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Abstract: In antenna theory, a sub-array is a group of smaller antennas arranged into an array.
It is a collection of smaller elements in the structure of an array antenna. Not only does this
structure have advantages for performance antennas, but also the sub-array has problems,
such as the occurrence of grating lobes (GLs) in the radiation pattern. Some of the advantages
of these structures are reduced complexity, cost efficiency, and system flexibility. GLs are
unwanted patterns that occur when the spacing between antenna elements is large relative
to the signal wavelength. These lobes can appear in undesirable directions, decreasing the
antenna’s performance, including its directivity and gain. There are several methods for GL
reduction, including reducing element spacing, using non-uniform or random spacing to
disrupt periodicity, applying beamforming weights to suppress sidelobes, and employing multi-
subarray techniques for additional control. The main approach to reducing GLs is to introduce
a null in the radiation pattern using the high-order mode technique. This means that when the
element pattern is a multiple of the array pattern, the GL is omitted from the pattern at -40
degrees. It is possible to change the radiation direction of an antenna by combining two modes.
In other words, the beam scan in the element depends on the current excitation mode. Thus,
each mode is excited by a coaxial cable, and each antenna element has two power supplies.

Simulation results show that the reduction of GL is -21.54 dB.
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I. INTRODUCTION

The subarray antennas,grouping radiating subunit elements, are a particular component in phased
array systems. These structures in an array antenna consist of a collection of element antennas
into a subarray that are organized by an independent beamforming network[ 1], [2], [3]. There are
different methods that can be used to design these structures, such as uniform subarrays[4], [5]
non-uniform subarrays[6], [7], and overlapped subarrays. A uniform subarray antenna is a type
of phased array antenna where a larger array is divided into smaller, identical groups of antenna
elements called subarrays. As a result, their elements are spaced equally and have the same signal
amplitude and phase relationship.This approach is the opposite of a nonuniform subarray because
it is used to overcome the limitations of uniform arrays, especially for large-scale systems. Due
to the advantages of subarray antennas, researchers like to design a type of antenna. Subarrays
offer important advantages, including reduced complexity, cost efficiency, scalability, and
improved beam agility. Phased-MIMO radars are a combined system of MIMO and phased-array
radars. Some of the differences between MIMO radar and phased array are enhanced parameter
estimation, reduced false alarms, and improved detection performance[8]. Large arrays are used
due to their advantages; as a result, the benefits are high gain, high resolution, and strong beam
control capability[9]. Zang and his coworker designed a new approach that achieves multibeam
antenna gain flatness using reconfigurable subarrays. Phase tuning internally enables different
scanning angles, with performance optimized for less gain ripple, significantly improving 2.4
dB and 2.9 dB in the prototype[10]. One of the important phenomena in an antenna array is
the presence of a GL in the visible region of the pattern. Although this type of antenna has an
advantage, there is an important problem that is the GL. Not only does this phenomenon reduce
the directivity of the antenna at a target angle, but also it decreases the signal-to-noise ratio in the
receive link. To reduce the GL in the visible region, methods such as using non-uniform elements,
non-uniform weighting of array elements, and non-uniform positioning of elements are used.
In [11] Yang and his coworker were able to reduce the GL level below —15.9 dB. Metasurface
antennas offer hardware advantages but face challenges due to metamaterial elements, causing
GLs. A waveguide feed layer mitigates these issues, maintaining cost and manufacturability
benefits. This research [12] pays attention analytically to the radiation behavior of a 2D
metasurface antenna array formed by tiling 1D waveguide-fed metasurfaces. Another methods
[13] are a combination of subarray amplitude weights, random subarray, and row displacement,
which reduces GLs in phased array scanning. The staggering technique is simpler and cost-
effective. Therefore, a combination is necessary for optimal sidelobe level (SLL) and GL ratios.

