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ABSTRACT This paper discusses the architecture of an adaptive transmitting antenna array that allows
highly flexible beamsteering. Antenna arrays are used in many digital signal processing applications due
to their ability to locate signal sources. The Direction of Arrival (DOA) estimation is a key task of array
signal processing, with the Taguchi method and Multiple Signal Classification (MUSIC). Although various
algorithms have been developed for DOA estimation, their high complexity prevents their use in real-time
applications. In this paper, we design and develop an implementation using Field Programmable Gate Array
(FPGA Artix-7), which is the most widely used ARM processor in embedded systems. The antenna array is
digitally controlled with the phases synthesized by the Taguchi method.

INDEX TERMS Phased antenna array, FPGA-Artix-7, MUlItiple SIgnal Classification (MUSIC), Taguchi,

DOA.

. INTRODUCTION

Phased array usually means an electronically scanned array,
a computer-controlled array of antennas that creates a beam
of radio waves that can be electronically steered to point
in different directions without moving the antennas [1]- [2].
Determining the phase shift in accordance with the desired
direction of beamforming involves complex mathematical
calculations and is done by a computer system.Phased array
antennas can be electrically steerable, which means the phys-
ical antenna can be stationary. This concept can eliminate all
the headaches of a gimbal in a radar system. It can keep an
antenna locked onto a satellite when mounted on a moving
platform.

There are a various of ways to excite array antennas, de-
pending on the arrary’s desired characteristics. Generally,
transmission lines must be run to each antenna element [3]-
[4].

The amplitude and phase of the element excitations can
be varied using discrete amplitude/phase shifting devices, the
feed array, or a combination of both. A multi-element phased
array can be partitioned into sections, making it suitable for
some MIMO applications [5]. For example, the 64-element
array could be arranged to provide 8x8-element arrays [6]-
[7]- [8]. With beam steering capability, the signal path can be
optimized for the best performance [10]- [11]- [12].

In [13], beamforming and direction of arrival (DOA) using
the MSR-CORDIC and MUSIC algorithms, respectively.
The proposed algorithm is developed using Verilog HDL
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and implemented using the Xilinx field-programmable gate
array (FPGA). In [14] the authors propose a new design of
a millimeter-wave (mm-Wave) array antenna package with
beam steering characteristics for the fifth generation (5G)
mobile applications [15]- [16].

In [18], the authors present a beamforming shaped-beam
satellite (SBS) antenna based on a phased array technique
and a boosted-beam control. The authors explore the existing
technologies and suggests improvements for the development
of futuristic Active Phased Array Radars [19]- [20]. FPGA-
based T/R Module Controller (TRMC) interfaces with the
higher level controller over the Low Voltage Differential
Signaling in [21]- [22]. The authors present 512-element
integrated optical phased arrays with low-power operation in
[23]. In this work, we are interested in the implementing of
a phased antenna array control based on Xilinx Artix-7. The
phases are synthesized with the Taguchi method according
to the angles estimated by the MUSIC algorithm. We will
combine these two techniques to have an adaptive system and
in real-time [24]- [25] .

The organization of the paper is as follows. In section II,
we have developed an antenna array with Signal Model and
Estimation Algorithm (MUSIC) and Taguchi’s algorithm.
Section III presents synthesis results and FPGA design using
an ARM processor with Xilinx Vivado 2019.2. Finally, the
conclusions of this work are summarized in Section I'V.
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Il. ANTENNA ARRAY

Smart Antennas are phased array antennas with smart signal
processing algorithms used to identify the angle of arrival
(AOA) of the signal, which can be used subsequently to
calculate beam-forming vectors [26].

A. SIGNAL MODEL AND ESTIMATION ALGORITHM
(music)

Characterized by an array of covariance decomposition, the
following conclusions can be drawn [27]:

The eigenvalues of the matrix R, are sorted in accordance
with size, which is

AM>A > > Ay >0, (1)

where larger eigenvalues D are correspond to signal while
M — D smaller eigenvalues are correspond to noise. The
eigenvalues and eigenvectors which belong to matrix R, are
correspond to signal and noise, respectively. Therefore, the
eigenvalue of R, to signal eigenvalue and noise eigenvalue
can be divided [27]- [28].

