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Abstract— In this paper, we present a 5G base station 
phased array antenna concept based on the power flux 
equalization in the elevation plane. We designed an aperture-
coupled microstrip patch sub-array fed by a substrate 
integrated waveguide to produce a cosecant radiation pattern 
in the elevation plane. The antenna is designed to be 
operational at frequencies around 28.5GHz, targeting a 
candidate 5G mm-wave frequency band. The dimensions of the 
cosecant antenna sub-array support wide-angle scanning of the 
final phased array antenna  in the horizontal plane. The 
antenna exhibits good impedance and radiation properties in 
the scanning range +/- 45deg. 

Index Terms—5G base station, phased array antenna, 
microstrip patch antenna, substrate integrated waveguide, 
cosecant radiation pattern. 

I.  INTRODUCTION 
The fifth generation (5G) technologies for cellular 

systems are gaining worldwide attention. Compared with 4G 
systems, the 5G system is shifted to higher frequencies 
where it is easier to satisfy the demands of the 5G network 
targeting higher data rates and improved quality of service 
[1-2]. To achieve the expected data rates, 5G base station 
antenna systems will have to guarantee a high level of 
flexibility and high performances [2] (e.g., real-time adaptive 
beamforming, multi beam generation). 

In mm-waves, the current research interest for 5G 
applications is on two frequency band candidates, 28GHz 
and 38GHz [3]. However, the development of high 
performance and low-cost antenna array systems at such 
frequencies bring new challenges to be addressed for the 
success of 5G cellular wireless technologies [2, 4-6].  

In this paper, we propose a 5G base station concept of 
phased array antenna based on linear sub-arrays with 
cosecant beam pattern in the vertical plane, synthesized to 
get uniform flux over a coverage area [7]. Several linear 
array designs with cosecant-squared power pattern exist in 
the literature [8-10]. However, unlike those designs, the 
proposed sub-array is based on aperture-coupled microstrip 
patch antennas (AC-MPA) [11] fed by a substrate integrated 
waveguide (SIW).  

SIW is easily manufactured at low cost for mass 
production by making densely arrayed via-holes and metal-
plating the surfaces. The measured transmission loss of the 
SIW at Ka-band is small, around 0.05 dB/cm. Exploiting a 
SIW structure for MPA feeding combines the benefits of 

both structures. It results in a compact antenna structure 
retaining the advantageous properties of MPAs and having a 
radiation characteristic without the spurious radiation that is 
usually produced by a conventional feeding line.  

The antenna is designed to be operational at frequencies 
around 28.5GHz, targeting the candidate 5G frequency band. 
The sub-array has optimal electrical dimensions to support 
wide-angle scanning in the horizontal plane. Hereafter we 
will show that the antenna exhibits good impedance and 
radiation properties in the scanning range +/- 45deg .   

 
Fig. 1. 5G base station concept based on flux equalization in elevation cut; 

Defined mask of a cosecant radiation pattern in the elevation plane. 

II. DESIGN OF A SUB-ARRAY WITH COSECANT 
RADIATION PATTERN 

The cosecant shaped-beam series-fed aperture-coupled 
microstrip patch sub-array has been designed as a basic 
element for the active phased array antenna. The whole 
antenna system is designed with the aid of CST MS. 

A. AC-MPA element fed by SIW   
The structure of the proposed AC- MPA fed by SIW with 

its overall dimensions is depicted in Fig. 2.  
The basic antenna element consists of two dielectric 

layers, a SIW layer and a patch layer. The rectangular 
microstrip patch of width Wp and length Lp is placed on the 
top surface of the patch layer with relative permittivity 2.2 
and thickness ts1. The microstrip patch is aperture coupled 
through the longitudinal slot (Lsl, Wsl) integrated to the SIW 
layer with relative permittivity 2.2 and thickness ts2. The slot 
is centered on the maximum of the standing waveguide wave 
at a distance d3 from the waveguide end wall and has an 
offset d1 from the centre line of the SIW. The patch is placed 
symmetrically to the centre of the slot. The via is used as 
tuning element in the final cosecant subarray design. 

To simplify the antenna modelling, the SIW is replaced 
by an equivalent RWG of width WeqSIW and length LeqSIW with 
solid walls [12]. This approach significantly reduces the 



simulation runtime. The port on the left side of the SIW 
excites the fundamental TE10 mode. The other end of the 
SIW is shorted. The dimensions of the element are listed in 
Table I. 

 

 
Fig. 2. The geometry of the SIW-fed AC-MPA. 

