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ABSTRACT This paper introduces an efficient approach for compact, wideband and supergain arrays
design using artificial neural network (ANN) based optimization. The proposed method optimize at the
same time the distance inter-elements of the array antenna, its input impedance as well as its directivity.
Such global optimization considerably improves the performances of superdirective arrays in terms of
gain, bandwidth and efficiency. The proposed method is used afterwards to synthesize a three-elements
array using two different unit elements. The comparison of the achieved performances and the Harrington
limit reveals that the developed antennas can be qualified as supergain antennas. To our knowledge, this is
the first demonstration of a wideband supergain array with more than two elements in the open literature.
To validate the results, a prototype was manufactured and measured. The measurements show that the
antenna has a wide impedance bandwidth of 22.6 %, a peak directivity of 8.3 dBi and a total efficiency

greater than 80%.

INDEX TERMS Superdirective array, supergain array, parasitic array, directivity, artificial neural network,

optimization algorithm.

I. INTRODUCTION

HE RECENT trends towards compact and connected

objects technologies, imposes a growing demand for
miniaturized, directive, wideband and efficient antenna
systems. However, miniaturizing an antenna while maintain-
ing a high performances is a challenging and difficult task.
In [1], R.F. Harrington have demonstrated that the directivity
of an antenna confined in a radian sphere of radius r, can
reach a peak of M? 4+ 2M, where M = kr (electrical size)
and k = ZTH (wavenumber). Consequently, as the electrical
size of the antenna decreases, its directivity drops and its
radiation tends to have an omnidirectional pattern which lead
to radiations in unwanted directions.

To address this issue, several works have been conducted
on compact superdirective array. Such antenna system has the
advantage of transforming the omnidirectional radiation pat-
terns of electrically small antennas (ESAs) to a very directive
one.

In [2], Uzkov have shown that with an appropriate adjust-
ment of the excitation, amplitude and phase, the end-fire
directivity of N-tightly spaced antennas can approach NZ.
Since then, various design methodology have been developed
in the open literature. Most notably [3], [4] and [5]. All these
methods, use the same technique: optimizing the directivity
by optimizing the excitation for a fully driven case or the
parasitic loads for a parasitic configuration.

In [3], the authors have studied theoretically and experi-
mentally the superdirectivity on a two monopole-based array.
Providing the optimal excitation, it was shown that the array
achieves a superdirectivity for tight separation distances.
However as the number of element increase and/ or the inter-
element distance decreases, the array becomes very sensitive
to small perturbation on the excitation and therefore a high
accuracy on both excitation magnitude and phase is required.
Such increasing precision make the design of the array feed
network the most difficult part in superdirective array design.
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To overcome this problem, parasitic superdirective array
are widely studied. In this configuration we don’t really
need a feed network, since only one element is excited,
while the parasitic elements are either loaded, shorted or
open circuited [6], [7], [8], [9], [10], [11]. In [4] and [8],
the authors have introduced a simple methodology to cal-
culate the optimal loads for parasitic elements using their
active impedance. However the array efficiency as well as its
impedance bandwidth drops dramatically due to the very low
input resistance. The authors highlighted that the synthesis
of such array subject to a trade-off between compactness,
efficiency and directivity.

Indeed, parasitic superdirective arrays are often qualified
as impractical due to their low efficiency, very low gain, high
input VSWR and narrow bandwidth [12]. This performances
become even worse for configuration with intense mutual
coupling, such as array with small separation distance or
dense array. The reason behind the efficiency degradation
for superdirective array is that when the mutual coupling
between elements becomes intense, the radiation resistance
decreases rapidly and the ohmic losses become dominant.
Nevertheless the author in [12] have demonstrated that with
the choice of a high input free space resistance antenna as
unit element and an optimal separation distance, we can
achieve higher efficiency. To do so, the authors have used a
multi-arms monopole over a large ground plane to increase
the antenna feed point impedance. Afterwards they used it
as a unit element to design an efficient superdirective array,
but over a narrow bandwidth. In fact, till now, the design
of an efficient and wideband superdirective array still a big
challenge especially when the inter-element distance of the
antenna array is small (compact array) or for multi-elements
array with number of elements greater than 2.

