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Abstract: A compact three-element shared-aperture waveguide antenna array for the 24-28 GHz
microwave-frequency band is presented as a proof-of-concept of an array with steerable directional
beam suitable for 5G telecommunication systems. The array is intended for use in a microwave
photonic link and is sufficiently steerable only with the progressively phased excitation signals of
equal magnitudes. The mutual interactions between the array elements are minimized to maintain
the properties of the individual elements, even if they are embedded and closely spaced in the array.
The proposed concept could be simply extended by adding more elements to further increase the
directivity and enhance the steering properties of the array.
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1. Introduction

The 5th generation of telecommunication systems (5G)demand higher data rates [1];
therefore, higher frequency bands in the millimeter-wave range have been suggested as
candidates for future 5G mobile phone applications. Since absolute frequency bandwidth is
considerably wider at higher frequencies, the capacity of the telecommunication link can be
increased to use several gigabits-per-second data rates [2,3]. For such systems, the concept
of phantom cells is considered, where small cells are overlaid on a macrocell [4]. Macrocells,
which ensure coverage and mobility, operate in the ultral-high-frequency (UHF) band, i.e.,
below 3 GHz, while the small cells, which enable high data rates, employ higher frequency
bands such as the super-high-frequency (SHF) and extremely-high-frequency (EHF) bands
with wider bandwidths [5]. It is expected that small cells will be massively used with the
Internet of Things (IoT).

In recent years, the specification of frequency bands for 5G systems has been released,
including, e.g., the 24.25-27.50 GHz frequency subband [6]. It is well recognized that, at
these high frequencies, wireless links suffer from substantial free-space loss and potential
blockage of a communication path, which significantly degrades the signal-to-interference-
plus-noise ratio [7,8]. On the other hand, the links in the small cells are considered to be
mostly line-of-sight [9]. For such links, the mentioned drawbacks can be overcome using
an antenna array with a steerable directional beam to establish a link in different directions.

Antenna array concepts established for 5G operation in microwave-frequency bands
use several types of elements, such as a planar dipole [10,11], patch [12,13] and Vivaldi [14,
15] structures, substrate integrated waveguide (SIW) [16-18], and slotted [19] and horn
(including various ridges) [20-23] waveguides. The elements based on the planar dipole,
patch and Vivaldi structures, and SIW are easy to manufacture and integrate with other
planar microwave circuits; however, they may exhibit higher losses since their metallic
structures are supported by a dielectric substrate. On the contrary, the elements based
on the slotted and horn waveguides possess low losses due to air dielectric; however,
they can require more complex manufacturing and transitions to other microwave circuits.
The elements radiating through the standing wave, such as the planar dipole, patch
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structure, and slotted waveguide, usually offer a narrow bandwidth and low gain, while
the elements radiating through the traveling wave, such as the Vivaldi structure, SIW, and
horn waveguide, normally have a wide bandwidth and moderate to high gain. The array
based on the slotted waveguide does not enable beam steering at a single frequency. A
more detailed review of antenna arrays and their elements for 5G systems can be found in
[24].

In this paper, a compact three-element shared-aperture waveguide antenna array
for the 24-28 GHz microwave-frequency band is presented as a proof-of-concept of an
array with a steerable directional beam suitable for 5G systems. Its elements are based
on an H waveguide radiating through a horn aperture and excited by a microstrip line.
The proposed array is intended for use in the subsequent development of the microwave
photonic link that is also investigated by the authors [25]. The concept of the shared
aperture is generally discussed in [26]. Functionally comparable concepts of the array;,
presented in other works [20-22], exhibit a more complex construction that is also more
difficult to manufacture. An electromagnetic band gap (EBG) structure is used to isolate
elements of the array in [20]. A T probe, which requires the stacking of three substrates,
is necessary for a transition between an excitation SIW and radiating horn waveguide in
[21], and a triangular extension of the substrate has to be employed for the same transition
in [22]. An array based on an element of similar construction using the H waveguide is
employed in [23]; however, the bandwidth is narrow (2.7 %) compared to the proposed
array (>25 %). The main contribution of this paper is as follows:

1. The elements of the array and, thus, the whole array, are quite easy to manufacture
and compact. The radiating H waveguide with the horn aperture and the supporting
block of the array are made by CNC machining from aluminum. The excitation
microstrip line is manufactured by standard printed circuit board (PCB) techniques.
All parts are screwed together.

2. The element provides an optimized transition from the microstrip line through the H
waveguide with the horn aperture to the free space. The magnitude of the reflection
coefficient of the elements embedded in the array is lower than —10 dB in the entire
considered frequency band.

3.  The mutual interactions of the array elements are minimized to maintain the proper-
ties of the individual elements, even if they are embedded and closely spaced in the
array. The magnitude of the transmission coefficient between the elements is lower
than —25 dB in the entire considered frequency band.