TABLE I.  DIMENSIONS OF THE ANTENNA ELEMENT IN FIG. 2 

Parameters Value [mm] Parameters Value [mm] 
La 14.700 WeqSIW 5.050 
Wa 9.800 d1 1.660 
Lp 2.500 d2 1.600 
Wp 4.600 d3 2.600 
Lsl 2.600 dvia 0.600 
Wsl 0.200 ts1 0.508 

LeqSIW 9.900 ts2 0.508 
 

The computed input reflection coefficient of the SIW 
antenna is presented in Fig. 3. The characteristic impedance 
was matched to 50Ω in the simulations. The antenna 
operational band is centered at 28.45GHz  with bandwidth of 
about 2.9GHz (BW ~ 10%). The resonant frequency of the 
SIW element can be shifted by changing the length of the 
patch Lp. The antenna radiation patterns at the center of the 
operational band are presented in Fig. 4. It can be observed 
that the antenna has symmetrical radiation pattern. A gain 
above 7.5dB and low levels of cross-polarization in main 
planes are obtained in the whole operational band.  

B. Design of an AC-MPA Sub-Array with Cosecant 
Radiation Pattern 
As a trade-off between gain and maximum sub-array 

dimension,  a linear sub-array of twelve radiators is chosen. 
The sub-array is shown in Fig. 5. At the operating frequency, 
the coupling slots are centered at the peaks of the guided 
wave (dP = 4.98mm; 0.53λ at 28.5GHz). The centre of the 
last slot is placed a quarter guided wavelength from the end 
wall. The total dimensions of the array are Lar = 71mm and 
War = 9.8mm.  

An approach based on Elliott’s design procedure for the 
slotted waveguide arrays [13] is used for the design of an 
AC-MPA array fed by a SIW. The self-admittance Y of an 
isolated antenna element is extracted using the two port 
structure similar to that shown in Fig. 2. The self-admittance 
is normalised to the characteristic conductance G0 of the 
RWG is obtained by optimizing the slot length LSL, the patch 

 
Fig. 3. Computed input reflection coefficients of the SIW-fed MPA. 

   
Fig. 4. Computed radiation patterns at 28.5 GHz. 

 
Fig. 5. Cosecant linear sub-array of twelve AC-MPA elements fed by a 
SIW. 

length Lp and via position dv and it is given by [13] 
 

Y/G0 = G/G0 + j B/G0 = -2s11/(1+s11).  (1) 
 
The linear sub-array of AC-MPAs is impedance matched 

through the desired frequency band while the sum of 
normalized conductances G/G0 of each element in the sub-
array is equal to one at the operating frequency. Similarly, 
the sum of normalized susceptances B/G0 should be zero.  

To reach the required cosecant radiation pattern in the H-
plane, amplitude and phase distribution were synthesized in 
an initial step (initial values are in Table I). The mask shown 
in Fig. 1 has been taken as a reference in the synthesis 
process. In the next step, to simplify the design of the array, 
the phase distribution was taken as uniform and the 
amplitude distribution was further optimized. The final 
excitation coefficients are listed in Table II. The cosecant 
radiation pattern related to the given excitation coefficients is 
depicted in Fig. 8. On the basis of the amplitude distribution, 
the required values of G/G0 of each radiators were achieved.  

Six AC-MPAs having the required values of G/G0 were 
realized by optimizing the dimensions mentioned  in the 
previous paragraph. In optimization process, mutual coupling 
between the antenna elements was not taken into account for 
simplicity. In Fig. 6, it can be seen that the resultant 
normalized components of Y/G0 of the isolated antenna 



elements agree with the required ones. The final AC-MPAs 
dimensions differ in the slot length LSL, the patch length Lp 
and position of the via dv compensating the capacitive 
character of the radiator. The other parameters, such as dSL, 
Wp and WSL, are common for all. The parameters are listed in 
Table III. To realize a phase shift of 54deg between the first 
and second element, the length of the SIW was increased 
corresponding to the given guided wave, i.e. dFI = 1.51mm. 

TABLE II.  EXCIATATION COEFFICIENTS FOR THE COSECANT BEAM 
PATTERN 

Num. 
elem. 

Initial excit. coeff. Optim. excit. coeff. 
G/G0 Ampl Phase 

[deg] Ampl Phase 
[deg] 

1 0.481 206 0.481 206 0.232 
2 0.407 152 0.407 152 0.166 
3 0.315 150 0.317 152 0.100 
4 0.328 132 0.317 152 0.100 
5 0.266 134 0.266 152 0.071 
6 0.269 124 0.266 152 0.071 
7 0.228 126 0.224 152 0.050 
8 0.225 118 0.224 152 0.050 
9 0.204 120 0.199 152 0.040 

10 0.197 114 0.199 152 0.040 
11 0.189 117 0.199 152 0.040 
12 0.183 112 0.199 152 0.040 

TABLE III.  DESIGN PARAMETERS OF SUB-ARRAY ELEMENTS IN MM 

n.e. x LSL WSL dSL LP WP dv 
1 2.34 0.20 1.00 2.48 4.20 2.00 
2 2.64 0.20 1.00 2.28 4.20 2.00 

3-4 2.71 0.20 1.00 2.05 4.20 2.00 
5-6 2.64 0.20 1.00 2.04 4.20 2.07 
7-8 2.67 0.20 1.00 1.84 4.20 2.09 
9-12 2.64 0.20 1.00 1.79 4.20 2.13 

 

 

 
Fig. 6. Simulated normalised self-admittances of isolated radiating 

elements; top) G/G0; bottom) B/G0. 

