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Abstract— In this article, a concept of a phased antenna
array based on substrate integrated waveguide (SIW) technology
for 5G base stations is proposed. The array has a cosecant
radiation pattern in the vertical plane for uniform illumination
in a sector area. The array itself consists of 16 SIW traveling
wave subarrays of 12 slot-coupled microstrip patch antennas
associated with a pair of reflection-canceling vias and phasing
elements to get the tapered distribution both in amplitude and
phase for the cosecant-shaped radiation pattern. The array is
designed to be operational at 28 GHz with a bandwidth of more
than 10%, a candidate mm-wave frequency band for 5G. The
phased antenna array supports wide-angle scanning of +/−60◦
in azimuth and exhibits good active impedance properties. The
array design is successfully verified experimentally.

Index Terms— 5G base station, cosecant-squared radiation pat-
tern, microstrip patch antenna, phased antenna array, substrate
integrated waveguide (SIW).

I. INTRODUCTION

THE ambitious requirements of 5G systems on the channel
capacity, link quality, cost, and reliability demand novel

antenna design solutions at millimeter waves. In particular,
5G base station antennas are expected to provide multiple
simultaneous beams using the same frequency (sub)band with
limited interference, suitable processing complexity, accept-
able power consumption, and simple thermal management [1].

Potential true multibeam generation strategies as presented
in the 5G literature consider digital, analog, and hybrid archi-
tectures [2], [3].

Most of the proposed array topologies consist of square
8 × 8 or 16 × 16 arrays of microstrip patches with square lat-
tices and half-wavelength element separation. Massive MIMO
“beam” forming is used both in azimuth and elevation in

Manuscript received September 18, 2020; revised February 24, 2021;
accepted May 30, 2021. Date of publication July 26, 2021; date of current
version January 11, 2022. This work was supported in part by the Dutch
Research Council (NWO) and in part by NXP Semiconductors in the
Framework of the Program on Advanced 5G Solutions-Antenna Topologies
and Front-End Configurations for Multiple Beam Generation (www.nwo.nl).
(Corresponding author: Jan Puskely.)

Jan Puskely, Yanki Aslan, Antoine Roederer, and Alexander Yarovoy
are with the Department of Microelectronics, Microwave Sensing, Sig-
nals and Systems Group, Delft University of Technology, 2600 GA
Delft, The Netherlands (e-mail: J.Puskely-1@tudelft.nl; Y.Aslan@tudelft.nl;
A.G.Roederer@tudelft.nl; A.Yarovoyg@tudelft.nl).

Tomas Mikulasek is with the Department of Radio Electronics,
Brno University of Technology, 61200 Brno, Czech Republic (e-mail:
mikulasekt@feec.vutbr.cz).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TAP.2021.3098577.

Digital Object Identifier 10.1109/TAP.2021.3098577

Fig. 1. Percentage of user coverage with respect to ϕel,k in a cell
with uniformly distributed users over the area for hBS = 10.5 m and
rmax = 200 m [5].

order to reuse the same subbands at a maximum num-
ber of users, with maximum gain and minimum co-channel
interference.

This results in massive complexity, power consumption, and
heat generation, particularly if full digital beam forming is
used. Then, one complex weight per element and per user
stream must be computed and applied using one two-way
baseband to RF digital to analog chain per element.

Such designs are not optimally suited for most 5G base
station antennas typically looking down from a 10.5 m street
light pole at a +/−60◦ angular sector of 200 m radius
or more [4]. For such base stations, as shown in Fig. 1,
around 98% of ground level users are normally within an angle
of 20◦ from the light pole horizon. Using the proposed arrays,
with beamwidths of 14◦ (8 × 8) or 7◦ (16 × 16), there is
clearly little scope for frequency reuse in elevation.

To reduce the processing and hardware complexity, hybrid
analog–digital beam forming approaches have been proposed.
The idea of hybrid beamforming was first applied for radar
phased array antennas [6]. Single-port subarrays of analog
phased elements are fed by digitally weighted and time
delayed signals. This reduces the number of D/A and A/D
as well as up and down frequency conversion chains.