Let the number of signal sources k(k = 1,2, ..., D) to the
antenna array, the wavefront signal be Si(t), as previously
assumed, Sy (t) is a narrowband signal, and Sy (t) can be
expressed in the following form

S (t) = sy (t) 7F®) 2)

where s (t) is the complex envelope of Sk (t) and wg(t)
is the angular frequency of Sk(t). As assumed before, all
signals have the same center frequency. So
2me

wkzwozT 3

where c is electromagnetic wave velocity, is wave length.

So use the first array element as reference points. At the
moment ¢, the induction signal of the array element m(m =
1,2,... M) to the k-th signal source in the spaced linear array
is

apsy (1) eI DS 0

where aj, is the impact of array element m on the signal
source k-th. As assumed before, each array element has no
direction, so let ar = 1. Then the output signal of the array
element m is

D
Ti(t) =Y am(0k)sk(t) + nm (t) (5)
k=1

where s,(t) is the signal strength of signal source .
This expression can be described by matrices:

X=AS+N (6)

where
X = [w1(t), m2(t), ... war (8)]F 7)
S = [S1(t), Sa(t), ... Sp(t)]" (8)
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A=[a(61),a(6s),...,a(0p)]" 9)

N = [n1(t), n1(t), ..., nar (£)] " (10)

Let \; be the i-th eigenvalues of the matrix R, v; isthe
eigenvector corresponding to lambda;, then:

Ryv; = Ay (11)

let \; = 02 be the minimum of R,.
Using noise characteristic value as each column, construct
a noise matrix En can be constructed:

E, =[Vp41, VD12, ..., V] 12)

to define spatial spectrum P,,,, () can be defined:
1 !

af(0)E,EH(0)a(0)  |EHa(0)|?

Calculate the spectrum function, then obtain the estimated
value of DOA by searching the peak.

There are two independent narrowband signals, the inci-
dent angle is (-30°, 30°) and (-60°, 60°) respectively; those
two signals are not correlated, the noise is ideal Gaussian

P (0) =

13)
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white noise, the SNR is 20dB, the element spacing is half of
the input signal wavelength, array element number is 8 [28].

B. TAGUCHI PHASE ANTENNA ARRAY SYNTHESIS

The electromagnetic field produced by an antenna array is the
vector sum of the fields produced by each of the elements.
By suitably choosing the spacing between the elements and
the phase of the current flowing in each, we can modify the
directivity of the network thanks to constructive interference
in some directions and destructive interference in other di-
rections. In the array of transverse emission antennas, the
maximum emission lobe is located in an "equatorial" plane
because, in this plane and far from the array, each point is
located at the same distance from each of the antennas [29].
Consider an array of (/V ) identical elements separated by
distance w1, wa, ...,wx_1 with element pattern f (#) and
spacing between the (n ) and (n + 1 ) element is w, where
n = 1,2,..., N. Assuming no mutual coupling, the radiated
field is [10]:

E = f(0)e=I*)AF (0) (14)

Where AF (0) is the array factor and is equal to:
N |: (NZI wi> sinG]
Z V. Oezp =1 (15)

The Array Factor AF for a linear antennas array is de-
scribed by the following equation

4
Z n)cos [Bd(

The objective function (fitness) is chosen according to
the optimization objective where one seeks to minimize the
difference between the desired and synthesized radiation
pattern.

n)cost) (16)

180°
Fitness = / |AFy(0) — AF(0)| do (17)
0
All stages of the Taguchi method are detailed in the refer-
ence [17].

(max — min)
s+1

where "maz" and "min" are the upper and lower bounds
of the optimization range, respectively. The fitness value
is used to calculate the corresponding S/N ratio (n) in
Taguchi’s method through the following formula.

