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Abstract— An electronic-position synthesis technique in con-
junction with a partial amplitude-control synthesis technique is
employed in small-scale, equally spaced linear arrays to reduce
the side and minor lobe levels. The electronic-position synthesis
technique is made possible through the use of dual-mode antenna
elements, capable of electronically displacing their phase center
locations, and thus changing their relative coordinates within the
array configuration. This will result in electronically breaking
the periodicity of the array, and when combined with the
amplitude-tapered side elements, it will facilitate an unprece-
dented sidelobe reduction that is on par with the conventional
amplitude-control only such as Chebyshev. In the proposed
method, only the amplitude coefficients of selected side elements
need to be tapered using stepped functions. For the proof of
concept, three different case studies, consisting of 7-, 9-, and 11-
element linear arrays, will be investigated. To further validate the
results in practice, the nine-element antenna array is fabricated
and tested, whose full-wave simulated and measured results are
in good agreement.

Index Terms— Amplitude-control, electronic position-control,
phased array antennas, sidelobe levels (SLLs).

I. INTRODUCTION

HASED array antennas have been instrumental in

advancing state-of-the-art technologies in a variety of
applications ranging from remote sensing, navigation, biomed-
ical imaging, and smart cities to homeland security systems,
due to their appealing capabilities of realizing unique radiation
characteristics such as beam scanning, sidelobe level (SLL)
control, and many more [1]. Different synthesis techniques,
mainly based on amplitude-, phase-, and position control, or
a combination of these, have been reported in the literature.
For instance, the SLLs can be primarily controlled using the
amplitude-control synthesis technique such as Binomial [2],
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Dolph-Chebyshev [3], and Taylor methods [4], [5] in equally
spaced array antennas. The SLLs can also be controlled by the
phase-only synthesis technique [6], [7], [8] and the combined
phase- and amplitude-synthesis technique [9], [10], [11], [12],
[13], [14], [15], [16]. However, they do require specific phase
shifters, which will restrict the main beam scanning capabil-
ity of phased array antennas. Harrington [17] proposed the
position-control synthesis technique in uniformly excited array
antennas by physically changing the interelement spacing,
which was further investigated in [19], [20], [21], [22], [23],
[24], [25], [26], [27], and [28]. A vast variety of evolutionary
algorithms, such as genetic algorithm (GA), particle swarm
optimization (PSO), and differential evolution (DE), were
developed to optimize the element positions and excitation
coefficients [29], [30], [31], [32], [33], [34], [35], [36], [37],
[38], [39], [40], [41], [42], [43], mainly for SLL reduction
purposes. However, for a given criterion, it was required either
to turn off different elements in large arrays or physically move
the base elements of the array to predetermined positions,
making the overall system rigid and expensive in practice.
To mitigate this, a novel technique of electronically changing
the relative coordinate of each element by displacing the
phase center locations of dual-mode antenna elements [44]
in linear array antennas was proposed by the authors in [45]
and [46] to modify the radiation pattern without any physical
displacement. When combined with the array thinning in large
linear array antennas, it was shown that one could achieve
SLLs as low as —21 dB. However, in small linear array
antennas, about 4-5 dB SLL reduction is achievable using the
electronic position-control synthesis technique only and array
thinning is not quite feasible.

Herein, to further suppress the side and minor lobe levels,
the electronic-position control synthesis technique is combined
with the partial amplitude-control method such that the ampli-
tude distribution of the side elements only is tapered to form a
symmetric stepped function. The preliminary analytical results
for a seven-element linear array [47] were recently presented
at the 2022 IEEE International Symposium on Phased Array
Systems and Technology. Herein, the proposed concept is fur-
ther explored in 9- and 11-element equally spaced, linear array
antennas with different percentages of tapered side elements to
realize unprecedented SLL reductions that are comparable to
conventional Chebyshev distributions. To further validate the
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results of the proposed method in practice, the nine-element
array was fabricated and successfully tested.

