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Abstract—In this paper, a modified iterative FFT (MI-FFT)
technique is presented to synthesize thinned massive array for 5G
millimeter-wave communications. The periodicity of a scannable
array factor for a uniformly spaced planar array is discussed and
employed to reduce the complexity of array factor computation.
A gradual array thinning strategy is introduced to prevent the
iterative procedure from being trapped into an endless loop so
that a better solution with lower sidelobe level (SLL) can be
found. The beamwidth control (BWC) is also added in the MI-
FFT to control the pattern beamwidth. A thinned 128-element
planar array with parasitic patch covered microstrip antenna
elements is designed with the frequency band from 25.2 GHz
to 31.6 GHz. The 128 element positions are optimally selected
from a prescribed larger layout by the proposed method, and
consequently the obtained thinned array has a much lower SLL
and narrower beamwidth than a conventional fully occupied 128-
element array.

Index Terms—Thinned massive antenna array, modified iter-
ative FFT (MI-FFT), beam scanning, mm-wave communication.

I. INTRODUCTION

IN fifth-generation (5G) mobile networks, there is a tremen-
dous increase in the data traffic problem due to users

demands on multimedia services [1], [2]. One of the most
promising techniques is using millimeter (mm)-wave commu-
nication technology since it provides high channel capacity
and fast transmission rates [3]. However, the mm-wave com-
munication suffers from high path-loss and limited scattering.
To overcome these problems, massive antenna arrays have
been extensively applied in mm-wave communication systems
[4]–[6]. In general, use of larger array with more elements
can reduce both the pattern beamwidth and the inter-beam
interference so as to increase the allowable number of users
for simultaneous communications. However, the increase in
the number of elements will result in a high cost of the whole
system.

Some techniques employing analog-digital hybrid antenna
array feeding networks can reduce the cost of the whole system
while maintaining the same array aperture with high radiation
gain [8]–[10]. The limitation with these techniques is that they
can also reduce the number of simultaneous beams due to
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the use of analog feeding networks on sub-array level. An
alternative way of reducing the beamwidth and sidelobe level
(SLL) is optimizing element positions on a relatively larger
aperture. In the past, many array layout optimization methods
have been presented, and they include, for example, stochastic
optimization algorithms [11]–[14], sparse array reconstruction
methods [15]–[19], iterative convex optimization techniques
[20]–[22], and iterative fast Fourier transform (I-FFT) tech-
nique [23]–[25]. Among them, the I-FFT technique utilizing
the Fourier transform relationship between the excitation dis-
tribution of an equally spaced array and its array factor would
be the most efficient technique. However, the conventional
I-FFT usually picks up the elements with large excitations
and simply discards the elements with small excitations to
accommodate a prescribed filling factor in each iteration, and
consequently the iterative procedure is easily trapped into an
endless loop without any improvement [23]–[25].

In this work, a modified iterative FFT (MI-FFT) is in-
troduced to design beam-scannable thinned massive antenna
arrays for mm-wave communications. In the proposed MI-
FFT, the periodic property of an array factor for a uniformly
spaced planar array is employed to reduce the computational
complexity of a scannable beam pattern. A gradual array
thinning strategy is adopted to reduce the possibility of being
trapped into the endless loop so that a better solution with
lower SLL can be found in the iteration process. In addition,
a beamwidth control (BWC) is introduced to obtain narrower
beamwidth which is useful for reducing the beam-interference
in multi-user communication environment. An example of
synthesizing a thinned 128-element array with parasitic-patch
covered U-slot microstrip antenna elements for wide-angle
beam scanning is provided to validate the effectiveness and
advantages of the proposed method. Synthesis results show
that the thinned 128-element array with an optimized layout
has a much lower SLL and narrower beamwidth than a
conventional fully occupied array with the same number of
elements.