LD, = (18)

n = —20log (Fitness) (dB) (19)
i (m,n) = — oo (20)
j\im,n) = N ' Ui
1,0A(i,n)=m
Pnlies = enli™ Q1)
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For the (i + 1)"iteration.

LD;;y = RR(i) x LDy = rr* x LD, (22)
Where 4
RR(i) = rr' is called the reduced function.
LD,
< 23
Lo, — ()

Where
cv is converged value (cv=0.001).
rr = reduced function (rr = 0.8)

Table I shows the phases optimized by the Taguchi method
(8 elements) in the angles of the following points (-15°, 15°),
(-30°, 30°) and (-60°, 60°).

C. SIMULATION RESULTS

In this section we have presented the effectiveness of the
synthesis Taguchi method of an antenna array. The use of this
optimization method provides quite interesting results and
has the advantage of escaping local solutions of deterministic
methods, the solutions obtained can be qualified as optimal
compared to other solutions. They also make it possible
to simultaneously control all the electrical and geometric
parameters of the network (power supply and spatial dis-
tribution). However, they can have a drawback represented
by the machine computation time. Indeed, it turns out to
be relatively high compared to deterministic optimization
methods. The choice of the cost or fitness function must be
made in a judicious way because the latter represents the key
parameter of the convergence towards an optimal solution.

To validate the simulation results, the software CST (Com-
puter Simulation Technology) was used Microwave Studio
is an electromagnetic simulator based on the finite integra-
tion technique (FIT). This digital method provides a spatial
arrangement of discretization, applicable to various electro-
magnetic problems, ranging from the computation of static
fields to high frequency applications in the time or frequency
domain.

The geometric parameters of the test antenna are shown in
the Table II.

We find that the antenna radiation is indeed omnidirec-
tional at the 2 GHz frequency, with a simulated gain greater
than 7.28 dBi and a linear polarization of the field [30]-
[6]- [31]. Fig.6 shows the 3-dimensional radiation pattern.
The gain is expressed in dBi, which means that the gain
is related to that of an isotropic antenna. Fig. 7 shows the
configuration for the simulation of coupling in the plane E.
The distance between two elements d = 65.5mm. This is
limited by the size of the antenna. When the antennas are
well matched, the coupling between two elements is directly
given by the transmission coefficient S;;. We find that the
coupling decreases as a function of the frequency and the
coupling is quite weak in the frequency band (< 20dB). The
pattern diversity consists in using antennas having different
directions of radiation. At the mobile level, it can be caused
by the proximity of the antennas. Indeed, when the antennas
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TABLE 1. The phases optimized by the Taguchi method (8 Elements)

Elements# @-60° @-30° @-15° @15° @30° @60°
»(1) 174.3682 44,7543 -163.549 162.8153 -45.6766 -174.7232
»(2) -29.9990 134.5562 -116.5289 116.2577 -135.5335 29.4385
»(3) 1259226  -135.3424 -70.1742 69.6776 134.9528 -126.3971
w(4) -77.7991 -45.2283 -23.5098 23.4367 44.7562 77.7486
»(5) 77.7991 45.2283 23.5098 -23.4367 -44.7562 -77.7486
»(6) -125.9226 135.3424 70.1742 -69.6776 -134.9528 126.3971
»(7) 29.9990 -134.5562 116.5289 -116.2577 135.5335 -29.4385
»(8) -174.3682 -44.77543 163.549 -162.8153 45.6766 174.7232
TABLE 2. Antenna Parameters
Parameters Description values (mm) Pquan = Pent X le‘P (26)
L Length of the antenna 41.6 . .. .
W Width of the antenna 5703 The evolution of the phase quantization error as a function
Lm, Length of the ligne 25.03 of the number of coding bits shows that this error decreases
W Width of the ligne 0.58 with the number of coding bits and when choosing a number
Ly Feed ligne 25.03 . .
7 Height 188 of bits of coding equal to 8, the error becomes acceptable.
hf Rogers-RO3003 0.762 So it is better to use 8 bits for the phase encoding. Finally,

are close, the inter-element coupling generates a deformation
of the radiation patterns. These can then be exploited to
obtain diversity with minimum bulk. However, you must be
careful because inter-element couplings can lead to a loss of
power. In addition, in the case of small angular propagation
deviations, there is little or no diversity of the received signal.
To validate the operating principle of the proposed system,
we simulated the radiation patterns of this antenna array with
CST Microwave Studio software [32]- [33].