II. ELECTRONIC POSITION CONTROL TECHNIQUE AND
ARRAY FORMULATION

The underlying principle of the electronic position control
technique is established by the authors in [45] and herein it
is briefly reviewed. It is known that the phase center location
of a single-mode circular patch antenna is coincident with its
physical center. Interestingly, when two or multiple modes are
simultaneously excited with proper phase shifts, its effective
phase center can be displaced from its physical center. When
this intriguing property is utilized in an array context, the
relative coordinates of its base elements can be electronically
changed, which is the basis of the electronic position control
technique. To make the constituent elements of the arrays as
compact as possible, the first two transverse magnetic (TM)
modes of circular microstrip patch antennas are employed,
namely, the TM;; and TM;; modes. The 8-component of the
radiation function of an x-polarized TM;; mode is governed
by

Juu = —jlo(aru) — Jr(aru)] cos ¢ (D

where u = k, sin 0, k, is the wavenumber, a; is the radius
of the TM;; patch, and J, is the Bessel function of the first
kind and order n. As for the x-polarized TM;; mode, the 6-
component of its radiation function is expressed by

far = i(aau) — Js(aru)] cos 2¢ 2

where a, is the radius of the TM;; patch. Combining these
two modes yields the following element pattern, electronically
facilitating the phase center displacement away from the
physical center of the patch

| =—J{lJo(au) — Jr(aju)]cos ¢
+ jAulJi(axu) — J3(azu)]cos 29} (3)

where A; is a complex number describing the magnitude and
phase relationship between the two modes, called the mode
content factor. As described in [44], [45], and [46], this mode
content factor can be used to control the displacement of the
phase center of the sum of the two modes. This is done by
selecting the ratio of magnitudes | A,;| and the phase difference
between the modes o), which are components of the mode
content factor given by

Az = |Azi|Layy. €]

These dual-mode antennas, called electronically displaced
phase center antennas (E-DPCA), can be used as the basis for a
linear array in which their relative coordinates within the array
configuration can be electronically changed by displacing their
phase centers along the axis of the array. A diagram of the
general case of this array is depicted in Fig. 1, where the
phase center of each element is shown as an “eye” displaced
from the element’s physical center. These “eyes” are displaced
to form a symmetrical, electronically aperiodic array, with the
blue “eyes” and green “eyes” representing in- and out-of-phase
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Fig. 1. Structure of the (2M + 1)-element E-DPCA array whose elements are
physically placed 0.74,; the phase center locations are marked with colored
eye symbols in black, blue, and green, respectively, indicating that the phase
center is moved to the center, right, and left of the base element.

excitations, respectively, of the two modes. The E-DPCA
technique is equally applicable to odd and even numbers
of elements. In this article, without the loss of generality,
odd-numbered arrays with the number of elements of N =
2M + 1 are studied.

Based on the array multiplication rule [1], the total radiation
pattern of the array is equal to the product of the element pat-
tern and the array factor, which will be presented throughout
this article. Therefore, for the (2M + 1)-element EDPA array,
shown in Fig. 1, assuming that the array has right-left sym-
metry in terms of the electronic position of its base elements,
as well as the magnitude excitation coefficients, denoted by
C,,, the O-component of the array radiation function can be
expressed by

M
F=Cofy1+2 Cul fi1cos(mX) + jAy(m) fo sin(mX)]

m=1
(%)

where X = kdsinf cos¢, taking into account the phase
delay caused by the element placement along the x-axis with
reference to the coordinate origin, and d is the physical spacing
between the elements. To avoid having grating lobes and keep
the mutual coupling between the elements below the —10 dB
level, the element spacing is selected as 0.74,,, where A, is the
free-space wavelength at 10 GHz.

The built-in GA in MATLAB is used to determine the
optimal mode content factors and amplitude weighting of these
linear arrays. To keep the broadside shape of the element
patterns, the upper limit of the magnitude of the mode content
factors was set to unity. The phase shift of either 0° or 180°
is applied between the modes to maximize the phase center
displacement of the elements. To progress toward the optimal
values, the following fitness function is defined such that the
first null beamwidth (FNBW) of the E-DPCA plus partial
amplitude tapered array is as close as possible to that of its
counterpart Chebyshev array for a given desired SLL

FFga = 10(JSLL — SLLcpep|) + (e™NBWFNBWawl _ 1) (6)

where SLLcpe, and FNBWcye, are the SLL and FNBW of
the counterpart Chebyshev array consisting of conventional
single-mode elements, respectively.

ITI. ANALYTICAL RESULTS OF LINEAR ARRAYS
A. Seven-Element Array

In addition to the electronic position control from the
E-DPCA method, further side and minor lobe suppression can
be achieved by applying amplitude tapers to the edge elements
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Fig. 2. Normalized radiation patterns of the equally spaced uniform and

conventional —25 dB Chebyshev of single-mode elements, as well as the
E-DPCA seven-element linear arrays with M = 3 in Fig. 1.

