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Abstract

When dealing with the synthesis sub-arrayed array anterthagpphase control, necessary for beam steering purposeec
also exploited to reduce the undesired secondary lobegddnsthe periodic spatial distribution of the amplitude iet@ons on
the aperture when contiguous and identical sub-arrays sed.un order to determine the phase values of the array elsnfier
a fixed sub-array amplitude weighting, the iterative prtggt method is adopted. Some representative results arenstioassess
the effectiveness of the method.

Index Terms

Sub-arrayed array antennas, lterative Projection MetRbdise control.

|. INTRODUCTION

The use of contiguous sub-arrays is a well-known techniqueetiuce the number of control elements in large array
antennas when constrained feed networks are adopted thpo#dh homogeneous sub-arrays significantly simplify thtena
manufacturing with a reduction of the costs, the resultimgyaarrangement is characterized by undesired secondbsslin
the pattern region close to the main beam.

To avoid this drawback, different techniques aimed at birepthe periodicity of the aperture illumination have beeogmnsed
in the literature. For example, overlapped sub-arrays leeen considered in [2] to generate low sidelobes. The sarakehgs
been yielded in [3] by means of sub-array amplitude tapenvigle the size of the sub-arrays has been optimized in [4]. O
the other hand, the joint optimization of the sub-array siaed weights has been considered in [5]. In regard to planays
various methods based on the sub-array rotation [6], theotiseperiodically spaced sub-arrays [7], and a tiling smgtwith
sub-arrays of different shapes [8] have been presented.

In this letter, a technique based on the optimization of thasps of the array elements is considered to reduce the peak
sidelobe level when amplitude weighting the sub-arraygp@ince each element of the array has a phase shifter tocslmetly
steer the beam pattern towards a desired direction, the ghiase terms can be profitably used low sidelobes thus agpidin
additional hardware and costs. The proposed approach hseietative projection method PM), also called intersection
approach [9], to find the phase values through an alternatiegiion of the illumination function on the aperture to tlae-
field pattern and vice versa, until the distance between theahpattern and the desired one does not exceed a numerical
convergence threshold.

The paper is organized as follows. The synthesis problemath@ematically formulated in Sect. Il where the procedurdtie
elements phase control is also described. The results foome sepresentative experiments are reported and discirsSzt.

Il to demonstrate the effectiveness of the proposed methwdntually, some conclusions are drawn and future devedoys
are envisaged (Sect. 1V).

Il. MATHEMATICAL FORMULATION

Let us consider a linear array dV = S x M, equally-spaced elements placed along thexis. The array elements
are grouped intoS uniform sub-arrays. Each sub-array has the same numberuofesits,M,, and theg-th sub-array has
an amplitude weightw,, ¢ = 1,...,.S. A phase shifter is located at the input port of each radigtiement as shown in
Fig. 1. The effective (complex) excitations are supposetidssymmetric with respect to the physical center of the argen



Fig. 1. Array Architecture Geometry - Example of a uniform sub-arrayed linear array antenna.

A={an=0a_n; an=Ane;n=1,..,N}, beingN = Q x M, andQ = %. It is worth noticing thatd,, = w, if the n-th
element belongs to theth sub-array. Accordingly, the array factor is given by

Q qaM,
AF () =2 Z Wq Z e"mcos {kzmcos (0)} 1)
q=1 m=(q—1)Mg+1

wherek = 2% is the free-space wave numbey, = d [22=1] denotes the element location with respect to the physicekce
of the antennad is the inter-element spacing, afids the angular rotation with respect to the boresight diosct

For fixed sub-array amplitude weights (i.ev, = w4, ¢ = 1,...,Q), (1) can be optimized by properly modifying the phase
values of the array elemengs,, n = 1,..., N. Because of the symmetry, only half of the elements are ¥ebin the synthesis
process. Towards this end, tHé’M [9] is adopted. As a matter of fact, thePM is an effective technique based on an
iterative sequence of projections through Fourier tramsédions between the space of the array excitati8Asand that of
far-field patternsS4%. The spaces“” is defined as follows:

SAF — [AF (0) : LM (§) < |AF (0)] <UM ()} )

whereUM (0) and LM () are an upper mask and a lower one, respectively, defined owidfi#e region of the antenna
6 € [—90°;90°]. As far as the space of the element excitations is concethedamplitude coefficients are constrained to the
values of the sub-array weighi,. On the other hand, the element phases are unconstrainattmgsabelonging to the range
on € [-m7|, n = 1,..., N. As for the phase control of sub-arrayed antennas,/th@/ works according to the following
procedure:

o Step O - Initialization. At the first iteration { = 0), the phase values of the array elements are set,te- 0, n =1, ..., N,
while their amplitudes 4,,, n = 1, ..., N) are assumed to be equal to the corresponding sub-arrayitadgeights,
Ay =bg, m € [(q— )M, +1; ¢M], ¢ =1,...,Q;

o Step 1 - Pattern Generation. The array factorAF() (§) is computed as the Fourier transform of the current set of
excitationsA:

« Step 2 - Projection on to Patterns Space. The solutionAF(?) (6) is projected onto the closest point /" by imposing
AF® (0) = UM (0) it AF® (0) > UM () and AF® () = LM (9) if AF® (9) < LM (0) to obtain a projected
solution AFI(JI)% (6) belonging toS4%;

« Step 3 - Fitness Evaluation. The distance betweeAF () (6) and its projectionﬁlFS}% (9) is computed

ool -|astol|

@ — (@) =
() [4F@ @)

o Step 4 - Convergence Check. The algorithm is stopped when either a maximum number odti@ns/ or the value of the
cost function¥(? is smaller than a user-defined threshad@id*. Accordingly, A°?* = A and AF°rt () = AF® ().
Otherwise, go to Step 5;
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Fig. 2. Experiment 1 (N = 128, Q = 4) - Beam patterns synthesized with/{\/) and without phase controNPC).

TABLE |
Experiment 1 (N = 128, @ = 4) - PERFORMANCE INDEXES

| Approach | NPC'| IPM |
SLL[dB] | =251 —29.2
Dipoe [dB] | 20.3 20.1
BW [deg] | 1.01 1.05

nr 0.843 0.785

. Step 5 - Projection on to Excitations Space. The iteration index is updated— i + 1, and a new set of excitation$”)
is derived through the inverse Fourier transformmlggl) (9) while keeping constant the array amplitudes. Go to Step
1.

IIl. NUMERICAL RESULTS

To demonstrate the effectiveness of the exploitation of ghase control, some preliminary results concerned with the
synthesis of pencil beams are shown and discussed, in a catwpafashion, with standard solutions. As an additional
comment, it is worth noting that although the L2 pattern appnation of an optimal pencil beam can be computed using
pure real excitations (under the considered symmetry caings), complex excitations are looked for in this caseesithe
approach is aimed at fitting user-defined fixed constraints.

The first experiment considers a uniform linear array havivig= 128 elements equally spaced df= \/2. According
to the sub-array strategy, the array is partitioned isto= 8 uniform and contiguous sub-arrays with a Taylor tapering
(SLL = -30dB, m = 4) [10] at the sub-array output ports. In such an example, fiténization of the element phases is
aimed at synthesizing a beam pattern with Z lower than that without phase control (calls@tic mode). To this purpose,
the maskd/ M (6) and LM (9) were set to obtain a pattern with exponentially decreasitelabes and maximuriL L equal
to —30dB, while maintaining the same beamwidBIV = 1 [deg] of the amplitude-only sub-array tapering. Th& M was
run for a maximum ofl = 5000 iterations and the threshold on the cost function has beed fia ¥ = 10710,

The optimized solution obtained afte= 212.1 [sec] on al.7 GHz PC with M B of RAM has a cost function value equal
to WoPt = 1.36 x 10~%. For comparison, the directivity patterns of the solutieyathesized with {P)M/) and without phase
control (NPC) are shown in Fig. 2. From the analysis of the values of théepatindexes in Tab. I, it is worth pointing
out that the highest secondary lobes close to the main lobaetuced by more thandB (SLLNPC = —25.1dB vs.
SLL'PM = —29.2 dB), while maintaining a close and high value of directivitgrad the boresight directiodY ’¢ = 20.3 dB
and DIPM = 20.1dB). As far as the array efficiency is concerned [1], it turns that nZ”M = 0.785 andnN ¢ = 0.843.

max
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Fig. 3. Experiment 1 (N = 128, Q = 4) - Plots of the amplitude and phase values of the elementatixcis.
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Fig. 4. Experiment 1 (N = 128, Q = 4) - Behavior of the cost function through the optimizatiorogess performed by means of thé M.

