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Synthesis of Optimal 5G Array Layouts With

Wide-Angle Scanning and Zooming Ability for

Efficient Link Setup and High-QoS Communication
Yanki Aslan , Graduate Student Member, IEEE, Antoine Roederer, Life Fellow, IEEE,

and Alexander Yarovoy, Fellow, IEEE

Abstract—An irregular antenna synthesis technique with jointly
optimized array subset layouts has been proposed for efficient beam
setup and reliable communication in 5G. The proposed approach
addresses both the electromagnetic and thermal challenges in 5G
arrays by integrating zooming and wide-angle scanning function-
ality into interleaved-shared layout aperiodic arrays with low side
lobes. The effectiveness of the proposed method is demonstrated
via simulations by using a 64-element array and its smartly thinned
subsets.

Index Terms—Antenna pattern synthesis, aperiodic array,
beamwidth control, convex optimization, reconfigurable antenna.

I. INTRODUCTION

T
HE introduction of the next-generation communication
network, with the potential use of the millimeter-wave

(mm-wave) frequencies for high-throughput, brings up many
severe system challenges including, but not limited to, the
increased product cost, implementation complexity, processing
burden, and heat generation [1]. Although it is foreseen that
digital beamforming solutions will prevail in the future due to
their ability to provide the most flexible, accurate, and versatile
performance, currently, the industrial baseline for beamforming
in 5G antennas are mostly based on analog architectures that can
generate a single beam at a time [2].

In such systems, it is necessary to (dynamically) determine
the best (in terms of the signal-to-interference ratio) transmit
and receive beam pairs between the base station and each user
for a reliable multiuser communication [3]. If narrow and highly
directive beams are used both at the transmit and receive sides,
the system suffers from the large beam setup time and possible
dramatic gain reduction due to slight beam misalignment [4].
Therefore, in the existing mm-wave standards (such as IEEE
802.15.3c [5] and IEEE 802.11ad [6]), multilevel beamform-
ing procedures have been proposed. In these procedures, first,
a transmitter and receiver find their best pairs using a wide
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(sectoral) beam, then, they narrow down their beamwidths grad-
ually to a high-resolution pencil beam. The proposed adaptive
beamwidth approach was also proven to be very efficient for
the link setup in the current phase of the 5G systems [7].
Other works have proposed adaptive beamwidth control for
effective user tracking in high-mobility scenarios [8] and for
throughput improvement via increased spatial multiplexing or
better diversity in multiple-input–multiple-output systems [9].

It is worth mentioning here that according to the beamwidth
(and depending on the cell size), it might be necessary to adjust
the input power to satisfy the demanding 5G mm-wave link
budget requirements. Additionally, in 5G, it is desired, for each
beam with a different resolution, to have a wide-angle scanning
capability with low sidelobe levels (SLLs) in order to ensure a
high quality-of-service (QoS) in the statistical sense [1].

A similar problem arises in satellite communication appli-
cations where multiple steerable (but in a very limited field-
of-view when compared to 5G) and possibly reconfigurable
(i.e., capable of switching between a set of beam shapes, creat-
ing zoomable beams, etc.) array antennas are aimed for high
data rate flexible multispot coverage, together with low-rate
broadcasting [10], [11]. Therefore, many pattern reconfigurable
array synthesis techniques have been proposed in the literature
and exploited particularly in arrays for satellite communica-
tions. These techniques include adaptively thinned [12]–[14]
and interleaved/interleaved-shared arrays [15], together with
phase-only (with/without amplitude tapering) [10], [16]–[18],
position-phase [19], position-amplitude [11], amplitude-phase
[20], or position-amplitude-phase [21] control.

Despite the variety of the design methods, currently proposed
satellite antenna solutions have drawbacks in terms of the system
cost, complexity (regarding the number of active antenna ele-
ments, beamforming architectures, signal processing, cooling,
etc.) and they cannot handle the 5G’s wider field-of-view as
well as its thermal problem without a deeper theoretical revisit
of different array topologies [22]. Among the existing array
synthesis techniques listed as follows.

1) Adaptively thinned arrays were shown to be effective in
thermal management [23], [24]. However, due to placing
the elements on a fixed grid, the SLL suppression capa-
bility of thinned arrays for wide-angle scanning is very
limited, especially for small and moderate array size [12].