When using the combined approach proposed in this paper, the simulated results show that the GL
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is -20 dB. Zhang and his coworkers have designed an antenna element using the TM, mode,and
their suggested methods are proposed to suppress GLs. The GLs level in this research at 22.3GHz
is only -22dBJ[14]. Using a dual-mode circular patch antenna, the GL is suppressed. As a result,we
can achieve over 25dB reduction for scan angles up to £45°[15].The novel approach of this [16]
utilizes GL reduction with optimization in planar antenna arrays ,so the spacing between elements
is taken into account for a particular lattice. As observed, the structure of elements affects the
suppression GL, and an optimum element savings of about 25.03% for 26° elevations is achieved
with a triangular array. Recently, one of the excellent topics in modern antennas is high-order
modes in advanced antennas. Higher-order mode refers to a specific pattern of electromagnetic
field distribution on the antenna structure. Thus, each mode exhibits a unique current distribution
and consequently radiates with a distinct radiation pattern. When the GL appears in the radiation
pattern at theta degrees, adding a null at the GL angle decreases the magnitude of the GL,and this
technique is important in this article[17], [18], [19], [20]. In this paper presents the reduction of
GLs by a high-order mode antenna. The structure of this antenna consists of 20 elements, and
each element in the array is a ring microstrip patch antenna. Because the array scan beam is at 20
degrees, we should excite the higher-order mode in the element antenna. Due to the total pattern
being the multiplication of the array factor and the element pattern, the GL is omitted in the
pattern at -40 degrees. The main challenges in designing this type of antenna are using multilayer
substrates to excite dual-mode antenna elements, improving the antenna’s bandwidth, making
the probe position very effective in tuning the amplitude of each mode, and controlling the phase
difference between the two modes. This means that the phase difference between the two modes
should be 90 degrees so that the direction of radiation can be controlled. Thus, the TM | and TM,,

are excited in the element antenna , and the GLs are reduced to well below -21.54 dB.

Il. ANALYSIS OF GRATING LOBE

One of the important phenomena in an antenna array is the presence of a GL in the visible region
of the pattern. Not only does this phenomenon reduce the directivity of the antenna at a target
angle, but also it decreases the signal-to-noise ratio in the receive link. In theory, the total electric

field from the linear array given by (1) is the sum of the radiation from all elements:

> (M
AF(0) = Z Ie/ DY
n=1

W =kdsin(g9,) + f=2mx 2)
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v is the total phase difference between adjoining elements. If the phase difference is zero, this
function will have maxima lobes in the radiation pattern[21]. For m=0 in the (2) formula, we have
a maximum direction at 8o, which is given by (2). If m is to be greater than one, we can see another
maximum lobe in the radiation pattern. Fig. 1(a) shows the geometry of a 20-element circular
antenna array with an element spacing of a wavelength. As is shown in Fig. 1(b), by scanning the
array elements at an angle of +20 degrees, we can see a maximum lobe in the radiation pattern at
an angle of -40°. Therefore, the magnitude of the GL at -40° degrees must be reduced. Therefore,

GL is eliminated by creating a null point at an angle of -40 degrees in the antenna radiation pattern.

I1l. SYNTHESIS NULL IN ELEMENT PATTERN

According to the theory, the general relationship of the antenna pattern is equal to the multiple of
a single element and an array factor in (3).
P.=P,xP, 3)
Where P, and P, are the radiation patterns of the array and the element pattern. Typically,
various methods are employed, including element amplitude and phase synthesis, the use of non-
uniform elements, and aperture in the array structure. However, another key point often ignored is
the element pattern. By adding null to the element pattern, we can achieve GL reduction.
In other words, one of the key parameters that affects the suppression of GL in total pattern

antennas is the element pattern. If the GL location matches the angle of the null element, it will

be removed from the entire pattern.

A. ELEMENT PATTERN
Fig. 2 shows the geometry of a TM, modes antenna, where the substrate is Rogers 5880
(permittivity: 2.2, loss tangent: 0.0009). For a TMm, mode, the electric field of a circular ring

patch antenna is given by (4)-(7) in cylindrical coordinates[22]:

Eg™ = J"Mh(kmna)ws(nm(e) )
Eg™ =" w Jn (k@) sin(n®) G, (6) (5)
E,(0) = Jn+1(koasing) +2]n_1(k_0 asin@) coso (6)
G,(0) = Jnt1(koasin6) ;]n_l(koasine) sinf @)

Where E is the amplitude constant, and F_ is the high-order mode resonance frequency, and

