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Abstract—This paper proposes a systematic approach for
stacking uniform linear arrays (ULAs) of the different sizes to
reduce sidelobes and form nulls to the radiated beam pattern.
In sidelobe reduction, the nulls and sidelobes of the vertically
stacked ULAs are aligned to reduce the overall sidelobe level.
In nulling, the nulls of varying length ULAs are aligned to
configure the null direction and simultaneously reduce the
sidelobes. Both approaches are relaxed to ensure the feasibility
of the implementation. The stacking methods are studied by an
extensive set of simulations together with azimuth and elevation
beamforming. Sidelobe reduction method showed potential for
better than 30 dB sidelobe level (SLL) and more than 20 dB
relative null depth with less than 100 antenna elements. Finally,
the concepts are validated by beam pattern measurements of a
28 GHz 64-element, 16-chain phased array transceiver using a
100 MHz wide 5G waveform.

Index Terms—Antenna selection, beam synthesis, interbeam
interference, mmW, sidelobe reduction, phased arrays, 5G.

I. INTRODUCTION

Fifth-generation (5G) cellular systems are envisioned to
deliver order-of-magnitude improvements over the current
networks in peak data rate, network capacity, latency, and
reliability [1]. Millimeter-wave (mmW) and massive multiple-
input multiple-output (MIMO) are the two key physical layer
technologies that enable future networks to be energy-efficient,
secure, robust, and will make effective use of the available
broadband spectrum [2], [3]. On the other hand, mmW signals
are susceptible to high path loss, penetration loss, severe atmo-
spheric absorption, and high rainfall attenuation [4]. However,
antenna size and inter-element spacing in mmW systems are
in the order of millimeters, which makes it possible to pack
tens or even hundreds of elements in a compact form factor
to compensate for the path loss and to provide spatial filtering
for interference reduction in the far-field of the antenna array.

Large mmW antenna arrays use radio frequency (RF) beam-
forming for steering the beams in different directions. For
serving multiple users simultaneously, many existing mmW
systems implemented in practice divide the antenna panel
further into subarrays [5]. Such a system is depicted in Fig. 1.
Each subarray is connected to a single baseband (BB) chain
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Fig. 1. Overview of the mmW antenna array system serving two users.

(i.e. digital-to-analogue(DAC) / analogue-to-digital (ADC)
converter) serving a dedicated user in a dedicated direction [6].
Subarrays are usually equipped with antenna-specific RF phase
shifters, which are used to steer the beams into the desired
directions. However, regular and discrete array shapes such
as uniform linear array (ULA) or uniform rectangular array
(URA) suffer from high sidelobes when uniform amplitude
excitation [7] is used. In a system where multiple beams
carry different information content to serve different users,
sidelobes of the phased array are potentially interference to
the other main beams. The required isolation between the
beams depends on the target signal-to-interference-plus-noise-
ratio (SINR), which again depends on the used modulation
and coding scheme (MCS). For high-order modulations such
as 256-quadrature amplitude modulation (QAM), more than 30
dB of inter-beam isolation is required to achieve decent SINR
for error-free data transmission [8]. The requirement may be
even higher when the users have different link distances and
hence require different transmit power.

Different digital beamforming techniques such as zero-
forcing (ZF) [9] or minimum mean square estimation (MMSE)
[10] can be used to suppress the interference between the
beams. However, these techniques rely on accurate channel
state information (CSI) and antenna calibration (including
inaccuracies of the phase shifters and other RF components),
which is not often realistic in practice at least without the
significant signalling overhead. Hence, any error in the CSI,
including the inaccuracies in RF beamforming, has a signifi-
cant impact on the performance when processing the signals
between the beams [11], [12].

The beams can also be configured for lower interference
by controlling the two-dimensional shape of the array by
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selecting the desired antenna elements for transmission and
reception. Such techniques can be enabled in practice, for
example, by using transceiver (TRx) switches to configure
the transmit/receive mode of individual elements. However,
many of such antenna selection techniques [13]–[15] exist-
ing in the literature rely on holistic optimization approach
without revealing the fundamentals of the techniques that
are often crucial for practical implementation. Subarray-based
techniques [16]–[18] have been proposed previously, but these
techniques were developed primarily for radar and satellite
communication systems. Implementation of these techniques
require time delays or non-uniform inter-element spacing,
which is very challenging due to their larger size and higher
cost for mmW circuits targeting especially for cellular systems.
The method used in this paper takes into account the limits
of implementation at mmW circuits and can be used for radar
and satellite systems as well. In [19], the authors give the
basic principle of how the antenna selection techniques can
be systematically used for sidelobe reduction. In this paper,
the basic principles of [19] are expanded for nulling and
interference reduction over multiple beams. The technique
configures a two-dimensional array panel for the beam shaping
by utilizing the equation of the null directions.