lll. SYNTHESIS RESULTS AND FPGA VERIFICATION

With the storage of the phases already synthesized in the
BRAM memory, we can directly access the synthesized
weightings without going through mathematical calculations
since we have all the possible cases, and to adapt these
weightings to the requirements of digital phase shifters we
must go through a setting on the scale of the weightings
synthesized with the addition of 360° for each negative phase.
Then create a virtual image to temporarily store the list of
phases having negative positions. Then a quantization (on 8
bits) of all the stored phases using equations (24,25) and (26).

In what follows, we will apply the phase quantification
technique.
The algorithm for this technique is as follows:
- Define the phase interval [©min, Pmaz]
- Define the number of coding bits nb.
- We calculate the smallest significant bit /sb,,

Isb, = 72nfj"1'“i : (24)

Let ¢ excitation phase,., the relative integer representa-
tion of ¢ and @quan the representation quantified of .

Pent = round . (25)
lsby,
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a rounding of the values obtained before storing them again
in a matrix in the memory, in order to prepare them for the
excitation of the digital phase shifters.

The FPGA implementation of the proposed beamforming
algorithm is developed as shown in Fig. 3, the same setup will
be used to develop the FPGA-ARM beamformer. The pro-
posed beamforming algorithm consumes 7168 LUTs, 8243
flip flops, 29 BRAMs, 3 DSPs and 237 LUTRAM and 61
IOBs as shown in Table III.

TABLE 3. Resource allocation-Artix-7 XC7A35TICSG324-1L

Resources  Utilization  Available  Utilization (%)
LUT 7168 20800 34.46
LUTRAM 237 9600 2.47
FF 8243 41600 19.81
BRAM 29 50 58.00
DSP 3 90 3.33
10 61 210 29.05
BUFG 4 32 12.50
MMCM 1 5 20.00

IV. CONCLUSION

In this paper we have set up the necessary elements of an
electronic scanning antenna using FPGA Artix-7 with an
ARM processor. By the realization of this prototype, we
have proved the feasibility of this system by using con-
trolled phase shifters (Phase Shifters), an antenna array ,
an algorithm for the detection of directions of arrival and a
beamforming system DOA adaptive in emission / reception
using the Taguchi method this system is driven by FPGA
Artix-7 control boards.

This complete study made it possible to update a new
electronic scanning antenna system, presenting particularly
interesting and satisfactory performances although certain
points should be improved for example, it would be possible
to take into account coupling between the antennas and the
integration of all this system in a single card. The results
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FIGURE 3. Internal control circuit architecture based on ARM processor and Xilinx Artix-7-XC7A35TICSG324-1L

TABLE 4. The address ranges of the design-Artix-7 XC7A35TICSG324-1L

CortexM1  Slave interface ~ Base Name

Offset Address Range  High Address

axibram S_AXI MemO
axigpio S_AXI Reg
axigpio S_AXI Reg
axigpio S_AXI Reg
axigpio S_AXI Reg

0x6000_0000 8K 0x6000_1FFF
0x4011_0000 64K o0x4011_FFFF
0x4012_0000 64K ox4012_FFFF
0x4004_0000 64K 0x4004_FFFF
0x4005_0000 64K 0x4005_FFFF
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FIGURE 4. Antenna geometry
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obtained show the feasibility and efficiency of using the
Taguchi method in the synthesis of linear antenna array
radiation patterns.
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