X’ is the nth root of the derivative of the bessel function of order m. First few zeros of J'n(x) are
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Fig. 1. (a) Geometry of a 20-element linear antenna array with element spacing
of d=ho,(b) appearance of the GL in the pattern

D
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Fig. 2. (a) Geometry of a circular slot antenna (b) array with element spacing of d= Ao

listed in the Table 1. The resonant frequency is given by (8):

Xn X C
—_mn- - 8
fun 2mR\/E, ®)

Due to the functional linearity, we can calculate the fields for each mode separately and then

collect them. Fig. 3 is the normalized radiation patterns of the TM,, and TM,, modes in a ring

(4]
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Fig. 3. Normalized radiation patterns (a) TM,, (b) TM,, (¢c) combined TM,, and TM,,
Table 1. First zeros of the derivatives of Bessel function (J_ (X))
f0=10GHz ™, ™, ™,,
X'nl 1.8412 3.0542 4.2012
R 0.29, 0.48 1, 0.66 &,

microstrip patch antenna. By designing the antenna in a higher-order mode, we have a steering
beam in the pattern. With combined TM,, and TM,, modes in Fig. 3(c), the beam of the ring

antenna steers at 20.56°.

B. STEERING ELEMENT PATTERN

The advantage of high-order mode excitation is its ability to steer the beam through synthesis of

phase and amplitude, and one of the important methods for appearing conical patterns is the use of
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Fig. 4. radiation patterns of (a) the even mode, (b) the odd mode, and (c) the mixed mode of an antenna

this method. In other words, by exciting two orthogonal modes simultaneously with a controlled
phase difference, the resulting radiation pattern can be steered. In (9) and (10), The total electric
field is the sum of the first- and second-order mode fields, with the amplitude and phase of each

mode relative to determining the scan angle.

Efotat = A1 + B3 = Aldl(%p)Eélcostl(G) + Az1)n ()% p) EZYF,(8) cos(20 + AQ) ©)
F(®) = Acos(@) + bcos(®@ + 90) = Acos(@) — Bsin(20) = (A — 2Bsin(®))cos (@) (10)
(11

Oy =t _1(3)
o — tan ”

The critical parameters, amplitude ratio and phase difference, affect beam steering in the
equ. (11). If the phase difference, the angle between two modes, equals 90°, a traveling wave
component can propagate inside the cavity. This traveling wave then rotates the asymmetrical
field distribution generated by the TM, mode. By electronically adjusting A¢ (for example, using
a phase shifter), you can cause this field distribution to rotate, steering the beam in azimuth. for
probing this subject, TM, has maxima at $=0 and ¢$=180 and TM, has maxima at ¢=0, $=90,
=180, and ¢=270. When we combine two modes with A¢=90, the azimuthal part of the total
field. by the amplitude ratio B/A, the steering angle 0, (elevation) is determined. The pattern of
the TM,, mode effects in cos(¢), and the term (A—2Bsin(¢)) creates an asymmetry by weakening
the field on one side (sin(¢)>0) and strengthening it on the opposite side (sin(¢)<0), therefore

steering the main lobe away from broadside.

C. CONTROLLING THE BEAM USING THE RATIO OF THE AMPLITUDE MODE

A new method, using a combination of two modes through equs. (12)-(14), allows us to change

the radiation direction of an antenna. As shown in Fig. 4, the radiation direction can be changed

~
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C

Fig. 5. Geometry of the element antenna (a) side view (b) top view

| [
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by combining two types of symmetrical modes (even and odd) [23].

Z ekt —7, _aE.e/*" (12)
f _ 0,2/ 4 _ 0,2 e . . ~ . ~
= —— X = —
E, 47Tk (#xd) yp k (sinfsin® £ —sinf cos@ )
f E, eJkr L L (13)
E, =Cy > [(—Zi sin @ sin @ sin (E cos 9)) + (—Zi sin 0 cos @ sin (E cos 9))]
Ef =E[ +E] = (14)
kL o o eikor gl .
(— ?Eo sin O cosOsinPe'” + Eesmesm@> Co X+ ( ?Eo sin 6 sinfcosPe*
ejkor
— E ysinBcosP)c, ¥
dP kL . 15
r = 0= la, sin® — iaysinBcosB|?.a, = 7Eoem.ae = E, (15)
dr
If o= 0
a
g =i-2 (16)
ae

