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Abstract—This paper presents the design, fabrication, and 

experimental validation of a 39 GHz dual-polarized 4x4 mi-

crostrip antenna array. The array consists of 16 slot coupled cir-

cular microstrip patches, fed through SMPS connectors. The 

procedure requiring a reduced number of cables for measure-

ment of the uniformly excited antenna array is also presented. 

The array exhibits 18 dBi peak gain and 2.9 GHz reflection 

bandwidth and is intended for use in a 5G base station inside an 

airplane. The presented antenna is characterized by a simple 

feeding system which results in a reduced number of via-holes 

and dielectric layers. 

Keywords— antenna array, dual-polarization, microstrip 

antenna, 5G, MU-MIMO, superposition. 

I. INTRODUCTION

The current standard in avionics for realizing sensor net-
works and in-flight infotainment services is to employ wired 
connectivity which provides reliable and high-throughput 
connections at the cost of high weight and complex cable rout-
ing. The emerging trend is to solve these problems by replac-
ing wired connections with wireless networks [1-5]. Wireless 
connectivity reduces the required number of wires and cables 
which can lead to a significant decrease in connections’ 
weight, cost, and complexity. 5G technology is especially 
suited for this task, as it can provide secure and reliable com-
munication between sensor nodes and fast transmission of 
data for infotainment systems. 

Simultaneous transmission between several nodes in a net-
work can be realized by employing Multi-User MIMO 
(MU-MIMO) technique. It also allows for increasing channel 
capacity by exploiting multipath propagation between individ-
ual antennas. The performance of the MIMO system can be 
further enhanced by employing polarization diversity, where 
receiving and transmitting antennas can be cross-polarized. 
The design of a MIMO array should be suitable to accommo-
date this [6-8]. 

Several designs of dual-polarized arrays working in the 
millimeter-wave band can be found in the literature [9-13]. 
[10] shows 8x8 crossed slot microstrip radiator array inte-
grated with four transceiver integrated circuits (ICs).

[11] presents 4x4 and 8x8 arrays of truncated corner stacked
patch antennas driven by RFICs. In [12] four 8x8 arrays are
arranged side-by-side to form a large 16x16 array. [13] shows
a 4x4 array with reduced coupling between patches excited via
mini-SMP connectors. The investigated designs are usually of
big size and are not designed particularly for MIMO applica-
tions. They are also characterized by complex stack-ups with
multiple layers and a large number of via holes.

The aim of this work is to present a compact 4x4 dual-
polarized microstrip antenna array, with simplified stack-up, 
working in the 39 GHz frequency band and designed for a 5G 
network inside an airplane. The antenna array is manufactured 
in PCB technology and measured in a millimeter-wave ane-
choic chamber. The array together with a custom Radio Fre-
quency Integrated Circuit (RFIC) will form a highly integrated 
antenna array system (AAS) that will be used in a 5G 
MU-MIMO base station. 

II. ARRAY DESIGN

The antenna elements are designed to be fabricated in a 
multilayer PCB technology, with the stack-up presented in 
Fig. 1. Only two dielectric layers are used. The radiating patch 
is placed on a 0.254 mm CuClad217 substrate with a relative 
permittivity of 2.17 and a loss tangent of 0.002. The feeding 
network is designed on a 0.127 mm RT/duroid 5880 substrate 
(𝜀𝑟 = 2.20, tgδ = 0.001). The layers are joined with a 0.038
mm bondply material (CuClad6700, 𝜀𝑟 = 2.35, tgδ = 0.003).

A. Antenna design

A circular microstrip patch of diameter D is chosen as a
radiating element due to its symmetrical shape required for 
dual-polarized operation [14, 15]. The patch, as shown in 
Fig. 2, is fed through two orthogonal C-shaped slots in the 
ground plane. The slots are defined by three parameters: width 
Ws, lengths Ls1, Ls2 and are placed at a distance S1 from the 
patch center. The antenna is fed through miniature SMPS con-
nectors [16] soldered to feeding microstrip lines on the bottom 
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Fig. 1. Antenna stack-up design. 
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Fig. 2. Design of a dual-polarized antenna array with solder pads for SMPS connectors (top view, transparent). 

 

TABLE I.  DIMENSIONS OF THE ANTENNA ELEMENT (IN MM) 

D Ws Ls1 Ls2 S1 S2 L1 R 

2.6 0.2 0.974 0.535 0.9 0.45 2.15 5.77 

layer. They have a length of Ls1 and are placed with an offset 

of S2 from the patch center. The numerical values of the di-

mensions are presented in Table I. 

The array elements are placed with a spacing R between 
them, which is constrained by connector size and a diameter 
of a single patch. The R value was chosen as 0.75λ0, where λ0 
is the free space wavelength at the resonance frequency 
(39 GHz). The array is formed by 16 elements, each consisting 
of radiating patch and feeding network and it is encased in a 
3-D printed package, as seen in Fig. 3. A single patch can be 
excited with horizontal (H) or vertical (V) polarization. 

B. Numerical simulations 

 The simulations were performed to optimize the antenna 
dimensions. They were carried out in Altair Feko 2021 envi-
ronment. The goal was to maintain acceptable isolation (less 
than -20 dB) between all ports and cross-polarization level 
with proper matching (e. g. |S11| < -15 dB) for all 32 antenna 
ports. The array was optimized by sweeping the dimensions 
presented in Table I. The simulation results are presented in 
Figures 4 – 6 and compared with measurements of the realized 
prototype. The measured |S11| < -10 dB matching band is 

37.5 GHz – 40.4 GHz and is a bit wider than the simulated 
38 – 40 GHz. The isolation between two cross-polarized ports 
of the same antenna element is shown in Fig. 5. The simulated 
and measured values are very similar to each other, with the 
isolation value at 39 GHz exceeding 30 dB. Fig 6. presents 
isolation between co-polarized ports of a few chosen antenna 
elements. The simulated and measured values match each 
other very well. In the worst-case scenario of adjacent ele-
ments, the isolation is greater than 22 dB. The realized cou-
pling values should allow for proper calibration of the MIMO 
system, as demonstrated in [17], where an array with similar 
element-to-element coupling values was used. 