II. FORMULATION AND ALGORITHM

A. Scannable array factor and its property
Consider a planar array with M×N elements uniformly

arranged in a rectangular grid at distance dx along M columns
and dy along N rows. Its array factor is given by

AF (u, v) =

M−1∑
m=0

N−1∑
n=0

Im,ne
jβ(mdxu+ndyv) (1)
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where
u = sin θ cosϕ− sin θ0 cosϕ0 (2)

v = sin θ sinϕ− sin θ0 sinϕ0 (3)

In the above, Im,n is the excitation coefficient of the (m,n)-th
element, β = 2π/λ is the wavenumber in free space where λ
is the wavelength, and (θ0, ϕ0) is the beam pointing direction.

Let us consider the range of (u, v) for the scannable array
factor. When the beam pointing direction is θ0 = 0 and ϕ0 =
0, we have that u = sin θ cosϕ ∈ [−1, 1] and v = sin θ sinϕ ∈
[−1, 1]. In this situation, the visible region of the AF (u, v) can
be defined as Ω0 = {(u, v); |u2 +v2 ≤ 1}. For a more general
case of beam scanning within the range of {(θ0, ϕ0); |0 ≤
θ0 ≤ θmax & 0 ≤ ϕ0 ≤ 2π}, the variation range of (u, v) is
given by

Ωs = {(u, v); |
√
u2 + v2 ≤ 1 + sin θmax} (4)

As shown in Fig. 1, the region Ωs depending the maximum
scanning angle θmax may cover some space outside of the
square cell Ωcell = {(u, v); ||u| ≤ 1&|v| ≤ 1}.

In addition, the scannable array factor for a uniformly
spaced planar array has a very interesting property that
AF (u, v) is a two-dimensional (2D) periodic function with
periods of Tu = 2π/βdx and Tv = 2π/βdy in u- and v-
dimensions, respectively. Hence, the scannable array factor
can be evaluated within only one period in (u, v)-space. For
example, when dx = dy = λ/2, we have Tu = Tv = 2, as
shown in Fig. 1. In this situation, the scannable array factor
can be calculated within the square cell Ωcell, and for the
part within Ωs but outside of Ωcell, we can just copy the
corresponding result in Ωcell. This property can be used to
reduce the complexity of evaluating the scannable array factor.

B. The modified iterative FFT (MI-FFT) synthesis method

From (1), the scannable array factor defined in (u, v)-space
is an inverse 2D discrete-space Fourier transform (DSFT)
of the excitation distribution {Im,n}. This means that the
2D inverse FFT (2D-IFFT) can be used to speed up the
computation of this array factor. As is mentioned above, for a
uniformly spaced planar array, the scannable array factor can
be evaluated only in its one period Ωcell. By setting u = kλ

Kdx

(k = −K2 , · · · ,
K
2 − 1) and v = lλ

Ldy
(l = −L2 , · · · ,

L
2 − 1),

we obtain

AF (k, l) =

M−1∑
m=0

N−1∑
n=0

Im,ne
j 2πmk

K ej
2πnl
L (5)

Clearly, the above summation can be efficiently evaluated by
using the 2D-IFFT. Conversely, once the array factor in one
period Ωcell is known, the excitation distribution {Im,n} can
be efficiently obtained by performing the 2D-FFT on the array
factor.

Thus, an iterative FFT (I-FFT) technique can be developed
in which the forward and backward transformations between
the excitation distribution and array factor are successively
performed by using 2D-FFT and -IFFT and some modifi-
cations on pattern shape and/or excitation distribution are
also executed in each iteration to make the synthesis result
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Fig. 1. The scannable array factor and its periodicity.