To address these issues, in this paper we propose an effi-
cient synthesis method for compact, wideband and efficient
superdirective arrays design using an artificial neural network
(ANN) based optimization. The proposed method takes into
account the optimization not only of the array directivity as
in the literature, but also the array input impedance as well
as the separation distance between its elements. Such global
optimization yields to a wideband and efficient superdirective
array, or simply wideband supergain array, which is not pos-
sible with mono-objective optimization procedure presented
in the state of art.

Recently, ANN are known as a powerful modeling tool
and have been widely studied and used in the design and
optimization of RF circuits such as filters [13], [14], sen-
sor [15], loop antenna [16], dual and multi-band antennas
[17], [18], [19], [20], [21], ultra wideband antenna [22],
antenna in dielectric environment [23], dielectric res-
onators [24], [25], base station antenna tilting [26], Yagi
Uda antenna [27] and array antennas [28], [29], [30], [31],
[32], [33], [34]. Through a training process, the ANN are
capable to learn, map and generalize complex nonlinear rela-
tionship between synthesis variables and their corresponding
electromagnetic (EM) responses. Also, they are capable to
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FIGURE 1. Fully driven array based on strip dipole.

incorporate the real radiating properties and the coupling
effects in the synthesis process without increasing the com-
plexity of the model which can be used for a reliable
prediction over a wide range of input parameters [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [28], [29], [30], [31], [32], [33], [34].

Intuitively other techniques such as stochastic algorithms
implemented in EM solvers can be used to performs such
global optimization. However the intense mutual coupling of
such array lead to inaccurate solutions and consequently to
the non convergence of the optimization. Hence the choice
of the ANN-based optimization.

To explain the synthesis methodology, the paper is orga-
nized as follows. A brief formulation of the problem is given
in Section II. Section III addresses the challenges and moti-
vations for the ANN-based optimization. The application on
a three-elements arrays is presented in Sections IV and V.
Simulation are practically verified in Section VI. Finally the
paper is concluded in Section VII.

Il. PROBLEM FORMULATION

A. FULLY DRIVEN ARRAY

Let consider a fully driven array of two strip dipoles (Fig. 1),
where the current density J(r) is excited with two voltage
sources V; and V,. This density can be expanded in a local
basis functions 1, as follows [35], [36]:

N
T = > L () ()

n=1

where I, are unknown current expansion coefficients and N
is the basis function number (with N >>> 1).
The Electric Field Integral Equation (EFIE) gives:

e VV. g TIkR
E(r) = —iZ — ) J(7
(r) 120 /Q<d+ 2 ) (r)4nR

with Ig being the identity matrix, Zp the vacuum impedance,
k the wave number and R = |r — /| the observation point.

A standard method of moment (MoM) implementation of
the EFIE dictates:

ds 2)

[V]I=[Z].[1] 3)
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FIGURE 2. Parasitic array based on strip dipole.

where [V] is a N x 1 vector of voltage excitation coefficients,
[I] is the N x 1 vector of current expansion coefficients I,
and [Z] is the N x N MoM impedance matrix. Inverting the
equation (3) we can deduce the expansions coefficients as
follows:

[ =[Z1".[V] 4)
B. ANTENNA DIRECTIVITY

Substituting (4) in (1), we can deduce the current density J(r)
on the dipole based array and thus its radiation as follows:

F(7.é) = lim [re"e B()]. 5)
r—>o0
Hence the array directivity is:
. 47U (ff, é)
D(7,e) = ———= 6
(r e) Prag ©
where
U(f', é) = L|F(}, é)|2, and Prag =/ U(}) @, )
27y space

Therefore, by choosing the optimal separation distance d
and adjusting the excitation V| and V; of each element, we
can excite an optimal current density J(r) that maximize
the array directivity in a desired direction (6p, ¢9). In the
open literature, several method can be used to calculate the
optimal excitation coefficients [3], [4], [5].