4. The array offers a beam steering with a stable gain of about 12 dBi using progressively
phased excitation signals of equal magnitudes. The proposed array concept could be
simply extended by adding more elements to further increase gain and enhance the
steering properties of the array.

The paper is organized as follows. In Section 2, the design of an element of the array
is described. In Section 3, the whole structure of the array is specified and its simulated
and measured properties are discussed. In Section 4, the conclusions are presented.

2. Element of the Antenna Array

The design of an element of the array is described in this section.

As an element, a metal H waveguide with a horn aperture is chosen, see Figure 1. The
element is designed in three successive steps. Firstly, the H waveguide, which possesses a
cutoff frequency of 22.5 GHz with a relative bandwidth of 1:3.3 to safely cover the entire
considered frequency band of 24-28 GHz, is formed, see Figure 1a. The ridges incorporated
in the waveguide increase its single-mode bandwidth and keep the structure acceptably
compact for the lower bound of the bandwidth [27]. The waveguide is excited on one end
and radiates from the other end. The radiating end of the waveguide is then shaped as a horn
aperture to provide a transition between the waveguide and the free space, see Figure 1b.
Finally, the waveguide with the aperture is attached by its excitation end to a microstrip
line placed on a metal supporting block with a cavity [28], see Figure 1c,d. Thus, the
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Excitation port

waveguide is excited by the microstrip line, which is designed on the substrate ASTRA
MT77 with relative permittivity e, = 3 and loss factor tan § = 0.0017 to have an impedance
of 50 ). The microstrip line enters the waveguide through a hole that is sized to keep the
impedance of the microstrip line at 50 (2 on this discontinuity. The metallic connection of
the waveguide and the supporting block is ensured by vias in the substrate. The cavity
improves the matching of the transition between the microstrip line and waveguide.

Excitation port
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H waveguide H waveguide

Horn
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Substrate with microstrip line
and vias
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Excitation port

Supporting block with cavity
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Figure 1. Design steps of element of antenna array: (a) the H waveguide, (b) the H waveguide with horn aperture, (c,d) the
complete element, i.e., the H waveguide with horn aperture, supporting block with cavity, and microstrip line. Dimensions

are in millimeters.

The magnitude of S-parameter S1; and broadside gain G in the direction of the x axis
obtained by the simulation for the different design steps from Figure 1 are shown in Figure 2.
S-parameter Sq; is related to the excitation ports shown in Figure 1. All simulations in this
paper are performed in CST Studio Suite 2021 [29]. The following observation can be made:
The horn aperture decreases magnitude |S1;1| and increases gain G, i.e., it improves the
transition between the waveguide and the free space. On the other hand, the supporting
block with the cavity and the microstrip line, which are nevertheless necessary for real
applications of the element, cause resonant behavior of the magnitude |Sq;| and decrease
the gain G for some frequencies. However, the properties of the element are still acceptable
for its use in the array.
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Figure 2. Properties of the design steps of element of antenna array:

-10

—20

-30

—— H waveguide

- - - Hwaveguide with horn aperture

Complete element

8
] 75
] //’—_’_' 2 ] B
i e 7 — ’
~ ’
IR R SR e e © ] o \_/
4 ’_—’- \ P
- By 7
4 \ ,,f 4 v ¢ /—\
g \‘ T 6.5 - \I'
4 8 ! 4
i N Bl R
\ ’ i
7 St i
7\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 6 L B O B B O B I ) I B B B
23 24 25 26 27 28 29 23 24 25 26 27 28 29
Frequency (GHz) Frequency (GHz)
(a) (b)

simulated (a) magnitude of S-parameter S1; and

(b) broadside gain G in the direction of x axis.

3. Antenna Array

The whole structure of the array is specified, and its simulated and measured proper-
ties are discussed in this section.

3.1. Structure

The whole structure of the array is shown in Figure 3 and consists of three elements,
described in Section 2, which are linearly distributed along the direction of the y axis.
Therefore, the array allows for beam steering in the xy plane. The elements embedded
in the array may exhibit a change in properties due to mutual interactions. In this case,
the mutual interactions are mainly caused by the close proximity of the apertures of
the individual elements that effectively form the shared aperture of the array. Mutual
interactions are minimized by the selected spacing of the elements along the y axis which
is 0.3A = 7.8 mm, where A is a free space wavelength at the center frequency of 26 GHz of
the considered frequency band.