The rest of the paper is organized as follows. Section II
discusses on different spatial interference reduction techniques
in phased array systems. Section III provides a comprehensive
analysis of the proposed method of reducing interference.
Demonstration and measurements are shown in section IV and
concluded in section V.

II. INTERFERENCE REDUCTION IN MMW PHASED ARRAYS

In general, the interference reduction techniques can be di-
vided into two main categories based on whether the direction
of interference is known or unknown. In this section, a short
review is given for these two scenarios before presenting our
approach in section III.

A. Unknown Direction of Interference

If the direction of interference is not known, the target is to
reduce the maximum potential interference that is often caused
by the beam pattern sidelobes. Traditional sidelobe reduction
techniques discussed in [20]–[23] require amplitude control
per antenna element to window the power radiated by antenna
array. Windowing softens the edge effect, which is the main
reason for the sidelobes. However, windowing increases the
beamwidth [7] and ultra-low sidelobes requires precise control
of the power applied to each antenna element. Moreover,
the amplitude control deteriorates the power amplifier (PA)
efficiency and limits the achievable effective isotropic radiated
power (EIRP) in the [24] transmitter (Tx) while it also affects
to the overall noise figure of the receiver (Rx) [25].

Sidelobes can be also reduced by using non-identical spac-
ing between elements, e.g. array thinning [26]–[28] and space
tapering [29]. However, the drawback of these methods is that
typically the spacing between the antenna elements is fixed,
and the standard half of a wavelength is generally chosen to
balance between antenna coupling, array gain, and grating

lobes [30]. Thinned arrays obtain a spatial taper to reduce
the sidelobes by turning elements off in a uniform array
with a periodic lattice [31]. However, very often the inactive
elements are allowed to be placed in any physical position
which results in inefficient use of the antenna aperture. That
is because the inactive elements cannot be allocated to other
beams due to the design complexity of the mmW analogue
beamforming systems, which are usually implemented as tiled
phased arrays with rectangular shape of antennas constructed
from tree-like, active feeding networks with amplitude and
phase control as in [32]–[34]. That applies for example to
802.11ad and 5G cellular mmW solutions. On the other hand,
placing the inactive elements to the edge of the array allows to
allocate them more easily for other beams with decent design
complexity of the configurable feed network. That can be
implemented by multiplexing the active front-ends connected
to antenna elements and allocate resources to different beams
dynamically [33]. In the interleaved arrays, groups of elements
dedicated to different frequencies or functions within the
same aperture are interleaved, interlaced, or interspersed [35],
[36] for lower sidelobes. However, due to the complexity
of the feeding network, interleaving elements dedicated to
multiple independent signals at mmW circuits are difficult
to implement. Large planar arrays can also be partitioned
into aperiodic two-dimensional tiles to improve the level of
peak sidelobe, directivity, and efficiency of aperture [37]–[41].
These methods can, however, be seen as alternative ways of
achieving array thinning. It is challenging to avoid the grating
lobes in electrical beam steering with aperiodic geometries,
and the range of scanning is often limited.