Hybrid beam forming is currently considered by many
as the most suitable candidate for 5G base stations at
millimeter waves [7], [8]. In the case of an array antenna
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with multiple simultaneous beam/streams, there are two basic
options.

1) Subconnected hybrid beam forming configurations [7].
2) Fully connected configurations [7].
There are some drawbacks of these topologies such as the

limited scope of elevation beam scanning, the poor equivalent
isotropically radiated power (EIRP) and resolution perfor-
mance of option 1), and the high and costly combining losses
of option 2). It leads naturally to study a third option of hybrid
beam forming.

An effective and well-known (in radar) approach in hybrid
beam forming is to form a single analog beam in the elevation
plane with a cosecant-squared shape and digitally control
the beams in the azimuth plane. Besides decreasing the cost
and complexity significantly, the cosecant-squared shape in
elevation is particularly suited for 5G base stations since.

1) The power flux is equalized for users at different ranges
which provides more predictable minimum SNR.

2) Overshadowing of weak signals by the stronger
ones near the base station is prevented (crucial for
additional code division multiple access (CDMA) [9]).

3) Safety issues related to the vertical compliance distance
are automatically resolved [10].

4) Inefficient additional base station user power control is
avoided.

Moreover, the competitive statistical performance of the
cosecant-squared-based approach in terms of user signal-to-
interference-plus-noise ratios (SINRs) was proven in [11]
using a multiuser 5G system model.

A wide range of antennas have been proposed for the
realization of cosecant-squared pattern. Among them, reflector
antennas can yield a high gain and broad bandwidth, but they
are large in size, heavy, and costly to fabricate [12], [13].
Reflect arrays need feeding horns with high precision and
can only provide one azimuth beam at a time [14], [15].
On the other hand, planar microstrip array antennas can result
in a lightweight and low-profile product [16], [17]. However,
microstrip-line feeding causes parasitic radiation and large
losses, especially at high frequencies [18]. To improve the
efficiency of the feeding network, the substrate integrated
waveguide (SIW) technique with low cost and high integration
capability is commonly adopted [19]–[24]. The introduction
of cosecant-based hybrid beam forming in millimeter wave,
multiuser 5G applications was first presented in [25] using
an antenna system based on longitudinal slots fed by SIW
in combination with microstrip patches. Such an antenna
structure realizes the horizontal (transverse to the waveguide
axis) polarization of transmit waves.

In this article, we propose to combine the transversal slots
for vertical (along the waveguide axis) polarization with a
microstrip patch to achieve higher gain (allowing for the
required +55 dBm EIRP) and much wider operational band-
width in comparison with previous author’s work [24]. Pair of
reflection-canceling vias and a phase element are added to SIW
to realize a tapered distribution both in amplitude and phase
and provide a cosecant shaped radiation pattern. This novel
aperture coupled microstrip patch antenna (AC-MPA) array
concept can be used in any SIW series-fed array realizing

Fig. 2. Geometry of the last element of SIW-fed AC-MPA.

any amplitude and phase distribution along the line and is
an attractive alternative to reflection-canceling slot pairs [21].
In this article, the concept is realized for the frequency
band 27.5–29.5 GHz, targeting the mm-wave subband for 5G
systems.

The rest of this article is organized as follows. The basic
antenna structure and the design procedure of the slot array
with a cosecant radiation pattern are described in Section II.
Section III is dedicated to the comparison of the different
antenna topologies/strategies for azimuthal scanning phased
antenna array. Experimental verification of the cosecant phased
antenna array is demonstrated in Section IV. Comparison with
traditional concept and discussion are in Sections V and VI,
respectively.

II. DESIGN OF A PHASED ANTENNA ARRAY

WITH COSECANT-SQUARED SHAPED

RADIATION PATTERN

The cosecant-squared shaped pattern requires a nonuniform
amplitude and phase distribution along the waveguide axis.
This is why the basic series-fed subarray should allow to
control both amplitude and phase.