III. MEASUREMENTS 

 The antenna array was characterized under far-field con-
ditions with the NI mmWave OTA Validation reference 
solution [18] which combines a high-isolation RF anechoic 
chamber with the mmWave Vector Signal Transceiver (VST) 
that serves as a high-bandwidth waveform generator and 
analyzer. S-Parameter measurements have been carried out by 
replacing the mmWave VST with a two-port Vector Network 
Analyzer. The instrumentation is tightly synchronized with 
the AUT positioner inside the anechoic chamber to produce 
measurement results that correspond to exact coordinates in 

 
Fig. 4. Reflection coefficient of a single antenna port. 

 

Fig. 3. Top and bottom view of the proposed antenna with 3D printed 
casing reinforcing SMPS connector array (2x4x4). 
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space. The positioning system can rotate 360° both in azimuth 
and elevation direction to capture the complete radiation 
coming from the AUT. The measurement setup is shown in 
Fig 7. As a measurement probe, a dual-polarized, broadband 
horn antenna has been used which has 12 dBi of antenna gain 
at a frequency of 39 GHz (RFSpin, QRH50) [19]. The trans-
mission coefficient (S21) has been measured for one radiating 
element at a time over a range of +/- 90° in azimuth (A) and 
elevation (E) direction with a spatial resolution of 1°. 

 In general, two distinct measurement procedures could be 
employed. In the first one (Active Element Pattern method 
[20]) the center and rotation axis of the AUT are fixed during 
the measurement process. In the second one, the AUT is repo-
sitioned during the process such that the element that is being 
measured is in the rotation axis of the positioning system and 
aligned with the center of the probe antenna’s beam. 

The first method (AEP) allows for the measurement of 
phase relations between all antenna elements and is faster to 
carry out as the AUT does not need to be repositioned. Fur-
thermore, it enables the evaluation of the performance of the 
complete array via the application of the superposition princi-
ple (see below) and therefore has been selected as the method 
of choice for this measurement campaign. The second method 
should provide a very accurate characterization of a single el-
ement’s amplitude and phase response which was beyond 
scope of this paper.  

For validation purposes, the radiation pattern of the uni-
formly excited full antenna array is calculated from the meas-
ured individual patterns via superposition. For that, at each 

spatial position, the measured complex transmission coeffi-
cients of each antenna patch are summed up (Eq. 1), where E 
is the electric field in the far-field region 

𝐸⃗ (𝜃, 𝜙)𝑓𝑢𝑙𝑙 𝑎𝑟𝑟𝑎𝑦 = ∑ 𝐸𝑖
⃗⃗  ⃗

𝑁

𝑖=1
(𝜃, 𝜙)𝑠𝑖𝑛𝑔𝑙𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡    (1) 

To validate the simulated performance of the array, the 
measured and simulated radiation patterns of every single ra-
diating element have been compared. Additionally, the super-
position of the measured radiation patterns, the superposition 
of simulated radiation patterns of 16 single antenna elements 
(sum), and the simulation of a full uniformly excited 4 x 4 an-
tenna array (full4x4) have been compared.  

As an example, the measurements and simulations of two 
single patches are depicted in Fig 8. It can be observed that the 
measured results do match well with the simulated pattern. 
The results of the superposition can be seen in Fig. 9 and 
Fig. 10. Again, a good correlation between the measurements 
and the simulations can be seen. The main beam and sidelobes 
are well-formed and the location of the sidelobes and nulls are 
very symmetric as expected.  

 

Fig. 8. Single element radiation patterns (for elements 1 and 6),  
(simulated and measured - meas). 

 
Fig. 7. NI mmWave OTA Validation Reference Solution. 

 
Fig. 6. Isolation between chosen co-polarized ports 
(simulated and measured – m).  

 

Fig. 5. Isolation between single element cross-polarized ports 
(simulated and measured – meas). 
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The simulated gain for a single element is in the range of 
6 – 7.5 dBi depending on the antenna element, and the gain of 
the uniformly excited array is about 18 dBi. Measurements of 
the gain were not performed due to the lack of a gain reference 
antenna. 

IV. CONCLUSION 

In this work, we presented a dual-polarized antenna array 
with 16 radiating elements designed to work in a 39 GHz 5G 
MU-MIMO network. The antenna is suitable for MIMO sys-
tem calibration and can be employed in an airflight cabin con-
nectivity scenario.  

We also presented how the elementary radiation patterns 
can be added allowing for simple sequential measurement 
(with a limited number of simultaneous cable connections) of 
the radiation pattern of a uniformly excited array with a large 
number of elements. 

The next stage of the work is to prepare the array for inte-
gration with custom transceivers. The connector array will be 
replaced by a BGA interface allowing for low-profile inter-
connection between the antenna board and the transceiver 
board. 
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Fig. 9. Superposition results for vertical polarization (azimuth cut, VA) 
and horizontal polarization (elevation cut, HE) at 39 GHz. 

 
Fig. 10. Superposition results for vertical polarization (elevation cut, 
VE) and horizontal polarization (azimuth cut, HA) at 39 GHz. 
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