B. Known Direction of Interference
Zero-forcing (ZF) [9] can be used to produce nulls in

the desired direction by altering the amplitude and phase
excitation over the antennas. Again, changing the excitation
amplitude over antenna elements from unitary limits the avail-
able EIRP similarly as in case of amplitude tapering, because
the maximum power per RF branch is always limited by the
maximum output power of an individual PA, implemented
either on-chip or as an external component. The interference
can also be cancelled over the subarray inputs/outputs by
using different digital or analog cancellation techniques. Inter-
beam Interference Cancellation (IBIC) [42] is one of these
methods to cancel beams over subarray inputs/outputs and
hence over several directions. Precise cancellation by any of
the digital (or analog) methods, however, requires precise
amplitude and phase control because cancellation is very
sensitive to errors. Accurate digital nulling requires complex-
valued CSI measured through the subarrays from each user
or the arrays are required to be calibrated with reasonable
accuracy. Other nulling methods change the element spacing
from the traditional half of the wavelength to influence null
locations of the beam pattern. By controlling the spacing
of each antenna element, array thinning [26], [43] or space
tapering [27] can be used to produce nulls in the direction
of interference. As mentioned before, these techniques are
considered to be impractical for cellular communications since
they require control of antenna spacing.
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Fig. 2. Two-dimensional antenna panel with vertically stacked ULAs.

III. INTERFERENCE REDUCTION BY SUBARRAY STACKING

Fig. 2 shows the planar antenna array located in a three-
dimensional (3D) coordinate system. In the figure, x>0 is the
direction of propagation (normal of the array). The azimuth
angle φ is defined as the angle from positive x-axis towards
to y-axis, and the elevation angle θ is the angle from positive
x-axis towards the z-axis. Consider a planar array of M rows
and N columns of elements arranged along a rectangular lattice
with element spacing of dy in the y-axis and dz in the z-axis.
Let’s further assume that the elements have uniform amplitude
excitation, meaning that each element can be either on or off.
The planar antenna grid is divided into rows, i.e. NM -element
uniform linear subarrays (ULSA) stacked along the z-axis.
Location of nulls (φnulls) of ULSA over the azimuth plane
can be calculated as [7]

φnulls = arcsin[
λ

2πdy
(−βmy ±

2niπ

NM
)], (1)

where ni = 1, 2, 3, . . . , ni 6= NM , 2NM , 3NM , . . . is the
null index. λ is wavelength and βmy = −2πdysin(φs)/λ is
the phase progression of mth subarray for steering beam in
azimuth direction φs.

A. Subarray Stacking for Sidelobe Reduction

The sidelobes over a certain azimuth cut can be reduced
by stacking multiple rows of different sizes on top of each
other. By doing that, the main lobe power increases while the
sidelobe power is remaining nearly constant when observed
over the azimuth cut. The achieved spatial taper does not
reduce the overall sidelobe power but spreads it outside the
elevation sector of interest. The width of the elevation sector
where the sidelobes are reduced depends on the number of
antenna elements in the z-domain. The number of elements
for each row can be calculated by using (1). The general idea
is that the number of antennas in the following row is increased
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Fig. 3. (a) Simulated array factors of six- and eight-element rows and the
combined array pattern, and (b) corresponding antenna configurations.

and selected such that it places a null in the location of the
first sidelobe of the previous row. The sidelobe direction can
be calculated as the center point between the two closest nulls
next to the main beam by using (1). When observed over the
azimuth plane in a zero-elevation angle, the stacking produces
amplitude distribution, which gives more power for the center
columns while the end of the rows produces less power. Hence,
the vertical domain is used to taper the amplitude observed
over the azimuth plane.

An example of the subarray stacking by using (1) with two
rows is illustrated in Fig. 3. The first row has six elements, and
the next row hence requires eight elements to place a null in
the direction of the first sidelobe of the first row. The location
of the sidelobes of each row is different.

1) Relaxation of the Null Direction for Sidelobe Reduction:
If no rise in the SLL is allowed, the blind use of (1) may
produce an unfeasible number of elements. However, sidelobe
width is dependent on the number of elements. Therefore,
the target null location is not needed to be precisely in the
direction of the other sidelobe maxima and the tolerable error
relies on the width of the null and the sidelobe. In order to
take this into account and prevent an absurd number of antenna
elements resulting from too accurate null placement, the null
target can be relaxed for each row so that φnull ∈ φmargin,
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where φmargin denotes the acceptable region of the null
direction. In Fig. 4, the concept of the null margin for sidelobe
reduction is shown. Rows have NM − 2 sidelobes and (1) can
be used to calculate width of the sidelobes (wsl) between the
nulls. The width of the sidelobe can be used as a starting
point for determining the acceptable region of null directions
for each row. Hence, the acceptable null margin for the m+1
antenna row can be written as

φmargin(m+ 1)