A. AC-MPA SIW Element of Cosecant Subarray

The transverse slot complemented by a pair of reflection-
canceling vias and a phase shifter [24] is a good starting point
for the SIW-based array with an arbitrary amplitude and phase
distribution along the line due to the independent control of the
amplitude and phase distributions. To overcome the limitations
of a transverse slot in terms of impedance bandwidth (which
is only about 3%) and gain, another dielectric layer with a
microstrip patch on the top is added.

The final antenna element, depicted in Fig. 2, consists of
three dielectric layers: an SIW feeding layer, a patch layer,
and a prepreg layer between them. The rectangular microstrip
patch is placed on the top surface of the patch layer with
relative permittivity of 2.2 (RT5880) and a thickness hs1. The
microstrip patch is aperture coupled through the transversal
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TABLE I

DIMENSIONS OF THE ANTENNA IN FIGS. 3 AND 4

slot integrated to the SIW feeding layer with a relative
permittivity of 6.15 (RO3006) and a thickness hs2. The slot
and the pair vias of the last element are placed in such way to
minimize the reflection from the waveguide termination. The
patch is placed symmetrically to the center of the slot. The
position of reflection-canceling vias, the phase element size,
and the patch and slot size are used as tuning parameters in
the final cosecant-squared subarray design. FastRise27, with
permittivity 2.7, is used as a prepreg layer. To simplify the
antenna model, the SIW is substituted by an equivalent rec-
tangular waveguide (WG) of width weqw [26]. The dimensions
of the element in Fig. 2 are listed in Table I.

By numerical analysis of a single radiating element without
the phase shifter [Fig. 3(a)], the design curves were derived
and depicted in Fig. 3(b). The coupling coefficient decreases
with the patch length l p, while the positions xv and yv of
the reflection-canceling vias change to minimize the reflection
from the element. The phase delay increases with coupling
coefficient and has to be taken into account for the desired
phase distribution. The design curves are valid for the given
relative permittivity of the substrate and the width of the
feeding waveguide weqw.

The uniformly spaced subarray with an amplitude and phase
distribution, which realizes cosecant-squared shaped radiation
pattern, combines 12 of such radiating elements (Fig. 4). The
number of elements is a trade-off between gain and subarray
dimension [25]. We can somewhat better approximate the
shape of the realized cosecant-squared radiation pattern with
a higher number of elements but the gain, limited by the
directivity associated with the cosecant-squared template, does
not increase significantly. The spacing among the elements
is 0.65λ0 at the operating frequency of 28.5 GHz.

The subarray design consists of two steps: determining exci-
tation coefficients (cosecant beam synthesis) and its realization
through amplitude and phase controlling elements.

B. Cosecant-Shaped Beam Synthesis

In the first step, the excitation coefficient of each element
was determined. Many algorithms to synthesize cosecant-
squared shaped array factors exist in the literature [27]–[33].
To reach the required cosecant-squared radiation pattern,
a tapered amplitude and a phase distribution were synthesized
by an in-house developed iterative power synthesis technique.
Starting from the real wanted cosecant amplitude pattern
template, the phase law assigned to the amplitude template is
iteratively replaced by that obtained for the realized pattern in
the previous iteration. The new complex wanted pattern is then

Fig. 3. Configuration of (a) proposed basic antenna element and (b) geometry
parameters and phase delay of antenna element against coupling coefficient
at 28.5 GHz.

Fig. 4. Cosecant-squared linear subarray of 12 AC-MPA elements fed by
an SIW.

projected on the subspace of the array’s realizable patterns.
Convergence is easy to demonstrate and related to the number
of array elements.

The template shown in Fig. 5 was taken as an ideal one in
the synthesis process. The final excitation coefficients for the
subarray are depicted in Fig. 5. The cosecant-squared radiation
pattern related to the given excitation coefficients is also shown
in Fig. 5.