According to the relationship (15) of average radiated power per unit solid angle,
I' = dP/dQ, when these two antenna radiation modes are combined in one antenna, the radiated
power per unit solid angle changes according to equ. (16). Where a_ and a_ are complex numbers
that indicate how much the even and odd symmetric modes are combined in the antenna. Therefore,
if the phase difference between the two modes is 90 degrees, the direction of radiation can be
controlled, and the radiation angle is determined by changing the amplitude of the two modes. As
shown in Fig. 5, the proposed antenna is dual-mode. Therefore, each mode is excited by a coaxial

cable, so the antenna element has two feeds.

D. EFFECT OF HIGH ORDER MODE ON CURRENT SURFACE ANTENNA

Utilizing the high-order mode antenna to enhance antenna performance affects the surface current
distribution. When an antenna is designed for a higher-order mode, the electrical length of the
antenna increases. For example, higher-order mode patch antennas suggest high gain due to their
increased size. The appearance of the S | in the radiation pattern and its reduction are important.

Therefore, one of the important problems in higher-order mode antennas is the appearance of the
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S,,- The current distribution is divided into three parts. In other words, we have two regions, in
phase and out of phase, on the surface of the antenna in Fig. 6. Currents in out-of-phase have an

opposite direction to in-phase currents. Thus, we have a null at 0° in the radiation pattern.

IV. SYNTHESIS NULL IN SUBARRAY PATTERN

As mentioned, a subarray is a group of antenna elements that includes elements within it.
Therefore, they are controlled together as a single unit, rather than independently. The synthesis
of a subarray antenna, which involves meeting specific requirements such as low SLLs and beam

steering, consists of designing elements grouped into subarrays for the synthesis pattern antenna.

A. ARRAY FACTOR FORMULATION
The equ. (17) array factor of a subarray antenna is a multiple of the subarray factor S (0,4) and
the full array factor S_(0,4). Suppose that the structure of the array consists of M subarrays and N

elements per subarray, then the subarray factor is given by (18-19):

AF(0,0) = Sp(6,0) x Ss(6,®) a7
) y (18)
AF(6,0) = W, () apefkidnye jkR.Dy

For a linear array along the x-axis with non-uniform subarrays:

) , (19)
AF(6,0) = Z Wmejk(n—l)stinB (Z anejk(m—l)dxsine)
m=1 n=1

Where W , a , D,, and d_are complex weights for the subarray, excitation for the full array,
subarray spacing, and spacing between every element within the subarray. For transmitting this

formulation to a matrix, it provides a rigorous mathematical framework for synthesizing the
radiation pattern of a subarray antenna.

B. MATRIX FORMULATION FOR SUBARRAY ANTENNA SYNTHESIS

Assume the linear subarray model is shown in Fig. 7(a) The antenna array is composed of M
subarrays, and there are four elements in every unit subarray. For the N element in the M subarray,
the phase delay is given by (20):

Phase delay = /" (Rm+mm) (20)

Therefore, the matrix formulations (21)-(23) are a weighted sum of subarray responses in the

model shown in Fig. 7.

©
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Fig. 6. Surface currents of patch antenna operating in TM, mode
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Fig. 7. (a) Linear M subarray antenna, (b) elements within every subarray

Sm(0’ ?) = [ejkf(Rm+r1)' ejkf'(Rm+r2)’ eJkF(Rm+13) ejkf'(Rm+rN)]T echN (21)

V..(6,0) = [e/KF(R), oJkP(R) ojkF(R:)  oikF(Ra)]T  cM (22)

AF = [W, Wy, .., Wy ] X Su1 SlN] X [ag, @z, e veen, ay]’ (23)
Su1 Snm

In Fig. 8 the radiation pattern of a subarray antenna with M subarrays and N inter-elements
within every subarray is shown. The excitation ratio and phase shift controls beam scan angle
and null position. With the scanning main beam at 20° in Fig. 8 (a), we can see the appearance
of the GL at -40°. To achieve GL reduction in the radiation pattern, the scanning pattern in the
subarray factor and element must match. When the circular ring patch antenna is excited in a
higher-order mode, it can scan the beam. As mentioned, adding null to the radiation pattern allows
us to omit the GL. In other words, the secondary major lobe appears around 6_ = -40°. As a result,
steering the null in the radiation pattern at -40° removes the GL in the total radiation pattern.