approaching to the desired one [26]. This idea can be further
generalized to find a uniform amplitude thinned array from a
predefined uniformly spaced array layout by enforcing larger
excitations of selected elements to be 1 and discarding the
elements with smaller excitations at each iteration [23], [24].
For example, assume that the goal is selecting Q elements from
the M×N -element layout. The filling factor is f = Q/(MN).
The I-FFT technique needs to pick up Q elements with
uniform excitations in each iteration. However, in reality,
the obtained excitations by performing the 2D-FFT on the
{AF (u, v)} are not exactly equal to either 1 or 0, hence
the I-FFT enforces the Q larger excitations to be 1 and just
discards the other (MN−Q) elements with smaller excitations
in each iteration. This synthesis procedure proceeds until the
obtained new distribution of the selected Q elements keeps
the same as that obtained at the previous iteration. Due to the
crude operation by selecting only Q elements with enforced
equal excitations from MN elements with continuously varied
excitations, the pattern modification is sometimes not enough
to cause the change of the selected element positions. This
make the synthesis to be easily trapped in a local solution
usually after only few iterations (e.g., less than 10 iterations).
Hence, the original I-FFT presented in [23] and [24] choose
to use a different initial distribution of element excitations
and re-start the synthesis. In general, such a re-initialization
needs to be performed several hundreds or even thousands of
times to obtain a satisfactory pattern with a relatively low SLL.
The other issue with the original I-FFT is lack of beamwidth
control (BWC) for the synthesized pattern in the iteration and
consequently the beamwidth of the obtained final pattern may
be wider than what it should be for a given aperture.

To overcome the problem mentioned above, a modified iter-
ative FFT (MI-FFT) is introduced here. A gradual array thining
strategy is adopted in which much more than Q elements
is chosen at the beginning and then the number of selected
elements is gradually reduced as the iteration proceeds. In this
situation, the distribution of the selected elements can be more
easily updated by the pattern modification in each iteration,
which makes the proposed procedure proceed more stably to
obtain a better solution. In addition, the BWC is incorporated
into the synthesis procedure by enforcing the pattern level out
of the desired mainlobe region to be a prescribed SLL in the
pattern modification of each iteration. The detailed procedure
of the MI-FFT is provided in Algorithm 1.
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Algorithm 1 The Proposed MI-FFT for Synthesizing Beam-
Scannable Thinned Massive Planar Arrays
1: Set an initial mesh grid with M ×N uniformly spaced potential element

positions. Set the maximum beam scanning angle θmax and determine the
scanning range Ωs in the u-v space;

2: Initialize the element excitation distribution of {Im,n} (m =
0, 1, · · · ,M − 1, n = 0, 1, · · · , N − 1) such that each element has
a possibility of pn to be 1 and a possibility of (1− pn) to be 0; set pn
as a positive value that is close to 1, e.g., pn = 0.95;

3: Select the elements with ‘1’ excitations, and count the number of selected
elements by Q;

4: Apply K×L-point IFFT on the distribution of {Im,n} to obtain the array
factor {AF (u, v)} over the rectangular region Ωcell in the u-v space. By
utilizing the periodicity of array factor, we can obtain all the values of
{AF (u, v)} in the scanning range Ωs;

5: Check whether the pattern levels within Ωs meet a desired SLL bound
ΓSLL, if so, adjust their magnitudes to a over-suppressed level (OSL)
ΓOSL and keep their phases unchanged. ΓOSL is usually set to be lower
than ΓSLL, e.g., ΓOSL = ΓSLL − 5 dB;

6: Check whether the pattern mainlobe is larger than the prescribed region
or not. If so, adjust the pattern level out of the prescribed region to be
the sidelobe level and keep the phases unchanged;

7: Apply K×L-point FFT on the modified pattern AFmod(u, v) to obtain
new excitation distribution Ĩm,n;

8: Set Q = Q − flat[δQ] where δ > 0 is a small positive value, e.g.
δ = 0.005, and set Q largest excitations of {Ĩm,n} to 1 and others to 0;

9: Repeat Step 4 to 8 until Q reaches the required number of elements.

III. A THINNED MASSIVE MM-WAVE ARRAY DESIGN

In this section, we conduct an example of designing a
thinned massive antenna array with capability of beam scan-
ning within ±20◦ in E-plane and ±60◦ in H-plane which is
suitable for use in conventional 5G mm-wave communications.
This thinned antenna array has 128 elements whose positions
are optimally selected from a predefined 24 × 12 mesh grid,
and the element is chosen as a parasitic-patch covered U-slot
microstrip antenna working in frequency band from 25.2 GHz
to 31.6 GHz. The performance of this thinned antenna array
and a conventional fully occupied array with the same number
of elements is compared in detail.