C. Design of an AC-MPA Subarray With Cosecant-Squared
Radiation Pattern

The amplitude distribution determines the coupling coeffi-
cients of the transverse slots and patches based on [16]

C(n) = |A(n)|2
∑N

i=n |A(i)|2 (1)

where A(n) is the excitation coefficient of nth element. The
coupling coefficient of nth element C(n) represents a ratio of
the radiated power Prad to the input power Pin and is expressed
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Fig. 5. Excitation coefficients for the 12-element subarray with
cosecant-squared shaped beam (top) and corresponding radiation pattern with
ideal template (bottom).

TABLE II

GEOMETRY PARAMETERS OF SUBARRAY ELEMENTS IN mm

in terms of scattering parameters as

C(n) = Prad

Pin
= 1 − |s11|2 − |s21|2

1 − |s11|2 . (2)

The coupling coefficient is changed mainly with the patch
length l p. Nevertheless, the slot length ls and the positions
xv and yv of the reflection-canceling vias have also an effect
on the coupling coefficient. The final dimensions of elements
in Table II differ slightly in comparison with design curves
in Fig. 3 due to fine optimization of antenna element including
the phase shifter.

The phase of the traveling wave between adjacent antenna
elements is controlled by the phase element (Fig. 2) rep-
resented by the parameters (lpe, wpe). The targeted phase

Fig. 6. AC-MPA subarray results. Left: Reflection coefficient. Right:
Radiation patterns at 28.5 GHz.

delay is achieved by changing only the parameter wpe of the
phase element. The wider SIW leads to a smaller propagation
constant and a higher phase shift. So the transverse slot
controls the amount of the radiation power, while the phase
shifter controls the phase of the transmitted wave.

In the fine optimization process, mutual coupling (MC)
among the elements was included by taking into account one
adjacent element on each side. The optimized dimensions of
the subarray are listed in Table II.

The simulated results of the cosecant linear SIW-fed
AC-MPA subarray are shown in Fig. 6. The simulated
reflection coefficient indicates an impedance bandwidth of
about 20%. The radiation pattern in the vertical plane has a
maximum gain of 16.3 dBi which is of about 1.5 dB lower than
for synthesized pattern based on isolated radiating elements
due to MC among elements.

III. COMPARISON OF DIFFERENT ANTENNA TOPOLOGIES,
REGULAR VERSUS IRREGULAR

In high-capacity multiuser applications with multiple users
sharing the same time–frequency-code resources, it is crucial
to sufficiently suppress the interference among the users.
In line of site (LoS)-dominated environments as in the
mm-wave 5G networks [34], under a low-complexity beam
steering-based precoding, there is a direct relation between
the average side lobe level (SLL) radiated by the base station
and the statistical quality-of-service (QoS) [4]. For a dense
and regularly (0.5λ0) spaced array, the high first SLL (that
is around −13 dB) becomes responsible for the performance
degradation. A power efficient and practical way to lower the
peak SLL (for multiple steerable beams inside the sector) is to
optimize the positions of the array elements (subarrays) [35].
Yet, applying such density-tapering techniques leads to an
increased field strength at the far sidelobes so as to compensate
the lower first sidelobe(s). Therefore, the peak SLL in the
position-optimized arrays should be made low enough to
satisfy the required QoS [11].

In order to investigate the extent of SLL reduction with
irregularly spaced cosecant subarrays, we have performed a
study with subarray position optimization in different study
cases in terms of the number of subarrays and the angular
width of the sector in azimuth. The findings on the peak SLL
with respect to the corresponding array’s broadside beam and
the average subarray spacings are reported in Table III. The
intersubarray spacing and radiation patterns of two cases from
Table III are shown in Fig. 7 as an example. The results are

Authorized licensed use limited to: Brno University of Technology. Downloaded on February 01,2022 at 10:51:14 UTC from IEEE Xplore.  Restrictions apply. 