1 T T T T
! Jies \"m\ !
: //‘ N, '
0.8 - g N, 1
: // AN !
(] l/ * 1
S o6 1 y N1 E
= Val S
4 L
< 04 2 \,
= = =Uniform Array
o2t | |7 25dB Chebyschev
) E-DPCA + 29% Taper
® Physical Element Position
0 L *— o * *——o :
-3 -2 -1 0 1 2 3

Element Position (AO)

Fig. 3. Comparison of amplitude coefficients for the uniform, —25 dB
Chebyshev, and E-DPCA with 29% edge taper case in the seven-element
array.

of the array. In the seven-element array, we consider the case
in which the two edge elements, one on each side, are engaged,
which is 29% of the elements in the array. By tapering these
elements, an SLL of —25 dB can be obtained, which is
an improvement of 12 dB over the uniformly excited array.
It should be noted that with the E-DPCA technique alone in
such a small array only about 5 dB SLL reduction would
be achieved, as reported in [46]. As opposed to conventional
Chebyshev arrays, which require heavily tapered amplitude
coefficients applied to all elements, in the proposed concept,
only a fraction of the elements are tapered while the results
are quite comparable to the traditional SLL synthesis technique
without further broadening the FNBWs or compromising the
directivity. This signifies the advantage of the proposed partial
amplitude, electronic-position control method. The normalized
radiation pattern given by the partial amplitude-controlled E-
DPCA method is displayed in Fig. 2 and compared to the
—25 dB Chebyshev array as well as the uniformly excited,
equally spaced array.

The amplitude excitations for the partial
amplitude-controlled array are shown in Fig. 3 in comparison
to the uniformly excited case and a standard —25 dB
Chebyshev distribution. It is worth noting that the —25 dB
SLL is achieved without having to use the heavily tapered
coefficients of the —25 dB Chebyshev array counterpart.

The mode content factors are enumerated in Table 1. Since
in these cases, we limit oy to either 0° or 180°, we list a real-
valued A,; in which a negative value indicates a shift of the
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TABLE I
MODE CONTENT FACTORS FOR THE SEVEN-ELEMENT ARRAY

Element Ay
1 -0.91
2 -0.13
3 0.89

TABLE I
MODE CONTENT FACTORS FOR THE NINE-ELEMENT ARRAYS

Element | A, for Ay for Ay, for
22% tapered | 44% tapered | 67% tapered
1 -0.63 -0.66 -0.72
2 -0.86 -0.49 -0.62
3 -0.49 0.26 0.09
4 0.97 0.56 0.41

phase center in the —x direction and a positive value indicates
a shift in the +x direction.

Based on the results plotted in Fig. 2, it is clear that
with the reduced SLL, the FNBW of the proposed array
increases compared to the uniformly excited, equally spaced
array leading to the directivity drop which inevitably occurs in
array antennas with reduced SLLs. The extreme case would
be that of the binomial array producing the broadest main
beam with no sidelobes when the element spacing is equal
to or less than half a wavelength [1]. Interestingly, the beam
broadening factor of the proposed array is on par with the
—25 dB Chebyshev array counterpart. Further details on the
peak directivity, SLLs, and FNBWs of these arrays will be
provided for different case studies at the end of Section III.

B. Nine-Element Array

The next set of cases is those of a nine-element array with
0.7A, spacing. We again consider the case in which two ele-
ments (22%) are engaged with amplitude tapering to achieve
an SLL of —20 dB. Additionally, having more elements in the
array, further partial amplitude tapering is carried out through
the cases of four edge elements (44%) and six edge elements
(67%) leading to the realization of —25 and —30 dB of SLLs,
respectively. The corresponding total radiation patterns are
plotted in Fig. 4 and compared to their uniform and Chebyshev
array counterparts consisting of single-mode elements. The
amplitude excitations for the nine-element array cases are
shown in Fig. 5. The corresponding mode content factors are
listed in Table II. Their radiation characteristics will be further
addressed.