As shown in Fig. 8, the radiation pattern of the proposed subarray antenna reduced GLs. By
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utilizing the self-scanning and Optimization, the GL is reduced below -21.54 dB using dual-mode.
Therefore, excitation ratio selection at the element level controls beam tilt and nulls. Optimizing
the amplitudes of the subarrays (while maintaining the phase for beam steering) is a common
method to achieve low SLLs. Least squares optimization finds the best curve fit to your data by
minimizing the sum of squares of the difference between the observed and predicted values. For
example, assume a scatterplot of points is drawn, and a straight line is drawn through the middle
of these points. This line is where the sum of the squares’ areas drawn from the points to the line

is the smallest possible value. If the fitted line follows the equation (24):

Yy = Bo + Brx1 + Baxz + - Prxn (24)

In (25) matrix form equation for extracted variable of x too:
Ax=b (25)
A is am x n matrix, b is a mx1 vector of the observed outcomes, and x is a nx1 vector of the

unknown parameters. the f§ coefficients are determined by solved this equation. The goal is to find

the vector x, equs. (26)-(28), that minimizes the sum of squared residuals:

min|Ax — b| (26)
X
Equation (27) is the solution for the parameter vector x, Where x is our best estimate for the
parameters.
x = (ATA)"14Tb (27)

Because the magnitude of the S | is not valuable for Fig. 8(b), the goal is to find the complex
weights for elements a_and subarrays w_ that produce a radiation pattern AF(0,9) as close as

possible to a desired pattern F, . (0,¢). Choosing the effective weight means combining the

desired
weights for the subarray and element. We can achieve a better amplitude for the structure. Through
the method of the least-squares optimization[24], we can minimize the squared error between the
synthesized pattern and the desired pattern. We often need to control sidelobes.

n’}(ln”AX - FZJiSired ’ (28)

The basic cost function is through of equal (29) the Mean Squared Error (MSE) between the

synthesized and desired patterns:

K (29)
J(w,a) = Z |AF (B, k) — Faesirea (O Qk)lz
k=1
Expanded Form in equatin (30):
K | M N 2 (30)
](W’ a) - Z Z Wm (Z anejk fk(RmH”m)) - Fdesired (ek' (Z)k)
k=1Ilm=1 n=1

-
-
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As shown in Fig. 8(c), the magnitude of the GL and S, has been reduced by amplitude

optimization. The value of the GL at -40° decreases to -21.54dB, and S ,. The pattern with

<X

: 6.769
1745 ©

Normalized element pattern (dB)

Angle (deg)
(©)

Fig. 8. Normalize radiation pattern

a) subarray antenna b) total pattern c) optimization amplitude total pattern

Table 2. Comparison of proposed antenna with other works

Ref GL
[11] -16.2dB
[12] -17dB
[13] -20dB
[14] -22dB
[20] -20dB
(7] -16dB

This-work -21.54dB
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the subarray also improves sidelobes by -23.14 dB. Finally, Table 2 presents the results of the
proposed antenna and compares them with other references in terms of the GL. It can be seen that

the proposed subarray antenna is better than the antennas in the references.

V. CONCLUSION

Subarrays are a group of elements within an array that are useful for improving the performance
of an antenna. The main advantages of this technique are reduced complexity, Cost Efficiency,
and system flexibility. This research presents GL reduction for non-uniform linear subarrays using
high-order modes. Due to the GL, the undesirable lobes are in the visible region of the antenna, so
the main idea for suppressing them is to add a null at the GL angle, which decreases the magnitude
of the GL. GL occurs when the element spacing in an antenna exceeds a specific limit compared
to the wavelength of the signal. An important method for reducing grating lobes includes the
generation of nulls in the radiating pattern. As a result, the use of the characteristic mode method
in controlling the distribution of multiple currents in the higher-order mode is found to be very
effective in steering the radiation pattern. The proposed technique exhibits a simulated reduction

in the Grating lobe level by -21.54 dB.
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