Figure 3 gives a representation of the synthesized elemxeithgons. For the sake of completeness, the plot of thefoostion
during the optimization process is shown in Fig. 4. As it candbserved, the cost function value only marginally de@eas
afteri = 2000. Therefore, the use of a termination criterion, insteadhat described at Step 4, based on the stationariness of
the cost function could further improve the efficiency of thei/.

The second experiment is concerned with the optimizatica srhaller array and is aimed at evaluating the impact of tgavin
a reduced number of degree of freedom (i.e., control elesngntn = 1, ..., N) in the synthesis problem at hand. Towards this
purpose, a uniform array ¥ = 32 elements and inter-element spacing equal te \/2 is taken into account. Eight elements
are assigned to each of tite= 4 identical sub-arrays, which characterize the constrafeed network at hand. Likewise the
previous test case, the sub-array weights ¢ = 1, ...,.S, have been computed by sampling of the Taylor distributioti w
SLL = —-30dB andn = 2 [10] such thatw; = w4 andwy = w3 in order to deal with an array made of two identical halves.

As far as thel PM is concerned, the time required to get the final solution feentequal ta = 151.3 [sec]. The optimized
values of the array excitations are shown in Fig. 5. Such atisol has a fitness value equal ¥?* = 3.48 x 1071° and
the corresponding pattern is shown in Fig. 6. For comparfaaposes, the pattern generated without phase control alyd o
with real excitations is shown, as well. As expected, theaecbment in terms of LL reduction is lower than that gained
in the previous experiment because of the smaller numbeontral elements (i.e., degrees of freedom). Table 1l shdwes t
IPM pattern has & dB reduction in sidelobe level countered by & dB reduction in directivity. Despite the small number
of sub-arrays @ = 2), these results further confirm the effectiveness of thegpsed method in designing array antennas with
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Fig. 5. Experiment 2 (N = 32, @Q = 2) - Plots of the amplitude and phase values of the elementagioris.
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Fig. 6. Experiment 2 (N = 32, @Q = 2) - Beam patterns synthesized with/{)/) and without phase controlNPC).

simple feed network architectures and enhanced perforesaimcterms ofSL L reduction.

Finally, because of the reduced number of elements, letassa@mpute the rootg,, £ = 1,..., N — 1, of the polynomials
characterizing the array factors of the two patterns of BigThe realRe () and imaginarym (i) parts of these roots
are shown in Fig. 7. It is interesting to observe that saMEC roots are shifted outside the unit circle to synthesize an
1PM pattern with lower secondary lobes. The plot of theM pattern (Fig. 6 - dashed line) has a reduced number of nulls
compared to those of th& PC' curve. Consequently, it turns out that, as a side effectomldl be more difficult to locate a
suitable null along an arbitrary angular direction, whilaintaining a lowSLL, by using a phase-only control strategy [11].

IV. CONCLUSIONS

In this letter, the element phases are optimized to redueeniiximum sidelobe level of linear arrays with amplitudeetap
at the sub-array ports. In order to break the periodic belrani the array excitations, the control of the phases of thaya
elements has been profitably exploited taking into accduait phase shifters are usually present in the feed netwosketer
the beam pattern. As a matter of fact, controlling the pha$déke array elements provides additional degrees of freefiy
the array synthesis problem for optimizing either the streyaweights and/or the antenna geometry. Preliminaryltefiave
been reported to show the efficiency of the proposed approach



TABLE I
Experiment 2 (N = 32, Q = 2) - PERFORMANCE INDEXES

| Approach | NPC'| IPM|

SLL [dB] | —186 | —21.7
Dimae [AB] | 144 | 13.9
BW [deg] 3.85 4.20
nr 0.863 0.766
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Fig. 7. Experiment 2 (N = 32, Q = 2) - Real [Re (¢x)] and imaginary [m (v1,)] parts of the roots of the polynomial of the array factor.

Further researches will be devoted to extend the propospobagh to the synthesis of shaped beam arrays as well as to
assess its feasibility and efficiency in radar applications
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