2) Interleaved/interleaved-shared arrays efficiently use the
available aperture to fit multiple arrays providing dif-
ferent resolution beams. Yet, the existing synthesis
techniques of such arrays are only based on circularly
symmetrical concentric rings, because of its appealing

1536-1225 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on September 24,2020 at 06:21:48 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-6834-8375
mailto:y.aslan@tudelft.nl
mailto:a.g.roederer@tudelft.nl
mailto:a.yarovoy@tudelft.nl


1482 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 19, NO. 9, SEPTEMBER 2020

geometry for easy optimization [15]. However, this topol-
ogy supports only a limited number of different radial
coordinates, which restricts its applicability for density
tapering [25].

3) Amplitude and/or phase tapered arrays can achieve suffi-
cient SLL suppression, but this comes at the expense of
a significantly reduced array efficiency [26]. Moreover,
since all the elements are active while generating both the
narrow and wide beams, the heat generation in such arrays
are much higher as compared to the thinned arrays.

In this letter, we introduce an array layout optimization tech-
nique that minimizes the maximal SLL within a predefined cell,
for multiple steerable beams having distinct beamwidths. The
technique uses the interleaved-shared layout approach intro-
duced in [15] (but with full-flexibility in the element locations)
and is based on an extension of the iterative convex position
perturbation algorithm given in [27]. The key difference to [27]
is the study of joint optimization schemes with different subset
choices within a full array. The major advantages of the proposed
approach are listed as follows.

1) The cooling challenge in the integrated 5G antennas is
relaxed via power-efficient uniform-amplitude excitations
and array subset activations (i.e., thinning) corresponding
to the desired beam resolution.

2) By applying a smart irregularity in the array subset layouts,
the SLLs are significantly reduced jointly for multiple
wide-angle scanning varying-resolution beams.

3) Since the smaller-sized arrays generating wider
beamwidths share their elements with the larger arrays,
the total array aperture is efficiently used.

The combination of all these assets in an easy-to-solve and
efficient optimization strategy creates the novelty of this work.
The rest of this letter is organized as follows. Section II presents
the problem formulation. The simulation results are discussed
in Section III. The conclusions are given in Section IV.

II. PROBLEM FORMULATION

To synthesize the array subset topologies for wide-angle
scanning zoomable beams, the iterative convex position pertur-
bation strategy in [27] is extended to optimization for multiple
beamwidths. We start from a predefined array layout and move
the nth element by ǫin in the x and δin in the ŷ direction at the ith
step of the algorithm, which is represented as

xi
n = xi−1

n + ǫin, yin = yi−1
n + δin. (1)

The far-field expression can be linearized around the element
locations using the first-order Taylor expansion when the fol-
lowing relation holds:

|k(u, v)(ǫ, δ)in| ≪ 1, i.e., |(ǫ, δ)in| ≪ λ/2π = 0.16λ (2)

where u = sin θ cosφ and v = sin θ sinφ. If the mutual cou-
pling is ignored for simplicity, the far field expression of a
scanned beam m (m = 1, . . . ,M ) using the array subset p
(p = 1, . . . , P ) at the ith iteration can be approximated as [27]

f i,m,p

ǫi,δi
(u, v) ≈

E(u, v)

(Np,f −Np,l + 1)

Np,l
∑

n=Np,f

ejk((u−um)xi−1

n )

ejk((v−vm)yi−1

n )(1 + jk(u− um)ǫin + jk(v − vm)δin) (3)

where E(u, v) refers to the isolated (or the embedded, in large
arrays) element pattern, the parameter set (um, vm) denotes the

Fig. 1. Initial element locations and the three array subsets.

steering position for the scanned beam m, while Np,f (Np,l)
labels the first (last) element in the array subset p. The vectors
of parameters in the algorithm are defined as

ǫi = [ ǫiNp,f
· · · ǫiNp,l

T
, δi =

[

δiNp,f
· · · δiNp,l

]T
,

(U, V )pSL =
[

(u, v)pSL,1 · · · (u, v)pSL,M

]

(4)

In (4), ǫi and δi include the position shifts in the x and ŷ
directions, respectively, at the ith iteration. (U,V)pSL is a vector
containing the (u, v) values forming the side lobe region for each
scanned beam m = 1, . . . ,M for the subset p. These regions
are determined according to the angular definition of the sector
([−umax umax], [−vmax vmax]), and a prespecified main beam
radius of the array subset p, rp, such that