C. Eleven-Element

Finally, the set of 11-element array cases is considered with
the same 0.7A, spacing. Using two engaged edge elements
(18%), we can again achieve an SLL of —20 dB. Engaging
four edge elements (36%) yields an SLL of —25 dB, and six
edge elements (54%) give —30 dB of SLL; all of these results
are plotted in Fig. 6 and compared to the uniform, equally
spaced, and their counterpart Chebyshev arrays. As observed,
the proposed array enables the same SLL reductions as its
equivalent Chebyshev, without having to heavily taper the
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Fig. 4. Normalized radiation patterns of the nine-element linear arrays for the
equally spaced uniform and conventional —30 dB Chebyshev of single-mode
elements, as well as the E-DPCA arrays with (a) two edge elements, (b) four
edge elements, and (c) six edge elements tapered.

TABLE III
MODE CONTENT FACTORS FOR THE 11-ELEMENT ARRAYS
Element | A, for A, for A, for
18% tapered | 36% tapered | 54% tapered
1 -1.00 -0.92 -0.42
2 -1.00 -0.86 -0.13
3 0.99 -0.15 -0.52
4 0.68 0.74 0.66
5 1.00 0.63 0.33

amplitude distribution of all the elements. For further clar-
ification, the amplitude distributions for the aforementioned
11-element array cases are overlaid in Fig. 7. For the pro-
posed E-DPCA plus partial amplitude control method, the
corresponding mode content factors are listed in Table III for
different percentiles of tapered elements.

It is instructive to further investigate the radiation charac-
teristics of the presented linear arrays with different cases
in terms of peak directivity, SLL, and FNBW. These are
all listed in Table IV for the 7-, 9-, and 11-element arrays,
comparing their performances in equally spaced, E-DPCA
only, counterpart Chebyshev, and the proposed E-DPCA plus
partially amplitude tapered arrays. As observed, the directivity
and FNBWs of the proposed E-DPCA plus partially amplitude
tapered array are almost the same as its respective Chebyshev
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Fig. 5.  Amplitude coefficients for the uniform, Chebyshev, and E-DPCA
with edge taper cases in the nine-element array for (a) two edge elements,
(b) four edge elements, and (c) six edge elements tapered.

TABLE IV

COMPARISON OF DIRECTIVITY, SLL, AND FNBWS OF THE 7-, 9-, AND 11-
ELEMENT ARRAYS WITH DIFFERENT CASE STUDIES

Arrays Directivity SLL FNBW
(dBi) (dB)
Equally-Spaced 16.6 -13 24.4°
7- E-DPCA only 16.2 -17.7 | 2440
element "E"SBCA T 29% tapered 16.0 25 32°
-25dB Chebyshev 16.1 225 32°
Equally-Spaced 17.6 -13 18°
9- E-DPCA only 16.8 -17.8 18°
element "E'BPCA + 67% tapered 163 30 27.2°
-30dB Chebyshev 16.4 -30 27.2°
Equally-Spaced 18.9 -13 15°
11- E-DPCA only 16.8 -17.8 15°
element ["EDPCA + 54% tapered 17 30.1 23°
-30dB Chebyshev 17.4 -30 22.4°

array, while a substantial SLL reduction is made possible using
the proposed technique by amplitude tapering a lesser fraction
of the elements.

IV. MEASURED RESULTS

To validate the results, the fabricated nine-element array
in [46] was utilized, consisting of concentric circular and
annular ring patches [48], exciting the TM;; and TMjy,;
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Fig. 6. Normalized radiation patterns of the 11-element linear arrays for the
equally spaced uniform and Chebyshev of single-mode elements, as well as
the E-DPCA with (a) two edge elements, (b) four edge elements, and (c) six
edge elements tapered.

TABLE V

COMPARISON WITH PHASE-ONLY SIDELOBE
SUPPRESSION TECHNIQUE [7]

Method Used Number of | Linear Array | Maximum
Elements LengthinA, | SLL indB

Phase-only [7] 20 9.5 -15.8
80 39.5 -20.1
500 249.5 -25.4

The proposed

combined electronic 7 4.2 -25

position- and partial

amplitude control 9 5.6 30

technique

modes, respectively, designed at 10 GHz. The TM;; mode is
excited in the central disk patch with a radius of 4.16 mm,
while the TM;; mode is produced in the concentric ring with
inner and outer radii of 4.9 and 9.751 mm, respectively. The
detailed description of the array structure and the elements
is provided in [46] and thus is omitted here for brevity. The
array prototype was measured in the spherical near-field
anechoic chamber at the University of Alabama in Huntsville
(UAH) as seen in Fig. 8.