The construction parts of the elements, i.e., the H waveguide with the horn aperture,
the supporting block with the cavity, and the microstrip line on the substrate, are merged
to the respective construction parts of the array, denoted as W, S, and M in Figure 3, which
are screwed together. Parts W and S are made by CNC machining from aluminum. Part W
consists of two subparts, W.1 and W.2, to facilitate CNC machining. Part M is manufactured
by standard PCB techniques. The microstrip lines are terminated by 2.92 mm connectors,
denoted as 1, 2, and 3 in Figure 3. The physical length of the microstrip line between the
connector and excitation end of the waveguide is designed to be equal for all elements
to keep the same relative phase shifts and magnitude ratios of excitation signals for the
excitation of the waveguides as they are at the connectors. This explains the polygonal
shape of the edge for mounting the connectors. The manufactured sample of the array is
shown in Figure 4.
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Figure 4. Manufactured sample of the antenna array: (a) side view and (b) front view.

3.2. Simulation and Measurement

The manufactured sample was measured and the results were compared with the simulation.

The S-parameters were measured with a vector network analyzer (VNA) Rohde &
Schwarz ZVA67 [30]. The magnitude of the simulated and measured S-parameters is
shown in Figure 5. The discrepancies of the results of the simulation and measurement
are attributed to manufacturing intolerances and the unknown inner structure of the
connectors. However, the reflection at the connectors is below —10 dB and the transmission
between them is lower than —25 dB in the entire considered frequency band of 24-28 GHz.
The low transmission also confirms minimized mutual interactions between the elements.

The radiation patterns for a different setting of excitation signals at the connectors
were simulated and measured to test the beam-steering performance of the array, and
its suitability for use in the microwave photonic link that is also investigated by the
authors [25]. The measurement was performed in the anechoic chamber with the help of
the NSI-MI Technologies far-field antenna measurement system [31], see Figure 6. On the
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transmitting side of the system, the VNA Rohde & Schwarz ZVA67 [30] was employed as
a transmitter for the excitation of the array. Both the VNA ZVA67 and array were placed
on a rotary table. On the receiving side, the double-ridged horn antenna RFspin DRH40
[32] connected to the VNA Rohde & Schwarz ZVA40 [30] , serving as a receiver, was used.
Apertures of the array and antenna DRH40 were separated by a distance of 1 m.

—— |S11| — simulation
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Figure 5. Magnitude of simulated and measured S-parameters of antenna array: (a) reflection coefficients S, n € {1,2}
and (b) transmission coefficients Sy, n € {2,3}. S11 = S33 and Sy = Sp3 due to symmetry of array. Connectors are denoted

according to Figure 3.

Transmitting side

Receiving side

Rotary table

Antenna —.| 1m Antenna | | VNA
array [— DRH40 | | zvA40
e
123
IV

VNA System

ZVA67 NSI-MI

v

Figure 6. Setup for measurement of radiation patterns.

For the microwave photonic link, only beam steering using signal phasing is consid-
ered. Thus, the signals at connectors 1, 2, 3 were set with equal magnitudes and different
phases & = [a1, ap, a3]. The particular tested combinations of phases a with corresponding
directivity D and angle ¢ in the xy plane of the main beam at the frequency of 26 GHz are
summarized in Table 1. Simulated and measured radiation patterns are shown in Figure
7. Simulated aperture efficiency is 87 %. Due to the symmetry of the array, when angle ¢
is achieved for progressive phasing a = [0°, ap, a3] then angle —¢ is achieved for phasing
—x = [OO, —Kp, —IX3].
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Figure 7. Cut in xy plane of simulated and measured radiation patterns for tested combinations of phases « of excitation
signals of equal magnitudes at the frequency of 26 GHz: (a) [0°,0°,0°], (b) [0°,50°,100°], and (c) [0°,100°,200°].

Table 1. Tested combinations of phases a with corresponding directivity D and angle ¢ in the xy
plane of the main beam at the frequency of 26 GHz.

% ¢ D
[0°,0°,0°] 0° 12.4 dBi
0°,50°,100° 9° 12.6 dBi
[ }
[0°,100°,200°] 27° 12 dBi

4. Conclusions

A compact three-element shared-aperture waveguide antenna array for the 24-28 GHz
microwave-frequency band is presented as a proof-of-concept of an array with steerable
directional beam suitable for 5G telecommunication systems. The array is intended for
use in a microwave photonic link and is sufficiently steerable only with the progressively
phased excitation signals of equal magnitudes. The mutual interactions of the array
elements are minimized to keep properties of the individual elements, even if they are
embedded and closely spaced in the array. The proposed concept could be simply extended
by adding more elements to further increase the directivity and enhance the steering
properties of the array.

The main advantages of the proposed array design are ease of mechanical construction,
compactness, equal electrical length of the excitation lines, high efficiency and low mutual
interactions between the array elements. The array also offers a significant bandwidth due
to its elements representing an optimized transition from the microstrip line through the H
waveguide with the horn aperture to the free space.
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