= [φsl(m)− γwsl(m), φsl(m) + γwsl(m)] (2)

where φsl is the sidelobe maxima and wsl is the width of
the first sidelobe of the row m. Equation (2) calculates the
null margin for the row m + 1 from the maximum sidelobe
width and direction of the row m. For example, γ = 0.1
indicates that the null direction must fall into ±10% width
of the sidelobe from the sidelobe maxima. Fig. 5 presents the
simulation results of the total number of antenna elements
of the 2D array as a function of the SLL with different
threshold values. Larger null margin leads to a smaller number
of antenna elements from row to row and vice versa, hence
reducing the total number of elements. However, increasing
the margin also decreases the sidelobe reduction performance.
Hence, γ can be used to compromise between the array size
and SLL reduction performance. Simulation results also show
that if more rows are stacked, SLL can be further reduced. The
potential of the proposed technique is shown in Fig. 5. More
than 30 dB of SLL for eight vertically stacked rows with 100
antenna elements can be achieved.

2) Procedure of Subarray Stacking for Sidelobe Reduction:
The flow chart of the stacking procedure for sidelobe reduction
with a relaxed null direction is shown in Fig. 6. The steps are
further explained as follows.

1) The process is initialized by selecting the required num-
ber of rows Nrows, the maximum number of elements in
a row Nmax, and the number of elements in the initial
subarray N1. m denotes the row index. The selection of
the input parameters depends on the physical constraints,
i.e., how many rows and antennas we can allocate in
total.
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2) Acceptable range of the null φmargin for the next row
of antennas is calculated by using (2)

3) Subarray size is increased by one antenna Nm+1 =
Nm + 1.

4) The null directions are calculated by using (1).
5) If any of the null directions falls into the acceptable

range of nulls, that number of antennas is selected for
the row m+ 1

6) Row index is checked. If the required number of subar-
rays Nrows is completed, the procedure ends. Otherwise,
it goes back to step (2), where the margin of the next
subarray is calculated.
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B. Subarray Stacking for Interference Nulling

The radiated power can also be reduced to known directions
of azimuth interference by stacking rows of different sizes in
the elevation domain so that each row places a null to the
interference direction φint. Fig. 7 presents a simplified exam-
ple of where 6- and 12-element ULSA’s (rows) are stacked.
Both rows produce a null in the direction of interference at
20 degrees in azimuth. The combined pattern of two rows
reduces the interference in the chosen direction since the nulls
of both subarrays fall approximately in the same direction. The
obvious choice would be to stack rows of the same size to
place nulls in the direction of known interference. However,
if the number of elements in each row is varied as in the
case of sidelobes reduction, besides the null in the desired
direction, the sidelobes observed over the azimuth cut can be
also simultaneously reduced. The resulted beam patterns over
the azimuth cut are illustrated in Fig. 8 where the URA has
higher sidelobes compared to the shape introduced in Fig. 7.
The combined array forms a null in the desired direction and
simultaneously decreases the level of sidelobes.

1) Relaxation of the Null Direction in Interference Nulling:
Accurate nulling from stacked rows may produce an unfeasible
number of elements in rows similarly, as in the case of sidelobe
reduction. In order to avoid the too large number of antenna
elements resulting from accurate null positioning, margin to
reduce inter-beam interference (φmargin(IBI)) can be defined
to ease the search for null directions in each row. A fixed
margin for nulls from the stacked rows can be chosen as

φmargin(IBI) = [φint − φerr, φint + φerr], (3)

for the known direction of interference, where φerr is the
acceptable null direction error around the direction of interfer-
ence illustrated in Fig. 9. A fixed margin was selected because
the null width is not significantly varying when the number
of elements is increasing. In the case of sidelobe reduction,
the scenario was different as the sidelobe width had a relation
to the number of antenna elements. Fig. 10 shows the margin
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for nulls and the number of elements of eight stacked rows.
The elements are selected to reduce the interference in known
direction (5-degree azimuth in this example) when the beam
is targeted to zero degrees in azimuth. The small separation
between the main beam and the interference direction was
chosen in this example because if the number of elements
is large, the interference is anyway reduced by the higher
directivity (sidelobes becomes closer and closer to the main
lobe). Hence, nulling interference has the best potential when
the beams are located close to each other.