(u, v) ∈ (u, v)pSL,m if (u− um)2 + (v − vm)2 > r2p

and |u| ≤ umax and |v| ≤ vmax. (5)

Furthermore, to guarantee a predefined minimum interele-
ment spacing dmin in the final layouts, the distance between
each element pair (α, β) is forced to be larger than dmin at each
iteration using the following relation [27]:

(ǫiα − ǫiβ)(2x
i−1
α − 2xi−1

β ) + (δiα − δiβ)(2y
i−1
α − 2yi−1

β )

+ (xi−1
α − xi−1

β )2 + (yi−1
α − yi−1

β )2 ≥ d2min. (6)

Overall, the convex problem to be solved at the ith iteration
of the algorithm is formulated as follows

min
ǫi,δi

ρ, s.t.

⎧

⎪

⎨

⎪

⎩

max |f i,p

ǫi,δi((U,V)pSL)| ≤ ρ for ∀p

|ǫi| ≤ µ, |δi| ≤ µ

(6) holds for ∀(α, β)

(7)

where ρ is the maximum SLL, which is simultaneously mini-
mized for all the defined scanned beams (m = 1, . . . ,M ) and
for all the allocated array subsets (p = 1, . . . , P ). The position
shifts |ǫi| and |δi| are upper bounded by a user-defined constant
µ, which is limited to the value found in (2). The last constraint
ensures that the minimum interelement distance at each iteration
is larger than or equal to the a desired value, dmin. The prob-
lem in (7) can be easily solved using freely available convex
programming tools, such as CVX [28].

III. SIMULATION SETTINGS AND RESULTS

The algorithm performance is shown considering P = 3 sub-
sets of a 64-element array with a minimum interelement distance
(dmin) of 0.5λ. A 0.5λ-spaced square grid array is used at the
input with initial subsets consisting of 64, 36, and 24 elements
as shown in Fig. 1. Due to the convex nature of the proposed
method, the selection (or labeling) of subsets is manually given.
In other words, the algorithm does not automatically select the
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Fig. 2. Angular sector definition.

TABLE I
PERFORMANCE OF THE INITIAL ARRAY SUBSETS

Fig. 3. Element locations optimized only for p = 1.

best elements needed for each subset, which can be seen as a
limitation of the proposed approach.

A common embedded element pattern, E(θ, φ) =
√

cos(θ) is
assumed as a reasonable estimate for the average embedded pat-
tern of identical elements with a minimum spacing and therefore,
a maximum diameter of 0.5λ. In practice, the embedded element
patterns (EEPs) are difficult to compute in such an irregular
array. They would depend on the type of the elements used and on
their position in the array. Also, in the case of linearly polarized
elements SLL might somewhat differ in the E- and H-planes.
Note that it is possible to include the effect of mutual coupling
in the proposed optimization routine (for any type of radiator
element) by performing EEP simulations at each iteration, as
done in [29] and [30], which is not considered in this article due
to the computational complexity.

The sector is defined by ±60°/±30° in azimuth/elevation (see
Fig. 2). The varying-resolution beams are jointly optimized for
the broadside and eight scan positions along the sector edges and
corners (M = 9). The parameter rp is equal to 0.25, 0.33, and
0.4 for the 64-, 36-, and 24-element subsets, respectively. The
u-v plane is discretized in steps of 0.01. The upper bound for the
position shifts µ= 0.04λ is used for stable convergence. Table I
shows the SLLs and directivities of the initial subsets, which
are given as benchmarks for performance comparison with the
optimized subsets.

A. Optimization for a Single Subset: p = 1/p = 2 or p = 3

First, we consider a single subset optimization. Figs. 3 and
4 show the element locations and the SLL trend when the
topology is optimized only for p = 1. It is seen that maximum
SLL in the sector (w.r.t. the broadside gain) becomes as low
as −22.6 dB, which is kept also for the scanned beams (see
Fig. 5). It is also seen that the broadside directivity slightly

Fig. 4. SLL trend (w.r.t. broadside gain), optimized for p = 1.

