beam width of TSA (Table 3) is still almost the same as that of the smart
antenna, which means that the behavior of the smart antenna has not changed much.
However, as the smart antenna gets thinner, SLL (Table 2) decreases. The DE-LMS, DE-
RLS, and DE-SMI algorithms provide the desired BD and ND. In the above table, the
benefit is the same for all the algorithms since the sequence is optimized by the same
method. However, SLL varies in all cases. The maximum SLL reduction of 11 dB and
power saving of 48% are achieved for TSA using DE-LMS; the maximum SLL reduction
of 11 dB and power reduction of 48% are achieved for TSA using DE-RLS; and the
maximum SLL reduction of 9 dB and power reduction of 48% are obtained for TSA using
DE-SMI. The power reduction of 48% is achieved for TSA using DE-LMS because in the
antenna array 48% of the total number of antennas are off while almost same 3-dB
beamwidth is achieved (effectively no change of directivity). Therefore, 48% power of a
fully populated array is not required.
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The profiles of best cost values (magnitude of the array factor) when N=64, N=31, and
N=20 are shown in Fig. 10.
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Fig. 10 Best cost value for dipole antenna array

The error graphs for TSA of N= 64, using different algorithms are shown in Fig. 11.
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Fig. 11 Error graphs for N= 64

6. CONCLUSION

TSA is a new concept that combines the advantages of thinned antennas and smart
antennas. By using TSA, the power budget in array design can be minimized without
affecting the properties of the array. The main task of the present work is the use of a new
energy-saving hybrid method for the design of large smart antennas, in which optimization
algorithms are combined with signal processing algorithms. Large arrays are required in
massive MIMO systems. The thinned array will provide many features such as desired
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beam and null formations, SLL reduction, power consumption reduction according to the
user's needs. DE-LMS is easier to implement than DE-SMI and DE-RLS algorithms. The
simulation time is almost the same for all the algorithms, but when the dipole number in

the

antenna array increases, the simulation time increases. When N=20 and N=31, the

simulation times are 1.5 minutes and 3 minutes respectively. The laptop configuration is:
11th Generation Intel(R) Core TM i3-1115G4 @ 3.00 GHz, 2901 MHz, 2-core, 4 logical
processors. Since there is no similar published data, the simulation results of the proposed
algorithm can’t be compared with other data.
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