2) Procedure of Subarray Stacking for Interference Nulling:
The procedure of subarray stacking for interference nulling is
described in Fig. 11 and further explained as follows.

1) The process is initialized by selecting the required num-
ber of rows Nrows, the maximum number of elements in
a row Nmax, and the number of elements in the initial
subarray N1. m denotes the row index and φs the beam
steering direction, and φint denotes the direction of the
known interferer (desired null direction).

2) Acceptable range of the null direction φmargin(IBI) for
the next row of antennas is calculated by using (3).

3) Subarray size is increased by one antenna Nm = Nm+1.
4) The null directions are calculated by using (1).
5) If any of the null directions fall into an acceptable range

of nulls, that number of antennas is selected for the row
m+ 1.
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6) Row index is checked. If the required number of subar-
rays Nrows is achieved, the procedure ends. Otherwise,
it goes back to step (3).

C. Three-Dimensional Sidelobe Reduction and Nulling

The antenna array geometries derived in the previous sec-
tions were designed for a static scenario without beam steer-
ing. Furthermore, stacking multiple elements in the vertical
domain inevitably impacts the beam over the elevation angles.

Hence, the null depth and sidelobe level depend also on the
elevation angle. Next, we evaluate the impact of both azimuth
and elevation beam steering on the sidelobe reduction and
nulling performances with the proposed array geometries.

When the rows are stacked with increasing length, both
the sidelobe reduction and the nulling approaches produce
triangular-like array geometries. For reference, we also sim-
ulated a scenario where half of the rows are chosen to have
increasing length while the other half have decreasing length.
This approach produces hexagonal-like array geometries that
also provide spatial tapers in the elevation domain.

1) Three-Dimensional Sidelobe Reduction: The simulated
beam patterns showing the sidelobe levels of three different
antenna geometries are given in Fig. 12. The used rectangular,
triangular, and hexagonal antenna configurations are illustrated
in Figs. 12(a)-(c). Since the proposed approach spreads the
sidelobes over both planes (azimuth and elevation), the sim-
ulations are performed over both domains. The normalized
3D beam patterns of rectangular, triangular and hexagonal
geometries with beam steered to φs = 0◦, θs = 0◦ are shown
in Figs. 12(d)-(f), respectively. For the rectangular geometry
in Fig. 12(d), the sidelobes of each row co-locate in azimuth,
producing ∼ 13 dB maximum sidelobe level that appears
over the θ = 0◦ cut. For the triangular-like geometry, the
sidelobes of some rows co-locate with the nulls of the other
rows, producing reduced sidelobes over the θ = 0◦ cut. This is
illustrated in the Fig. 12(e). The hexagonal shape enables one
to focus even more power to the main lobe maintaining good
sidelobe level also at larger elevation angles, as shown in Fig.
12(f). The hexagonal shape also gives better opportunities to
control the sidelobe power simultaneously both in azimuth and
elevation domain that can be critical in some link scenarios,
e.g., antenna arrays placed on the ceiling.

To verify the impact of beam steering on sidelobe reduction
for different antenna geometries, we apply azimuth beam
steering while keeping the array geometries fixed. Figs. 12(g)-
(i) illustrate the beam pattern as a function of steering angle φs
given on the x-axis and different azimuth angles φ on the y-
axis. The normalized magnitude of the beam is illustrated with
color-coding. It can be seen that azimuth cut is only slightly
varying over ±50 degree of steering range. Based on Figs.
12(g)-(i) the sidelobe levels over azimuth domain are reduced
for triangular and hexagonal shapes around the θ = 0◦ cut.

A similar analysis for elevation steering is shown in Figs.
12(j)-(l). The results are plotted with elevation steering angle
θs on the x-axis and elevation observation angle θ on the
y-axis. The result corresponds to the azimuth beam steering
indicating that the sidelobes follow both azimuth and elevation
steering properly. Sidelobes of the hexagonal geometry are
lower in the elevation plane compared to the rectangular
or the proposed triangular-shaped arrays. One can choose
between triangular or hexagonal geometries depending on the
requirement of the spatial tapers in the elevation plane.