C. PARASITIC ARRAY

Now, we consider a parasitic configuration (Fig. 2), in which
the excitation port of the second element is loaded. The
equation (4) becomes:

(1] = 1Z + Z1oaal " [V'] ®)

where Zy,qq is the diagonal (assuming a lumped element)
load impedance matrix. Hence, if we choose the appropriate
load that ensure the equality between [I'] in (8) and [I] in (4),
we can achieve the same directivity as the fully driven array
(at least at the optimization frequency). This equality can be
ensured if the parasitic antenna is loaded by the opposite of
its active impedance [8].
ZLoad = —Zactive (9)
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FIGURE 3. Parasitic strip dipole based array with N loads.

D. ANTENNA INPUT IMPEDANCE

Once the current distribution is found, the antenna input
impedance can be determined using the ratio of the input
port voltage to current as follows [37]:

Vlnput

Zlnput = (10)

Ilnput
So, by adjusting Zj,,q we can optimize not only the
directivity but also the antenna input impedance.

E. MULTI-LOAD ANTENNA

In the above described case depicted in (Fig. 2), the loading
matrix Z,qq has only one element in its diagonal. Now, let
consider the case of a multi-load antenna (Fig. 3). All loads
are considered as lumped elements. In this case, the diagonal
load impedance matrix Zj,q4 has N-elements instead of one.
That’s gives more flexibility to optimize the directivity and
the input impedance in a large frequency band.

lll. DESIGN METHODOLOGY

As it’s obvious, the array parameters in terms of direc-
tivity and input impedance depend mainly on the current
distribution J(r) of the antenna. This distribution in its turn
depend on:

« The antenna geometry (e.g., shape, separation distance).
o The loading impedance matrix Zryqq4-

Here, we don’t consider any antenna shape optimization. So
for a given unit element shape, if we choose an optimal
separation distance, and if we adjust properly the loads
impedance matrix, we can excite an optimal current density
that gives a superdirective array with high input resistance.
That’s results in an efficient superdirective antenna or sim-
ply supergain antenna. To perform such multi-parameter
optimization we propose an optimization approach based on
artificial neural network (ANN). During this optimization,
the ANN model will be used as a surrogate model and will
be combined with a heuristic algorithm to search for the
best separation distance between array elements as well as
the optimal impedances of the embedded loads.
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A. ANN MODEL

The proposed ANN model consists of two independent
branches. The first one maps the relationship between the
synthesis variables and the antenna input impedance, while
the second relates the same synthesis variables to the antenna
directivity. Here, the synthesis variables consists of the sep-
aration distance between array elements as well as the loads
values (loading impedance matrix elements):

1) INPUT IMPEDANCE BRANCH

A direct approach to maps the relationship between the syn-
thesis variables and the antenna input impedance is to set
the former as the ANN input and the latter as its output.
However, the strong sensitivity of the input impedance to the
synthesis variables may leads to inaccurate prediction. To
overcome this problem, in our case we divided the branch 1
into two parts (Fig. 4):
e ANN PFart: This stage relates the separation distance and
the frequency to the N port impedance matrix, Zypors-
e Code Part: In this stage we use the N port impedance
matrix obtained from the output of the ANN part as
well as load impedance values Zj,qq, to compute the
input impedance using the formulas (13) and (15).

2) DIRECTIVITY BRANCH

This branch maps the relationship between the synthesis
variables and the antenna directivity in the end-fire direction
©® = 0,9 = 0). A classical technique to establish such
relationship is to use a regression ANN model where the
synthesis variable are in input and the directivity in the
output. However, given the strong sensitivity of the problem
a regression model is not suitable to achieve a high prediction
accuracy. To overcome this issue we have transformed the
regression problem into a classification one. In this case,
an ANN-based classifier is used to classifies the synthesis
variables into two classes (Fig. 5):

o Superdirective Array Class when the synthesis variables
yield a directivity greater than the Harrington limit
(definition of superdirective array).

o Unsuperdirective Array Class when the synthesis vari-
ables yield a directivity lower than the Harrington
limit

For the Harrington limit Hp, it can be computed as
follows [1]:

Ho = 10.log10(M2 + 2M> (11)

where M is the array antenna electrical size.