Fig. 5. Radiation pattern (normalized w.r.t. broadside gain, in dB) of the
64-element array optimized for p = 1. (a) Broadside beam. (b) Corner beam.

Fig. 6. Layout comparisons for single subset optimization. (a) 36 elements.
(b) 24 elements.

Fig. 7. Broadside radiation pattern (normalized, in decibel) using subsets of
the array optimized only for p = 1. (a) 36 elements. (b) 24 elements.

increases (∼1–1.5 dB), while the corner beam directivity slightly
decreases (∼1–1.5 dB) as compared to the reference values given
in Table I. This observation is valid for all the optimized subsets
given throughout this letter.

When the subsets p = 2, 3 (as initially labeled in Fig. 1) are
extracted from the optimized layout given in Fig. 3 (see Fig. 6),
the first SLL can reach up to −15.3 dB, which is visualized in
Fig. 7. On the other hand, if the optimization is solely performed
on the 36- and 24-element arrays, different optimal layouts are
obtained (as in Fig. 6) that are able to reduce the SLL to−20.2 dB
and −18.6 dB, respectively (see Fig. 8). This analysis clearly
highlights the motivation to seek for a “better” topology jointly
optimized for several subsets.

B. Optimization for Two Subsets: p = 1, 2

In this part, the 64-element layout is simultaneously optimized
for p = 1 and p = 2. The resulting element locations are given
in Fig. 9. From Fig. 10(a), it can be seen that using the subsets
of the jointly optimized layout, the maximum SLL is reduced to
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Fig. 8. SLL trend (w.r.t. broadside gain) with subset layout optimization for:
(a) 36 elements: p = 2 and (b) 24 elements: p = 3.

Fig. 9. Element locations optimized for p = 1, 2. (a) 64 elements: p = 1.
(b) 36 elements: p = 2.

Fig. 10. SLL trend (w.r.t. broadside gain) of the array subsets with joint layout
optimization for: (a) p = 1, 2, (b) p = 1, 2, and 3.

Fig. 11. Radiation pattern (normalized w.r.t. broadside gain, in dB) of the
64-element array optimized for p = 1, 2. (a) Broadside. (b) Corner beam.

Fig. 12. Radiation pattern (normalized w.r.t. broadside gain, in dB) of the
36-element subset optimized for p = 1, 2. (a) Broadside. (b) corner beam.

−19.7 dB for both the 64- and 36-element arrays. The achieved
SLL is maintained when the beam is scanned inside the sector,
as visualized in Figs. 11 and 12.

C. Optimization for Three Subsets: p = 1, 2, 3

Finally, we optimize the layout jointly for the three array
subsets, which results in the element locations provided in
Fig. 13. The SLL trend given in Fig. 10(b) shows a maximum
SLL of −17.7 dB, which is common for all the three subsets.

Fig. 13. Element locations optimized for p = 1, 2, 3. (a) 36 elements: p = 2.
(b) 24 elements: p = 3. (Note that all elements are ON for p = 1).

Fig. 14. Radiation pattern (normalized w.r.t. broadside gain, in dB) of the
64-element array optimized for p = 1, 2, and 3. (a) Broadside. (b) Corner beam.

Fig. 15. Radiation pattern (normalized w.r.t. broadside gain, in dB) of the
36-element subset optimized for p = 1, 2, and 3. (a) Broadside. (b) Corner
beam.

Fig. 16. Radiation pattern (normalized w.r.t. broadside gain, in dB) of the
24-element subset optimized for p = 1, 2, and 3. (a) Broadside. (b) Corner
beam.

For completeness, the scanning performance of the arrays for
the layout in Fig. 13 are visualized in Figs. 14–16 for the 64-,
36-, and 24-element subsets, respectively.

IV. CONCLUSION

An optimal array (subset) layout synthesis technique has been
proposed that minimizes the maximal SLL for multiple steerable
beams having distinct beamwidths (zoom-in/-out functionality),
which is to be used for efficient link setup and high QoS com-
munication in 5G. The simulation results have shown that joint
layout optimization for multiple uniformly fed array subsets
provides an advantageous suboptimal balance among the SLL
suppression capabilities of different array portions. The achieved
SLL is maintained at all the subsets, even for wide-angular scan-
ning. Further SLL suppression or null formation can be achieved
using amplitude/phase tapering, at the expense of reduced power
efficiency.
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