2) Three-Dimensional Nulling: As the sidelobes are spread
over different elevation angles, the nulls are also expected to
have a similar effect. The two example panel geometries, i.e.,
triangular and hexagonal, configured to produce a null, are
given in Figs. 13(a) and (d). Here the target null direction is
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Fig. 12. Array geometry for (a) rectangular, (b) triangular, and (c) hexagonal configurations with the corresponding 3D beam patterns in (d), (e), and (f),
respectively. Subfigures (g)-(i) are the corresponding θ = 0◦ cuts of the beams with respect to azimuth steering angle φs and (j)-(l) represents the φ = 0◦

cuts of the beams with respect to elevation steering angle θs.
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Fig. 13. Array geometries, 3D beam patterns, and θ = 0◦ cuts of the beams with respect to azimuth steering angle φs for (a)-(c) triangular and (d)-(f)
hexagonal antenna configurations.

set to φint = 15◦ and θint = 0◦ when the beam is steered
to boresight. The simulated 3D beam patterns are given in
Figs. 13(b) and (e). The 3D beam patterns show that the
null orientation and depth of the triangular and hexagonal
geometries behave similarly, but the hexagonal geometry also
provides spatial tapers for sidelobes in the elevation plane.

Next, we simulated the impact of the azimuth beam steering
to the beam patterns of the proposed geometries. For sim-
plicity, the geometries are kept fixed for each steering angle.
Hence, the null direction is expected to move along with
the scanning angle, similarly to the sidelobes moved in the
previous section. The θ = 0◦ cuts of the beams for azimuth
steering angle φs are shown in Figs. 13(c) and (f). As expected,
with small scanning angles, the nulls move with the main lobe.
However, with larger scanning angles, the null direction starts
to slightly deviate from the intended angle.

D. Two-beam Simulation Example of Interference Nulling

When the main beam is steered, the nulls around it also
change their positions. The null equation includes the impact
of phase progression βmy to the location of nulls when the
beam is steered. Given that the proposed technique also works
when the beam is steered to the desired direction and nulling
interference to the other direction is maintained by stacking
appropriately sized subarrays (rows). A multibeam case is
simulated where a beam is directed to one user, while nulls
from the stacked rows are placed in the direction of the other
user. Fig. 14 (a) shows the simulation of two beams where the
beam of one user is at -5 degrees azimuth, and the other beam
for the second user is at +10 degrees azimuth. In both beams,

four rows are stacked, as shown in Fig. 14 (b). For both beams,
the number of elements in rows changes, which moves the
sidelobe direction of the rows, resulting in convenient power
distribution in the SL-region as well as null interference in the
direction of the other user.

IV. EXPERIMENTAL VALIDATION WITH 28 GHZ PHASED
ARRAY TRANSCEIVER

We use a 64-element antenna array [44] designed originally
for mobile backhaul application to demonstrate the proposed
interference reduction method in practice. The array is divided
into 2x2 groups specified as unit cells shown in Fig. 15(a).
Each unit cell has four linearly polarized patch antenna el-
ements that are slanted -45 degrees from the vertical. The
spacing is half a wavelength (= 5.4mm) at 28 GHz between
the individual antenna elements. The simulated radiation pat-
tern of a single unit cell is shown in Fig. 15(b). 16 unit cells
are placed in an 8x2 array formation with λ spacing between
the cells. Hence, 64 individual antenna elements fed by 16
transceiver (TRx) ports are used. The simplified block diagram
of the transceiver is shown in Fig. 16. The TRx switches of
each antenna branch are used to turn branches on and off to
configure the 2D shape of the antenna array. The transceiver
array operates in the receive mode in the measurements. More
details of the phased array TRx implementation is available in
[45], [46].
The block diagram of the measurement setup located in
an anechoic chamber is presented in Fig. 17. Each of the
16 TRx branches has individual TRx switches, low noise
amplifiers (LNAs), PAs, and 5-bit phase shifters. Keysight
M8190A arbitrary waveform generator (ARB) and E8257B

Authorized licensed use limited to: Oulu University. Downloaded on January 07,2021 at 10:29:25 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.3044687, IEEE
Transactions on Antennas and Propagation

9

-40
°

-30
°

-20
°

-10
°

0
°

10
°

20
°

30
°

40
°

 (°)

-60

-50

-40

-30

-20

-10

0
N

o
rm

a
liz

e
d
 g

a
in

 (
d
B

)
User 1 beam

User 2 beam

User 1 direction

User 2 direction

(a)

2 4 6 8 10 12 14 16 18 20 22 24

Number of elements

2

4

6

8

N
u
m

b
e
r 

o
f 
ro

w
s

Active elements for user 1 Active elements for user 2

(b)

Fig. 14. Two-beam scenario (a) and interference reduction (b) for panel
selection.
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Fig. 15. (a) 2x2 unit cell antenna array with a single feed and (b) horizontal
cut of the simulated radiation pattern of the unit cell.