B. DATA GENERATION

In order to make the ANN model learn the complex non-
linearity between the synthesis parameters in one hand and
the EM responses in the other hand, it’s necessary to use
an appropriate training data. The idea is to collect an input-
output database where we extract the EM responses of the
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FIGURE 5. Proposed ANN model: Directivity branch.

array antenna to a random combination of synthesis vari-
ables. To do so, in our work we have combined the full wave
simulation with analytical models of the antenna directivity
and its input impedance as follows:

Let consider the example of the multi-load (N loads)
antenna depicted in (Fig. 3). For a fixed separation dis-
tance d, the antenna total electrical field can be calculated
as follows [38]:

N
I,.V
Eotal = Y ﬁﬂ(h)
“rn

n=1

12)

where I, and y, are respectively eigen vectors and eigen
values such as:

[ZNport + ZLoad]In = +jv) [RNport]In (13)

E(I,) is the field radiated when I, excite the antenna ports,
ZNport 1s the N port impedance matrix and Rypore its real
part. Once we determine the radiated field we can calculate
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FIGURE 6. Optimization flowchart.

the antenna directivity, such as:

|ETotat (60, @0)
2 .
o Jo ETotal (0, 9)|* sin0do - dg

D(6o. o) = 4 - (14)

For the antenna input impedance, it can be determined as
follows [39]:

N
Zinput = y_ 27" (15)
n=1
N -1
- - (Z an[ln(input)]2> (16)
n=1

where o, are modal weighting coefficients.

C. OPTIMIZATION FLOWCHART

Once the training and testing process is completed, the
developed ANN model can be used afterwards instead of full
wave EM solver to significantly speed up the optimization
process. To do so, the trained ANN model is incorporated
in an optimization loop, in which it’s repeatedly called by a
Differential Evolution algorithm [40] to search for the appro-
priate separation distance between array elements as well
as the optimal set of internal loads (Fig. 6). The optimized
synthesis parameters allows the excitation of an optimal cur-
rent distribution over the antenna structure that yield in a
wideband supergain array antenna.

To avoid adding constraints during the optimization on
the antenna input reactance in one hand, and to ensure the
antenna matching to the excitation source in the other hand,
it’s more convenient to optimize the antenna input reflection
coefficient or the antenna input VSWR instead of it’s input
impedance such as:

Zy — Zinput

Sii=
Zy + Zinput

A7)

1020

117 mm

2.85 mm

wuw 09

v 5.68 mm
0= =

FIGURE 7. M-shaped loop antenna.

and

1+ [S11]

1 —|Sul

where Zj is the source characteristic impedance.

VSWR = (18)

D. ANN MODEL PROS AND CONS
In this subsection the ANN model pros and cons are
summarized:

1) PROS

« The ANN incorporates the real radiating properties and
the coupling effects in the synthesis process without
increasing the complexity of the model.

o Speed up considerably the optimization process com-
pared to the parametric study.

o Assign the appropriate load topology for each port
(capacitance or inductance), which is not evident.

2) CONS

« Due to the intense mutual coupling, superdirective array
presents a strong sensitivity to small perturbation on the
synthesis variables. Since the ANN only approximates
the relationship between the latter and EM response
(according to the universal approximation theorem of
ANN), it is possible that the solution given by the ANN
is not the most optimal one.

IV. EXAMPLE I: M-LOOP ANTENNA BASED ARRAY

A. UNIT ELEMENT

The unit element used in this study is an M-shaped loop
antenna printed on a Rogers RT5880 substrate. The antenna
total dimensions are of 142 x 60 x 0.8 mm> while those
of the M-shaped loop are of 24.5 x 60 mm? (Fig. 7).
The antenna presents a matched impedance bandwidth of
540 MHz between [1.66-2.2 GHz] (Fig. 8).