The simulated results of the cosecant linear SIW-fed AC-
MPA sub-array with the parameters listed in Table III are 
depicted in Fig. 7 and Fig. 8. The simulated reflection 
coefficient indicates an impedance bandwidth of about 10% 
for s11 < 10dB (28-31GHz). The radiation pattern in the H-
plane has a maximum gain of 15.7 dB and shows good 
agreement with patterns based on isolated radiating elements. 
The radiation pattern in the E-plane shows a small 
asymmetry caused by unequal excitations of AC-MPAs. The 
asymmetry is about 1dB. 

 
Fig. 7. Reflection coefficient of the AC-MPA sub-array.  

 
Fig. 8. Radiation patterns of the AC-MPA sub-array at 28.5GHz . 

C. Infinite Antenna Array Performances 
To analyze the scanning performance of the SIW AC-

MPA sub-array in a phased array antenna, the width of the 
sub-array has to be changed to size around 0.5λ at 28.5GHz. 
The antenna array with a width of War = 5.3mm is depicted 
in Fig. 9.  

How this change affects the impedance and radiation 
properties of the sub-array is also shown in Fig. 9 (better 
impedance matching, less gain). This width provides the 
possibility to achieve scanning over more than +/- 60deg 

without grating lobes in the azimuthal plane.  
The active reflection coefficient as a function of the scan 

angle in the azimuthal plane is shown in Fig. 10. The 
variation is more constrained in the range +/-30deg in the 
whole band 28-31GHz. However, the scanning performance 
is still maintained for scan angles up to +/-45deg, but with a 
smaller bandwidth of 28-29.5GHz, which is still acceptable 
for 5G applications. The scanning performance of the array 
in the E-plane (azimuthal plane) is presented in the next 
section. 



a)  

b)  

c)  

Fig. 9. a) Structure of the linear AC-MPA sub-array in an infinite array; 
with related b) impedance properties and c) radiation properties in the 
H-plane. 

 
Fig. 10. Active reflection coefficients of the infinite array in the azimuthal 
plane. 

III. DENSE PHASED ARRAY ANTENNA CONCEPT 
In order to analyse the scanning capabilities and to verify 

the active reflection coefficients of the sub-array from the 
previous section, the finite phased array antenna of 16 
cosecant sub-arrays was designed (Fig. 11). The total 
dimensions of the phased array are 70x85mm2. A uniform 
amplitude distribution is considered for the beam scanning 
analysis. 

The reflection coefficients for different scan angles are 
presented in Fig. 12. Results were calculated for all cosecant 
sub-arrays in the phased array. The computed results 
correspond to those of the infinite array of Fig. 10. In the 
scanning range +/- 45deg, the operational bandwidth defined 
as s11 < 8dB  is about 10% (28-31GHz). The same 
operational bandwidth could be obtained also for the highest 
analysed scanning angle but with a worse impedance 
matching s11 < 6dB.  

Perfect impedance matching is obtained only in a limited 
frequency range between 28.0-28.3GHz for scanning angles 
within +/-45deg. The scan radiation patterns for this 
frequency band are depicted in Fig. 13. A grating-lobe-free 
beam scanning range of up to +/-60deg is achieved. The 
maximum level of side lobes is below -13 dB in the whole 
scanning range. The reduction in side lobe level can be 
achieved by dedicated amplitude tapering. 

The mentioned asymmetry of the cosecant sub-array in 
the E-plane plays a role in the final radiation pattern of the 
phased array. It is obvious that the realized gain in the E-
plane is smaller in scanning range of  -20deg to -45deg and it 
is about 1dB  less at -45deg compared with the realized gain 
at +45deg. Nevertheless, the radiation patterns confirm our 
assumption in terms of scan loss in the range +/-45deg. The 
scan loss is 1.4dB at 45deg and 2.3dB at -45deg. 

 
Fig. 11. Structure of the array of 16 sub-array of twelve elements. 

 

Fig. 12. Simulated active reflection coefficients of the cosecant sub-arrays 
for different scanning angles. 

IV. CONCLUSIONS 
A sub-array of SIW-fed aperture-coupled patches 

producing a cosecant pattern in elevation was designed in 
order to get uniform flux over a coverage area. An array of 
such sub-arrays has been evaluated and produces wide angle 
scanning in azimuth. The phased array antenna is aimed to 
5G base stations for operation around 28GHz. 



 
Fig. 13. Scanning performance of the phased array at 28.2GHz (Realized 

gain). 
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