PSG signal generator are used to generate a 100 MHz wide 16-
quadrature amplitude modulation (QAM) cyclic-prefix orthog-
onal frequency division multiplexing (CP-OFDM) waveform
at 28 GHz center frequency according to the 3GPP 5G NR
standard. In the transmission, the signal is amplified by using
CA2630-141 external amplifier and fed to A-info LB-28-15
standard gain horn antenna located at 2 meters distance in
the far-field of the device under test (DUT). The phased array
receiver output is fed to the UXA signal analyzer, which is
used to measure the channel power of the signal over the
100 MHz band. The DUT is placed on a rotating table to
measure the radiation pattern over the azimuth quarter plane.
The measurements are conducted at 28 GHz center frequency
with 1-degree angle resolution over φ ∈ [−45◦, 45◦]. For

LO
IF input/

2 x 2
unit cell

antenna array

PA

LNA

Phase shifter

output

Combiner/
divider

2 x 8 unit cells
= 64 elements

Fig. 16. Simplified block diagram of the 28 GHz phased array transceiver
under test.

simplicity, the phase shifters are calibrated to the 0-degree
azimuth angle in the example. However, it should be noted
that the measured interference configuration also works when
the beam is steered in azimuth domain. A photograph of the
measurement setup in the chamber is shown in Fig. 18. Due
to the limitation of only 16 ports in the transceiver array (with
two independent rows), one configuration for the sidelobe
reduction and one configuration for the known interference
reduction is demonstrated.

A. Measurement Results for Sidelobe Reduction

For sidelobe reduction, the demonstrated configuration has
four 2x2 antenna unit cells in the first row and six in the
second row shown in Fig. 19(a). In total, 40 antenna elements
are active. For the comparison, we also measured a rectangular
configuration with 40 elements in 10x4 formation as shown in
19(b). The measurement results are presented in Fig. 20 for
sidelobe reduction.

The radiation patterns of both measured configurations are
not symmetric due to the antenna implementation and non-
equal gains of the receiver branches [45], [46]. The symmetric-
ity of the pattern and hence the results can be improved by
calibrating the element gains to be equal. However, due to
the lack of the per-antenna amplitude control, that was not
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Fig. 17. Block diagram of the over-the-air measurement setup with 100 MHz
wide 5G waveform at 28 GHz.
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Fig. 18. Photograph of the measurement arrangement in the anechoic
chamber.

possible in our platform. In the measurements, the receiver
gain and the gain of the horn antenna are compensated from
the results. The first sidelobe of the first row and the null
of the second row are aligned by the proposed configuration
thereby reducing the total sidelobes. The SLL results of the
maximum right and the left sidelobe levels are collected to
the Table I. The measurements show 2.5 and 2.6 dB sidelobe
reduction with only two rows of unit cells. The additional loss
in the reduction performance compared to theory is also partly
caused by the wideband measurement with the modulated
signal, which decreases the notch depth when the power is
integrated over the whole 100 MHz signal band. Measurement
results indicate that the proposed sidelobe reduction technique
works in practice. With a larger number of rows, low sidelobe
levels can be achieved to reduce the interference even further.

B. Measurement Results for Interference Nulling

For the known direction of the interference reduction, the
demonstrated configuration has four 2x2 antenna unit cells in

TABLE I
MEASURED SLLS OF PROPOSED (PROP) AND RECTANGULAR (RECT)

ANTENNA CONFIGURATIONS

Meas. Rect (right) 10.9 dB Meas. Prop (right) 13.4 dB
Meas. Rect (left) 12.8 dB Meas. Prop (left) 15.4 dB

Active elements Inactive elements

(a)

Active elements Inactive elements

(b)