B. THREE ELEMENTS ARRAY

Using the above described antenna as a unit element we
want to design a three-elements wideband supergain array
using our proposed methodology. To make the problem
more challenging, we want to operates the array in a
low frequency band, namely the 5G NR n8 band between
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FIGURE 8. Antenna input reflection coefficient.

Antenna 3
(Parasitic)

y

Antenna 1
(Parasitic) Antenna 2
(Exciter)

FIGURE 9. M-shaped loop antenna-based array.

[880 MHz-960 MHz] where the unit element is not matched
(Fig. 8). Therefore, the synthesis task can be viewed as a
miniaturization of the antenna array simultaneously with
the optimization of its performances. (Fig. 9) shows the
array geometry. It consists of three stacked antennas, where
the central element denoted antenna 2 is excited while the
peripheral ones, denoted respectively antenna 1 and 3 are
parasitic.

C. INTERNAL LOADS SET UP
Following the above described optimization approach, four
loads, denoted Load 1, Load 2, Load 3 and Load 4 have
been inserted on the array antenna (Fig. 10). To avoid ohmic
losses, only reactive loads are considered.

Once, the loads are inserted, the next step is to train the
two branches of the ANN model.

D. DATA COLLECTION

Using the approach described in Section III-B, the antenna
array with 5 port (one port for the excitation and the four
remaining to be loaded) are simulated using a full wave
simulation to extract the impedance matrix Zyp, as well as
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FIGURE 10. M-shaped loop based array: internal loads set up.

the radiated fields E,, for different separation distances d
between array elements.

For superdirective array the separation distance is < 0.25A,
where A is the wavelength at the optimization frequency.
Therefore the array antenna is simulated with a separation
distance d in the range [0.01A—0.21] and a step of 0.04 A.
Here, A is the wavelength at the 5G NR n8 band central
frequency, 920 MHz. In overall, 6 simulations are needed for
a uniform array and 36 for a non uniform one. Afterwards,
all training data samples are easily generated using a post-
processing in MATLAB, by a simple implementation of
formulas (12)—(16).

E. TRAINING OF BRANCH 1

This part relates the separation distance and the frequency to
the N port impedance matrix Zyp,,;. Hence, for a given sep-
aration distance, we could determine the N port impedance
matrix at each frequency point in the desired band. Since,
the Zypor has complex parameters, two networks are used to
compute respectively the real and the imaginary parts. Each
network consists of an input layer, one hidden layer with
30 neurons and a sigmoid activation function and an output
layer with linear activation. Fig. 11 and Fig. 12, show the
training mean square error of both network versus epochs.
The two models exhibit the best validation performances
respectively at 3157 and 955" epochs. Thus we save the
ANN weights and bias at these epochs.

F. TRAINING OF BRANCH 2
This branch classifies whether the array is superdirective or
not based on the chosen synthesis variables. The ANN-based
classifier model consists of an input layer, one hidden layer
with 30 neurons and a sigmoid activation function and an
output layer with softmax activation function. Fig. 13 shows
the training mean square error. The model exhibits the best
validation performances at 16 epoch. Thus we consider the
ANN weights and bias at this epoch.

It should be noted that for both branches, the ANN
model parameters (number of hidden neurons, the number
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FIGURE 11. Training mean square error versus epochs: for the impedance matrix
real part prediction.
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FIGURE 13. Branch 2 training mean square error versus epochs.

of hidden layers and the activation functions) are determined
through trial and error (until the best training and validation
performances are achieved).

G. OPTIMIZATION: UNIFORM ARRAY
Once, the training and testing process is completed, we
launch an optimization using the optimization flowchart
depicted in (Fig. 6). The yielded optimal synthesis
parameters are depicted in Table 1.