254 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 70, NO. 1, JANUARY 2022

TABLE III

MAXIMAL FIELD STRENGTH WITH RESPECT TO THE
CORRESPONDING BEAM AT BROADSIDE AND AVERAGE

INTERSUBARRAY SPACING AFTER THE SUBARRAY

POSITION OPTIMIZATION USING

THE TECHNIQUE IN [34]

Fig. 7. Intersubarray spacing and radiation patterns of two cases
from Table III. Top: 16 subarrays, +/−30◦ sector. Bottom: 48 subarrays,
+/−45◦ sector.

based on the radiation pattern of the designed cosecant-squared
subarray from Section II.

In our application, as we would like to minimize the number
of array panels and achieve good statistical QoS, we aim to
design an array that is operational in +/−60◦ scanning range
and has SLL below −20 dB and gain more than 25 dBi.
In such a wide-angle scanning scenario, 1-D position-only
tapering does not bring a significant advantage in peak
SLL suppression, as shown in Table III, unless the array is
made very large.

Since we want to keep the design, fabrication, and cali-
bration complexity/cost low and also because the abovemen-
tioned antenna requirements are fulfilled, we have prototyped
a 16-element regularly (0.5λ0) spaced array of active subarrays
and exploited the capabilities of the beamforming chips.

In the presented prototype, potentially, the required SLL
can be achieved via programming of the chips for standard

Fig. 8. Computed embedded radiation patterns of eight subarrays; p1 is outer
subarray and p8 is in the middle one.

Fig. 9. Two-layer SIW transition between the SIW feeding layer and the
chip layer.

amplitude tapering, phase optimization [36], or amplitude and
phase optimization [37], at the expense of a reduced power
efficiency as compared with the regular or position-optimized
arrays.

The whole array consists of “only” 16 half-wavelength
spaced subarrays. There was no need for dummy elements
on both sides because the embedded radiation patterns of all
active subarrays are similar, as shown in Fig. 8.

It is worth to mention that the 3 dB beamwidth of embedded
patterns is of about 150◦. Despite lower coupling between the
subarrays, there is still the parasitic radiation by mainly the
first neighbor subarrays which contributes to the embedded
radiation pattern. Another factor which contributes to the shape
of the radiation pattern and makes it flat is the size of the
ground plane.

Since the cosecant-squared subarrays are a part of the active
phased array antenna, the PCB layout has to be complemented
with another layer which will support Ka-band analog beam
forming chips and create also symmetrical stack-up for the
physical realization. We designed a two-layer SIW transition
between the SIW feeding layer and the new added chip layer
for this purpose (see Fig. 9). The transition avoids the leakage
in the prepreg layer and its insertion loss is lower than 0.5 dB,
as shown in Fig. 10.

The calculated results, such as active reflection coefficients
and scan radiation patterns, are presented in Section IV.

IV. REALIZATION AND MEASURED RESULTS

In the final realization, the equivalent rectangular WG is
replaced by an SIW using the procedure described in [26].
The phased array antenna was fabricated with a standard
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Fig. 10. S-parameters of transition from Fig. 9.

Fig. 11. Fabricated 1 × 16 cosecant-squared phased antenna array.

Fig. 12. Reflection coefficient of the AC-MPA subarrays. Left: Measurement.
Right: Simulation.

printed circuit board process. The total dimensions of the
array are 97 mm × 141 mm. To verify the properties of the
antenna array, the array was fabricated and each subarray was
equipped with sub miniature push-on mini (SMPM) surface
mount connectors, as shown in Fig. 11.

A. Impedance Properties of the Phased Array Antenna

The measured and calculated reflection coefficients at eight
input ports are shown in Fig. 12. Port 1 is on the left side
and port 8 in the middle in Fig. 11. The calculated results do
not take into account the effect of the SMPM connectors. The
reflection coefficient of the connectors is better than −15 dB
in the given frequency band. Despite the influence of the
connectors themselves and the quality of the assembly process
on the final results, the measured impedance bandwidth is still
more than sufficient for the considered application.

We also analyzed the MC between the subarrays (see
Fig. 13). MC below −20 dB has been achieved in both,

Fig. 13. MC between the subarrays. Left: Measurement. Right: Simulation.