Fig. 19. 64-element, 16-chain antenna panel with (a) the proposed configu-
ration for SLL reduction and (b) rectangular 4x10.
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Fig. 20. Horizontal cuts of the measured radiation patterns of the rectangular
and the proposed triangular antenna configuration.

the first row and eight in the second row shown in Fig. 21(a).
In total, 48 antenna elements are active. We also measured a
rectangular configuration of 12x4 array having 48 elements for
comparison, as shown in Fig. 21(b). Measurement result for
reducing the interference in the known direction is presented
in Fig. 22. The measured patterns are normalized to zero to
demonstrate the null depth with the proposed configuration.
Rows of the same size have the sidelobe in the direction of
interference. The proposed configuration places a null in the
known direction of interference. Rows of different length also
have different locations of sidelobes, which do not add up
power in the direction of sidelobes and therefore attain reduced
relative sidelobes along with placing null in the interference
direction.

Active elements Inactive elements

(a)

Active elements Inactive elements

(b)

Fig. 21. 64-element, 16-chain antenna panel with (a) the proposed configu-
ration for nulling, and (b) rectangular 4x12 array for reference.

Authorized licensed use limited to: Oulu University. Downloaded on January 07,2021 at 10:29:25 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.3044687, IEEE
Transactions on Antennas and Propagation

11

-40
o

-30
°

-20
°

-10
°

0
°

10
°

20
°

30
°

40
°

 (°)

-35

-30

-25

-20

-15

-10

-5

0
N

o
rm

a
liz

e
d
 R

x
. 
g
a
in

 (
d
B

)

Measured pattern [rectangular]

Measured pattern [proposed

X 20

Y -30.739

X 20

Y -18.8144

int

Fig. 22. Horizontal cuts of the measured radiation patterns of the rectangular
and proposed triangular subarrays.

TABLE II
MEASURED NULL OF PROPOSED (PROP) AND RECTANGULAR (RECT)

ANTENNA CONFIGURATIONS

Meas. Rect (right) 18.8 dB Meas. Prop (right) 30.7 dB
Meas. Rect (left) 18.1 dB Meas. Prop (left) 32.4 dB

V. CONCLUSION

In mmW arrays, different antenna geometries and element
configurations produce alternative ways of performing beam-
forming compared to the classical rectangular shape. A method
of interference reduction was proposed by stacking multiple
rows in the vertical domain to decrease interference over the
azimuth plane. The method was utilized for single-direction
null placement and sidelobe reduction. For sidelobe reduction,
the number of antennas in each row was varied to align the
nulls and maxima of the rows to increase the main lobe gain
while the sidelobe power remained constant, hence improving
the sidelobe level. The specific interference direction was
nulled by selecting the number of elements to produce a
null in a specific direction and stacking arrays of different
lengths to reduce the sidelobes simultaneously. It was shown
that the null direction is not required to be exact to achieve
decent interference performance, and hence the method was
relaxed by introducing a margin relative to the sidelobe width
of each antenna row. The proposed interference reduction
technique was demonstrated by using a 64-element phased-
array transceiver operating at 28 GHz center frequency. Over-
the-air measurements were carried out in an anechoic chamber
by using 100 MHz wide CP-OFDM waveform following the
3GPP 5G NR standard. The proposed configurations of the
subarray stacking method were compared against a standard
rectangular array with the same total number of antenna
elements. The measurement results show 2.5 dB of sidelobe
reduction with only two rows of antennas compared to the
reference rectangular antenna configuration. In the case of
nulling of a single direction, more than 10 dB of interference
reduction compared to the rectangular was achieved with only
two rows. In both cases, the performance potential of the

proposed method improves for larger arrays.
It is possible to use numerous beamforming methods to

form nulls and reduce the sidelobes, but they often require
amplitude control per antenna, which reduces the maximum
achievable radiated power. However, the proposed method
used the maximum available power per antenna to reduce
sidelobe or nullify interference in any particular direction. In
practice, the technique can be used in phased arrays having
a large number of antenna elements. The antenna geometries
can be varied during the operation, and hence the array size
and configuration are not required to be fixed for a specific
scenario. The proposed technique gives an alternative way
of simplifying the interference reduction and achieving better
beam separation in multi-user and multi-beam systems. The
technique can be implemented in practice in transceivers using
various techniques, for example, by using the TDD switch of
each branch to turn elements on and off during the operation.
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