With these optimized synthesis parameters, the antenna
array achieves a peak directivity of 9.28 dBi, a front to
back ratio of 11.34 dB (Fig. 14) and a —1 dBi directivity

1022

TABLE 1. Optimized synthesis parameters.

distance (\)
0.193

Load 1
33 nH

Load 2
3.6 pF

Load 3
0.3 pF

Load4
0.4 pF

Optimized value

dBi
9.28
4.43
-0.42

-5.27
-10.1

-15
= -19.8
-24.7
-30.7

X Y

FIGURE 14. Optimization results: (a) 3D radiation pattern at 920 MHz.
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FIGURE 15. Optimization results: Directivity and total efficiency versus frequency.

dB
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-15

750 800 850 900

Frequency in MHz

950 1000

FIGURE 16. Optimization results: array input reflection coefficient.

bandwidth of 12.73% (Fig. 15). Furthermore, the array
exhibits a total efficiency higher than 80% over a large
bandwidth of 21.16%. Finally, the antenna is matched over
a wide bandwidth of 16.87% (Fig. 16). Here, the center
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TABLE 2. Optimized synthesis parameters.

dl d2
0.162 A | 0.193 A

Load 1
17 nH

Load 2
2.6 pF

Load 3
0.35 pF

Load4
0.4 pF

dBi
9.29

4.45
-0.403

i -5.25
T -10.1
-14.9
-19.8
-24.6
-30.7

FIGURE 17. Optimization results:3D radiation pattern at 920 MHz.

10 ‘ ‘ ‘ ‘ 1

Directivity in dBi
Total Efficiency

‘ ‘ ‘ 0
850 900 950 1000
Frequency (MHz)

800

2
750

FIGURE 18. Optimization results: Directivity and total efficiency versus frequency.

frequency used to calculate the bandwidth percentage is
920 MHz (central frequency of the SG NR N8 band).

H. OPTIMIZATION: NON-UNIFORM ARRAY

In this paragraph, we consider the case of a non-uniform
array with different separation distances between its ele-
ments. The optimization gives the optimal synthesis param-
eters depicted in Table 2.

With these optimized synthesis parameters, the antenna
array achieves a peak directivity of 9.29 dBi, a front to back
ratio of 15.2 dB (Fig. 17) and a -1 dBi directivity band-
width of 10.2% (Fig. 18). In addition, the array exhibits an
efficiency bandwidth of 16.6% in which the total efficiency
is higher than 80%. Also the antenna is matched over a wide
bandwidth of 11.5% (Fig. 19).

It can be noted that the second design with non uniform
separation distance is 8 % more compact than the case of a
uniform array with comparable directivity and efficiency, a
5.3 % drops in impedance bandwidth and a better front to
back ratio.
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FIGURE 19. Optimization results: array input reflection coefficient.
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1.25 mm
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FIGURE 20. Folded monopole antenna.
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Frequency (MHz)

FIGURE 21. Antenna input reflection coefficient.

V. EXAMPLE II: FOLDED MONOPOLE BASED ARRAY

A. UNIT ELEMENT

The array unit element used in this example is a folded
monopole printed on a Rogers RO4450B substrate of per-
mittivity of €, = 3.7 and loss tangent of tan§ = 0.004 [9].
The antenna dimensions are of 153.2 x 38.9 x 0.8 mm?
(Fig. 20). The antenna is matched over 32 MHz between
[1.13-1.16 GHz] (Fig. 21).

B. THREE ELEMENTS ARRAY

Using the above unit element, a three elements array was
synthesized and optimized in order to operates in the SG NR
n28 band between [758-803 MHz]. (Fig. 22) shows the array

1023



TOUHAMI et al.: GLOBAL OPTIMIZATION METHOD FOR WIDEBAND AND SMALL SUPERGAIN ARRAYS DESIGN

FIGURE 22. Folded monopole based array.

Lo’ad 2
Load 3

b

1 1

Load 1 Excitation Load 4
port

FIGURE 23. Folded monopole based array: internal loads set up

TABLE 3. OPTIMIZED synthesis parameters.