Fig. 14. Active reflection coefficient. Left: Measured port 8. Right: Simulated
infinite antenna array.

the simulation and the measurement, in the frequency
band 27–31 GHz. The low coupling is due to orientation of
slots. It gives us a good premise for the wide range scanning.

The active reflection coefficient as a function of the scan
angle in the azimuthal plane is shown in Fig. 14. The cal-
culated active reflection coefficients are valid for the infinite
array in the azimuthal plane; the measured ones for the central
port 8. The scanning performance is maintained for scan
angles up to ±60◦. The measured results correspond to those
of the infinite array in terms of operational bandwidth which
is about 18% (27–32 GHz) in the scanning range of ±60◦.

B. Radiation Properties of the Cosecant-Squared Phased
Array Antenna

The scan radiation patterns are based on measurement of
the embedded patterns of each subarray and subsequent post-
processing.

The measured vertical cuts of the embedded patterns and
their comparison with the simulated ones (realized gain) in
the desired frequency range 28–29 GHz are shown in Fig. 15.
One can observe good agreement with simulations in terms
of the radiation pattern shape and realized gain which was
between 14.3 dBi (at 28 GHz) and 14.8 dBi (at 29 GHz).
The cross-polarization patterns in the given cut are shown
in Fig. 15 as well, with levels lower than −30 dB in the
range ±90◦.

The combined radiation patterns of the cosecant phased
array antenna based on measured embedded patterns are shown
in Figs. 16 and 17. The measured and simulated radiation
pattern in a vertical cut at 28.5 GHz is shown in Fig. 16.
Good agreement with a cosecant-squared shaped pattern is
obtained below horizon. Some pattern degradation takes place
above the horizon in terms of the SLL. At the frequency
of 28.5 GHz, the main lobe is directed to 4◦ below horizon.
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Fig. 15. Vertical cuts of the embedded radiation patterns at 28, 28.5, and
29 GHz. Left: Measured. Right: Simulated.

Fig. 16. Comparison of the measured vertical cut with simulation at
28.5 GHz.

Fig. 17. Scanning performance of the phased array at 28 GHz (left) based
on measured embedded radiation patterns (right).

The simulated realized gain of the overall antenna system
of sixteen subarrays was 25.7 dBi with the total efficiency
of 78%.

The important parameter of the series fed array is beam
squint. The design allows for the impedance bandwidth
of 4 GHz. Naturally, the overall beam squint over such
wide frequency band is large. Nevertheless, depending on

the local spectral regulations, only part of this band will be
used to transmit 5G signals with total simultaneous bandwidth
of 400 MHz. The beam squint is 4◦ in such case and
the variation of the power within the beam varies is less
than 2.5 dB.

The scan radiation patterns at 28 GHz are shown in Fig. 17.
A grating-lobe-free beam scanning range of up to ±60◦
is achieved. The maximum level of the sidelobes is below
−12 dB in the whole scanning range. Further reduction in the
SLL can be achieved by dedicated amplitude or space tapering.
The gain variation due to scan loss is only ±0.5 dB. It is
due to the wide embedded patterns which have beamwidth
of 150◦ [see Fig. 17 (right)] and the low MC between
the subarrays.

V. COMPARISON OF COSECANT-SQUARED ARRAY

WITH TRADITIONAL PATCH ARRAY

Most of the proposed array topologies consist of square
8 × 8 or 16 × 16 arrays of microstrip patches with square
lattices and half-wavelength element spacing. Such designs
are not optimally suited for 5G base station antennas typically
placed on pole and looking down, because, as we prove in [5],
around 98% of ground level users are normally within an
angle of 20◦ from the light pole horizon. Other drawbacks of
the traditional arrays are in their massive complexity, power
consumption, and heat generation, particularly if full digital
beam forming is used.