The array radiation patterns were computed using the
well-established “active element pattern” technique described
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Fig. 7. Amplitude coefficients for the uniform, Chebyshev, and E-DPCA
with edge taper cases in the 11-element array for (a) two edge elements,
(b) four edge elements, and (c) six edge elements tapered.

'

-

Fig. 8. Nine-element linear E-DPCA array prototype under test in UAH’s
near-field anechoic chamber.

in [49] and [50]. Based on this technique, the active radiation
patterns of the center and edge elements of the nine-element
array were measured while terminating all other elements with
50 Q2 loads. As such, for the proposed dual-mode array, the
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Fig. 9. Normalized radiation patterns for the nine-element linear array in

the cases with (a) equally spaced (b) equally spaced with four-element edge

taper, and (c) E-DPCA with four-element edge taper.

active radiation patterns of the individual TM;; and TM;,

modes were measured separately in UAH’s

anechoic chamber

and the total radiation patterns of the array were then computed
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For the central element, only the TM;; mode is excited. For the edge element,

both the TM; and TM,; modes are excited.
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according to the excitation coefficients of the array and the
mode content factors of the dual-mode base elements for the
three different cases, including the uniformly excited, equally
spaced array, the edge-tapered equally spaced array, and the
proposed E-DPCA plus edge tapered array. The normalized
radiation patterns for the three cases were measured using
this setup in comparison to the full-wave simulated results.
Fig. 9(a) gives the equally spaced pattern, where the SLL
is quite high and close to —15 dB. Fig. 9(b) shows the
equally spaced array with four edge elements tapered, in which
the SLL has lowered by 3 dB. The combined effect of
using edge tapering and the proposed E-DPCA technique is
displayed in Fig. 9(c), where a —25 dB SLL is achieved,
resulting in a 10 dB SLL reduction compared to the uniformly
excited, equally spaced array. The measured results show

Simulated g

-50

-0 -TM11 to TM21 (Individual)

—=—TM,, to TM_, (Adjacent)

- TM11 to TM21 (Adjacent)
oy - TM21 to TM21 (Adjacent)

Measured
N,

N |= = =TM , to TM,, (Individual)
TM11 to TM11 (Adjacent)
_____ TM11 to TM21 (Adjacent)
TM21 to TM21 (Adjacent)

9.5

9.6 9.7 9.8 9.9 10

10.1 102 103 104 105

Frequency (GHz)

Fig. 12. Simulated and measured mutual coupling between modes within an
element and between adjacent elements in the nine-element linear array.

good agreement with the simulation and combining these two
approaches enables a —25 dB SLL.

The passive VSWRs of center and edge elements in this
array were also measured and are presented in Fig. 10. For
center elements, the measured 2:1 VSWR bandwidth (BW) is
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0.3 GHz (3% fractional BW) for the TM; mode and 0.2 GHz
(2% fractional BW) for the TM,; mode. For edge elements,
these BWs are 0.3 GHz (3% fractional BW) for TM;; and
0.32 GHz (3.2% fractional BW) for TM,;. The active VSWRs
are plotted in Fig. 11 using only the TM;; mode for the center
element and both modes for the edge element. This resulted
in a 2:1 active VSWR BW of 0.2 GHz or 2% fractional BW,
in the worst case.

Several instances of mutual coupling were also considered
for this array: the mutual coupling between the TM;; and
TM,; ports within one element and the mutual coupling
between each port of adjacent elements. These results are
summarized in Fig. 12, showing less than —10 dB of mutual
coupling in the worst case.

V. CONCLUSION

This article has investigated the use of electronic positional
control with amplitude tapering in selected elements for side
and minor lobe reductions. Small linear arrays of 7-, 9-,
and 11-elements were studied with varying partial amplitude
control. The mode content factors and amplitude tapers were
optimized for these cases. The nine-element case with four
tapered edge elements was measured to validate this technique,
and good agreement was found with the simulation. Edge
tapering in conjunction with the E-DPCA had a significant
effect on lowering the sidelobes. As an illustration of this
method’s effectiveness for small arrays in comparison with
other methods, the results of the phase-only sidelobe suppres-
sion method from [7] on linear arrays are given in Table V.
The impressive SLL characteristics of the combined E-DPCA
and edge tapering technique for small arrays is then made
clear.
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