A. Antenna element design

For an antenna working for 5G mm-wave communication,
broad impedance bandwidth, high gain and high capability
for beam scanning are generally required. Fig. 2(a) shows the
proposed parasitic-patch-covered microstrip antenna, which
consists of two substrates: the lower substrate Sub1 with a
U-slot loaded patch working as the radiation antenna and
the upper substrate Sub2 with a same-sized rectangular patch
working as the parasitic part. The Rogers 5880 with a dielec-
tric constant ε = 2.2 and a loss tangent 0.0009 is utilized
for both Sub1 and Sub2. To obtain high gain and broader
impedance bandwidth, we have studied the sizes of the patch
and the U-slot as well as the distance between Sub1 and Sub2.
Owing to the limited space, here we only provide the results
about how the distance between Sub1 and Sub2 changes the
impedance bandwidth and the antenna gain. The simulated
reflection coefficient, E- and H-plane patterns at 28.5 GHz
of the proposed antenna at different H are shown in Fig.
2(b), (c) and (d), respectively. The results for the antenna
without the parasitic patch are also included in this figure.
As shown in Fig. 2(b), the impedance bandwidth is increased
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Fig. 2. The proposed parasitic-patch-covered antenna and its simulated
reflection coefficient as well as radiation patterns at 28.5 GHz. (a) Geometry
of the proposed antenna (A = 3.10 mm, B = 2.37 mm, C = 1.67 mm,
D = 1.49 mm, E = 0.14 mm, F = 0.19 mm, G = 0.58 mm,
H = 2.25 mm, T = 1.575 mm, εr = 2.2), (b) simulated reflection
coefficient, (c) E-plane pattern and (d) H-plane pattern.

by adding the parasitic patch. From Fig. 2(c), we can also
see that after adding the parasitic patch, the beam direction
of the E-plane pattern is corrected to almost the broadside
direction meanwhile the maximum gain is increased from 4.92
dB to 6.53 dB. In addition, the 3 dB beamwidth in the H-
plane becomes broader that is better for beam scanning in
this plane. From the parameters study, we choose a proper
value of H = 2.25 mm. With this choice, the impedance
bandwidth of S11 ≤ 10 dB is from 25.2 GHz to 31.6 GHz and
the 3 dB beamwidth at 28.5 GHz covers the beam scanning
space of ±20◦ in E-plane and ±60◦ in H-plane. The detailed
parameters of the proposed antenna are given in Fig. 2.

B. Thinned antenna array layout design

Consider a 128-element antenna array with capability of
beam scanning within ±20◦ in ϕ = 0◦-plane (E-plane) and
±60◦ in ϕ = 90◦-plane (H-plane). As shown in Fig. 3(a), a
conventional choice is placing the 128 antenna elements on a
λ/2-spaced 16×8 mesh grid. As shown in Fig. 4(a) and (b), its
broadside pattern obtained by multiplying the broadside array
factor and element pattern has the maximum SLL of −13.30
dB and the 3 dB beamwidth is 5.63◦ in ϕ = 0◦-plane and
11.95◦ in ϕ = 90◦-plane. When the pattern is scanned to the
direction of (θ0 = −60◦, ϕ0 = 0◦), the SLL is increased to
−11.89 dB and the beamwidth in ϕ = 0◦-plane is increased
to 11.25◦. When the pattern is scanned in ϕ = 90◦-plane, the
SLL and the beamwidth are also increased accordingly.

To improve the pattern performance, we optimize the an-
tenna array layout by selecting 128 element positions from
a predefined λ/2-spaced 24 × 12 mesh grid that provides a
larger aperture with much more degrees of element position
freedoms. For comparison, we apply both the original I-FFT
and the proposed MI-FFT algorithms to synthesize the same
example. In both of the methods, we set ΓSLL = −20 dB for
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Fig. 3. Two kinds of 128-element array layouts. (a) The conventional fully-
occupied array and (b) the synthesized thinned array (‘@’ denote a selected
element).
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(d)
Fig. 4. The patterns of the thinned array and the conventional fully occupied
array, both with 128 elements. (a) The broadside pattern in ϕ = 0◦-plane, (b)
the broadside pattern in ϕ = 90◦-plane, (c) the scanned pattern in ϕ = 0◦