The main advantages of cosecant-squared approach are:
1) Simplicity and low cost.
2) Digital Beamforming With Limited Complexity: The

DBF complexity is directly related to the number of
elements (or subarrays) used in the system. If we
assume a fast, reliable, and low-complexity precoding
via simple beam steering, the number of mathematical
operations that should be performed is proportional to
(14 × N − 2) [38] where N is the total number of
control points. In the 16 × 16 array, N is equal to 256,
while in the array of cosecant subarrays, N is equal
to 16. The reduction in the processing complexity will
be much more significant if a more complex precoding
algorithm, such as zero-forcing, is used for which the
required number of operations is proportional to higher
orders of N [38].

3) Received Power Equalization at All Distances With
High Electronics Efficiency: The cosecant-squared shape
adjusts the transmit antenna gain so that the users (with
similar height) receive the same power, independent of
their distance to the base station. Thus, adaptive power
transmission to prevent overshadowing is not needed and
all the power amplifiers (PAs) can work efficiently at
optimal power level.

4) Easy Cooling: In an array of cosecant subarrays, all the
chips are located on one side of the board. Therefore,
the integration of a cooling system (heat pipes, cold
plates, and so on) is easier. Moreover, the heat can be
quickly transferred to the array side where an additional
cooling system can be placed [39].

Authorized licensed use limited to: Brno University of Technology. Downloaded on February 01,2022 at 10:51:14 UTC from IEEE Xplore.  Restrictions apply. 



PUSKELY et al.: 5G SIW-BASED PHASED ANTENNA ARRAY WITH COSECANT-SQUARED SHAPED PATTERN 257

TABLE IV

COMPARISON OF COSECANT-SQUARED
ARRAY WITH TRADITIONAL PATCH ARRAYS

There are also some drawbacks coming with
cosecant-shaped approach and its realization with SIW
technology.

1) Relatively Large Input Power to Each Port: If the same
chips are used in the 2-D array and the cosecant-squared
subarray, there will be much less power in the
cosecant-squared array due to the reduced number of
chips, thus much less EIRP which limits the cell range.
Therefore, larger PAs are needed in the array of cosecant
subarrays.

2) Single Polarization: We realize the cosecant-squared
subarray with vertical polarization in SIW technology.
It makes the design of the dual-pol antenna system more
complex. Practically, it would mean to use relatively
high permittivity laminates to be able to put SIW feeding
lines for both polarization close to each other and realize
the scanning range +/−60◦.

3) Poor Radiation Bandwidth: The antenna array exhibits
impedance bandwidth of 18%; however, the radiation
bandwidth is about 3.5%. It is due to the realization
of the cosecant-squared shaped pattern by the series-fed
antenna array with feeding at one end. It causes the beam
squint of about ±4◦ in frequency band of 1 GHz. The
radiation bandwidth can be improved with the feeding
in center of the antenna array.

Table IV summarizes general comparison of the
cosecant-squared array with traditional patch arrays.

VI. CONCLUSION

In this article, a novel concept of millimeter-wave antenna
array for the 5G base stations is proposed. To satisfy challeng-
ing requirements of 5G applications in terms of multibeam
generation capability with large scanning area and low-cost
implementation, an SIW-based phased array antenna with
cosecant-squared shaped radiation pattern in the elevation
plane is proposed. To achieve high-gain radiation patterns in
the elevation plane and wideband impedance matching, a novel
radiating element consisting of a transversal slot in SIW and

aperture coupled patch with two tuning components (vertical
vias and phase element) has been proposed and designed for
particular application. The antenna array exhibits impedance
bandwidth of 18% and consistent cosecant-squared radiation
patterns in a frequency band of 3.5% (bandwidth reduction
in comparison with the impedance is due to beam squint).
This is considerable improvement over the basic element slot
from [24] with the gain of about 5.5 dBi and the operational
bandwidth of the subarray was about 1%. The azimuth scan-
ning range of the phased array with low scan loss is more than
+/−60◦. The array design has been experimentally verified
by manufacturing of the array and measuring its impedance
properties and radiation patterns. The array concept proposed
has clear advantages of typical 5G square arrays in terms
of complexity, required RF, and computational power and
cooling.
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