Load 2
1.1 pF

Load 3
17.3 nH

dq Load 1
0.197X\ | 3.3 pF

Load4
0.4 pF

’ Optimized value

geometry. It’s composed of three stacked antennas, where the
central element (antenna 2) is excited and the peripheral ones
(antenna 1 and 3) are maintained as parasitic elements.

C. INTERNAL LOAD SETUP
As in the first example, four loads are added on the antenna
array as depicted in (Fig. 23). Also to avoid ohmic losses,
only reactive loads are used.

Once, the loads are inserted, the next step is to train the
two branches of the ANN model as described in Section IV.

D. OPTIMIZATION: UNIFORM ARRAY

First, we consider the case of uniform separation between the
array elements (di = d»). The optimal synthesis parameters
are depicted in Table 3.

With these synthesis parameters, the antenna array
achieves a peak directivity of 9 dBi, a front to back ratio
of 14.88 dB (Fig. 24) and a —1 dBi directivity bandwidth
of 10.82% (Fig. 25). Also the array exhibits an efficiency
bandwidth of 5.8% over which the total efficiency is higher
than 80%. Moreover the antenna is matched over a band-
width of 3.84% (Fig. 26). Here the center frequency used
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FIGURE 24. Optimization results: 3D radiation pattern at 780 MHz.
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FIGURE 26. Optimization results: array input reflection coefficient.

to calculate the bandwidth percentage is 780 MHz (central
frequency of the 5G NR N28 band).

E. OPTIMIZATION: NON-UNIFORM ARRAY
Here, we consider the case of a non-uniform separation
between array elements (d; # dz). The optimization yields
the synthesis parameters depicted in Table 4.

With these optimized synthesis parameters, the antenna
array achieves a peak directivity of 9 dBi, a front to back
ratio of 16.83 dB (Fig. 27) and a —1 dBi directivity band-
width of 8.13% (Fig. 28). Moreover, the array exhibits an
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TABLE 4. Optimized synthesis parameters.

TABLE 5. Total time needed using our proposed ANN based approach.

dl d2 Load 1 Load 2 | Load 3 Load4 Uniform array | Non uniform array
0.188\ | 0.169 X\ | 236 pF | 1.88 pF | 5.5 pF | 0.534 pF Number of simulations 6 simulations 36 simulations
Data collection time 67.39 mins 404.42 mins
dBi Model training time 0.833 min 4.6 mins
9.04 Optimization time 7.74 mins 8.85 mins
Total time 75.96 mins 417.8 mins
4.04
-0.961 TABLE 6. Total time needed using parametric study.
-5.96 Uniform array | Non uniform array
-11 Number of simulations | 20 simulations 400 simulations
- Total time 224.33 mins 4486.66 mins
-16
-21
26 Again, we can note that the second design with non uni-
form separation distance is 10% more compact than the case
-31 of a uniform array with comparable performances of direc-

FIGURE 27. Optimization results: 3D radiation pattern at 780 MHz.
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FIGURE 29. Optimization results: array input reflection coefficient.

efficiency bandwidth of 4.5% over which the total efficiency
is higher than 80% and an impedance bandwidth of 3%
(Fig. 29).

VOLUME 4, 2023

tivity and efficiency, a 0.84 % drops in impedance bandwidth
and a better front to back ratio.

F. STOCHASTIC ALGORITHM BASED OPTIMIZATION
Beside the ANN-based optimization, intuitively other tech-
niques such as stochastic algorithms can be routinely
used to performs such multi-criteria optimization. To do
so, a global optimization over all the synthesis variables,
separation distance and loads, is achieved using genetic algo-
rithm implemented in CST microwave studio. However it
doesn’t converge after 497 solver run (almost 73 hours and
50 minutes). The non-convergence perhaps due to the intense
mutual coupling (given the low separation distance) which
lead to inaccurate solutions.