plane with beam pointing at (θ0 = −60◦, ϕ0 = 0◦), and (d) the scanned
pattern in ϕ = 90◦ plane with beam pointing at (θ0 = −20◦, ϕ0 = 90◦).
The full-wave simulated results for the thinned array obtained with BWC are
also included

the desired SLL and ΓOSL = −25 dB for the over-suppressed
level if some pattern levels out of the desired mainlobe region
are beyond the desired SLL. Since no BWC is considered in
the original I-FFT, we first do not use the BWC mechanism
yet in the proposed MI-FFT for fair comparison. It should
be noted that in the original I-FFT, only 128 elements are
selected and all other potential elements are just discarded in
each iteration. In contrast, for the proposed MI-FFT, we adopt
pn = 0.95 and δ = 0.005 for controlling the reduction in
the number of selected elements. In this case, 274 elements
are selected at the beginning and then the number of selected
elements is gradually reduced to 128. We run each of the two
methods 2000 times by using different random initial excita-
tion distributions for comparing their statistic performances.
Fig. 5 shows the histograms of the maximum SLLs of the
scannable array factors for the obtained thinned 128-element
arrays over 2000 runs by these two methods. It is clear that the
achievable best and averaged SLLs by the proposed MI-FFT
are much lower than the corresponding results by the original
I-FFT. This proves the advantage of using the gradual thinning
strategy other than simply discarding all other elements at the
beginning.

To narrow the obtained beamwidth, we now add the BWC
in the proposed MI-FFT. The obtained final array layout of
the thinned 128-element array is shown in Fig. 3(b). The
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Fig. 5. The comparison of the maximum SLL histogram for 128-element
thinned array.

corresponding patterns obtained by multiplying array factors
with the element pattern in broadside beam and scanned
beam cases are shown in Fig. 4(a)-(d). The patterns obtained
by the proposed method without BWC are also shown in
this figure for comparison. As can be seen, the proposed
method with/without BWC can obtain thinned arrays that have
much lower SLLs than the conventional fully occupied array
due to the array layout optimization over a larger aperture.
Compared with the thinned array obtained without BWC,
the thinned array obtained with BWC indeed significantly
reduce the beamwidth while the SLL is increased not much.
For the broadside beam of this thinned array, the beamwidth
is 4.22◦ in ϕ = 0◦-plane and 9.14◦ in ϕ = 90◦-plane.
They are much narrower than those of the conventional array.
The relative advantages also maintain when the pattern is
scanned to the direction of either (θ0 = −60◦, ϕ0 = 0◦)
or (θ0 = −20◦, ϕ0 = 90◦). The full-wave simulated results
for the thinned antenna array obtained with BWC are also
included in Fig. 4. As can be seen, although the SLL is
somehow increased especially at a large scanning angle due
to the mutual coupling effect [27], the full-wave simulated
results are totally in good agreement with the array factors
multiplied with the element pattern. In a short, the obtained
thinned array has narrower beamwidth and lower SLL than
the conventional fully occupied array. Besides, the sidelobe
reduction performance obtained by the proposed method is
usually less sensitive to random implementation errors than
the one using nonuniform excitation amplitude weighting [28].

IV. CONCLUSION

We have introduced a modified iterative FFT algorithm for
designing a thinned antenna array with optimized layout for
mm-wave communication application. The periodicity of a
scannable array factor for a uniformly spaced planar array
is discussed. A gradual array thinning strategy is introduced
to prevent the iterative procedure from being trapped into an
endless loop so that a better array layout with lower SLL can
be more easily found. In addition, the beamwidth control is
also applied to obtain a narrow beamwidth of the synthesized
pattern. As an example, a thinned 128-element planar array
working in the band from 25.2 GHz to 31.6 GHz is designed.
The obtained thinned array with an optimized layout has a
much lower SLL and narrower beamwidth than those of the
conventional fully occupied 128-element array. This indicates
that the thinned array may provide a good candidate for 5G
mm-wave communication applications.
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