Another technique is to perform a parametric study over
the separation distance d and optimizing the load values (at
each distance) using formulas (12)-(16) combined with an
optimization algorithm.

G. TIME DESIGN EFFICIENCY

To illustrate the design efficiency of the proposed method, in
this paragraph we gives a comparison of the approximated
time needed for the design of the antenna array of example II
(presented in Section V) using ANN-based method (includ-
ing data collection, model training, and optimization time)
to that needed for a parametric study. During this latter, the
separation distance is varied within the range [0.01 — 0.21]
with a step of 0.01A. The used processor is an Intel Xeon
CPU E5-2640 v3 @ 2.60GHz.

Tables 5 and 6 depict the total time required for each
method. The comparison reveals that the time needed for
the ANN-based method is 3 and 10 times lesser than that
required for a parametric study for a uniform and non
uniform array design respectively.

It should be noted that here the time needed for electro-
magnetic simulations is computed by multiplying the time
needed for one EM simulation by the total number of used
simulations.
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FIGURE 31. M-shaped loop based array.

VI. COMPARISON WITH THE STATE OF ART

To exhibit the usefulness of the proposed synthesis method,
in this paragraph we compare the obtained performances
of the above presented antennas to the designs presented
in the open literature (Fig. 30). Similar to the directivity,
the Harrington limit for gain, is computed using formula
(11) considering a lossless case (efficiency of 100%). The
comparison reveals that, our designs denoted Example 1 and
Example 2 exhibit the best trade-off between compactness
and gain compared to the state of art. Furthermore, both
design are above the Harrington limit. Therefore they are
indeed supergain antennas. To our knowledge, this is the
first demonstration of a wideband supergain array with more
than two elements in the open literature. It should be noted
that all state of art designs with an infinite ground plane are
excluded from this comparison since the computation of the
electrical size M = kr is not obvious, wherein k = 27” is
the wave number and r is the radius of the smallest sphere
circumscribing the whole antenna.

VIIl. EXPERIMENTAL VALIDATION

A prototype of the M-shaped loop based array was fabricated
and measured for results’ validation (Fig. 31). (Fig. 32)
shows the antenna measured input reflection coefficient in
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FIGURE 34. Measurement results: Total efficiency versus frequency.

dB. The measured impedance bandwidth is of 22.6 % while
the simulated one is 16.87 %. This difference is due to
the cable effects as well as the tolerances of the com-
mercial SMD components. The antenna radiation properties
were measured in a MVG Star Lab near-field based system.
(Fig. 33) shows the measured directivity compared to the
simulation. We can note that the both curves have the same
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trend with a maximal level difference of 1 dBi. The noticed
difference is mainly due to the chamber measurement accu-
racy which presents a peak accuracy of nearly +1.1dBi
in the frequency range [0.8—-1 GHz] [42]. The measured
total efficiency is depicted in (Fig. 34). As the simulation
predicted, the antenna has a high total efficiency over the
desired bandwidth. The small difference between simulation
and measurement is due to the MVG Star Lab system accu-
racy as well as the internal resistances of the commercial
SMD components.

VIIl. CONCLUSION

This paper, introduces an artificial neural network based
synthesis approach to address the issue of low efficiency,
very low gain, and narrow bandwidth of superdirective
arrays. The proposed ANN model consists of two paral-
lel and independent branches. Once the synthesis variables
are entered, it can simultaneously predict the array directiv-
ity and its input impedance from each corresponding branch.
During the optimization process, the developed ANN model
is repeatedly called by a Differential Evolution algorithm to
search for the appropriate separation distance between array
elements as well as the optimal set of internal loads. The
optimized synthesis parameters allows the excitation of an
optimal current distribution over the antenna structure that
yield to a wideband supergain array antenna. The proposed
method is utilized to design a three-elements supergain array
with two different unit elements. To validate the results, a
prototype with four SMD loads was manufactured and mea-
sured. Finally, it should be emphasized that the proposed
methodology is applicable to synthesis array with much more
elements.
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