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Small-Cell Waveguide Antenna Array for E-Band Point to Point
Wireless Communications

Mamadou B. Gueye and Habiba Hafdallah Ouslimani”

Abstract—In this paper, a highly directive small-cell waveguide antenna array for point to point
wireless communication in E-band radio frequency systems is presented. The antenna array is designed
and dedicated for the paired bandwidths 71-76 and 81-86 GHz. It is composed of 32 x 32 horn elements
with a total surface of ~ 100 x 100 mm? to achieve a directivity > 38 dB, narrow beam (~ 2°), and
low-level sidelobe < —26dB. A compact stepped horn antenna element (SHE) (6.6 mm) is designed. It
is 25% smaller than a standard horn element (in the same band) keeping the same aperture surface
(3.4 x 3.4mm?). Layer-by-layer micromachining process is employed for the fabrication. A compact
feeding network (25 mm) is realized using ridged waveguide technique with a cut-off frequency of 55 GHz,
much lower than standard WG one in the same band. A bow-tie multi-section waveguide polarizer
rotator (£90°) is optimized and associated with the WG transitions to re-phase the fields applied to
SHE elements. Electric discharge machining (EDM) process was used to manufacture a 4 x 4 sub-
array prototype including the entire WG power-feed network. The antenna is characterized in an
anechoic chamber, and experimental results are compared to 3-D electromagnetic simulations with
good agreements over the two bands.

1. INTRODUCTION

In recent years, the paired frequency bands of 71-76 GHz and 81-86 GHz, commonly known as E-
band, have attracted a lot of interest for ultra-high capacity wireless communications [1-17]. Such
large available bandwidth (5 GHz for each band) provides multi-gigabit rate point-to-point wireless
transmission capabilities. This paves the way to various applications in millimetre Wave (mm-
Wave) domain including local area network (LAN), high speed broadband metropolitan links, 5G
communications, wireless backhaul systems of mobile cellular networks, intelligent transport system,
anti-collision radar, etc. [4-26]. We notice that the radar is a bit different from high bit rate
communication systems. It uses the same frequency in transmission and reception, but high bit
rate communication systems use two sub-bands. These mm-Wave applications require highly directive
antennas with compact dimensions for better integrations in the electronic modules. Moreover, in order
to be deployed in the future urban and suburban areas, the antenna array must satisfy the European
Telecommunications Standards Institute (ETSI) [27] requirements over 71-86 GHz band. Antennas of
large dimensions are usually deployed to obtain very high gain and small beamwidth angle such as the
commercial E-Band parabolic antennas (HPCPE-80) [28] having dimensions of 640 x 410 x 330 mm?, the
Cassegrain antenna using a Fresnel flat reflector having a diameter of ~ 300 mm, as well as the cylindrical
reflector antennas which have diameters of 190 mm and ~ 62mm depth [10, 11,29, 30]. Despite their
good performance, the sizes can represent a handicap. Planar antennas using dielectric substrates, in
microstrip, multilayered PCB, or substrate integrated waveguide (SIW) technologies can also represent
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low cost solutions for a massive deployment. However, losses may occur at the highest frequencies and
in millimeter waves range reducing the gain.

The present work aims to develop a low cost compact size waveguide antenna array over the
paired 71-76 and 81-86 GHz bands with broadband features and high directivity. A small-cells planar
antenna array composed of 32 x 32 compact horn elements associated with the entire feeding network is
proposed. The key design technique to achieve a full coverage of E band is based on three points. First,
the “Stepped horn element” (SHE) [18-20, 31] optimized to be compact, wideband matching impedance
and high gain over the entire E-band. The large beamwidth of the SHE (quasi-omnidirectional radiation
pattern) is perfect for wide beam scanning. Second, the design ultra-compact feeding network benefits
from ridged waveguide techniques which allow smaller wave guide section than the standard WR12.
Third, waveguide feeding network has very few losses conjugate to low mutual couplings which is an
advantage in mm-Wave in comparison to the microstrip technology which suffers from transmission lines
losses and coupling effects, drastically high when the number of elements increases. Several elements
such as the stepped horn elements, polarizers, power dividers, and waveguide portions are optimized
and successfully implemented. The polarization rotation components (£90° rotation or twisters) have
a total height of ~ 1.6 mm. Based on two bow-tie sections [32-36], they are successfully implemented in
the waveguide supply network with a measured return loss higher than 30 dB and insertion loss lower
than 0.2dB from 71 to 86 GHz. The 3 dB power dividers and WG transitions are designed using ridged
waveguide technique with smaller rectangular section sizes (a x b: 2.3 x 1.0mm?) than that of the
standard WR12 (a’ x b': 3.0988 x 1.5494 mm?). The measured cut-off frequency is F = 55 GHz, much
lower than the cut-off frequency (= 65 GHz) of standard waveguide devices with the same section. They
present low insertion losses and total energy transfer in E-band.

The 32 x 32 proposed antenna achieves a minimum directivity of > 38dB, a large matching
impedance bandwidth (i.e., |S11] < —10dB) from 71 GHz to 86 GHz, low cross-polarization and SLL,
and high Front to Back Ratio (F/B ~ 45dB) with global sizes of L x W x H = 108 x 108 x 25 mm?.

An experimental demonstrator based on a subarray of 4 x 4-elements was designed, fabricated,
and characterized. The antenna achieves high directivity and promising frequency behaviours in the
E-band suggesting a potential use as point-to-point wireless communication platform. 3D printing
technology [37, 38] should facilitate the realization of this ultra-compact antenna (32 x 32 elements) in
a single monolithic block. This leads to the objective of integrability in mm-Wave modules at low cost.
The paper is organized as follows: Section 2 presents the design, realization, and experimental results of
the Stepped Horn Element (SHE). Section 3 details the design of the antenna array. Section 4 presents
the experimental characterization of the 4 x 4 array and comparison with the simulation results. Finally,
Section 5 gives the conclusion.

2. STEPPED HORN ELEMENT (SHE) DESIGN AND CHARACTERIZATION

Figure 1 shows the proposed new compact stepped horn antenna (SHE). It is composed of five
rectangular waveguide sections with different dimensions flared in steps and stacked along the direction
of propagation. The technique of stepped or discretized horn antenna was used in [20] to the analysis of
corrugated horns with an arbitrary geometry and without any restriction on the profile or the flare angles
of the horn. Recently, in [18, 19] a multilayer SIW integrated planar horn antenna is proposed based on
stacked sections. The stepped technique has been used in different frequency ranges [18-20, 31]. To our
best knowledge, the stepped technique is used for the first time in E-band. The very low losses in the
mm-Waves band of horn antennas place them as ideal candidates to develop new promising small-cell
flat structures. The structure is jointly optimized on CST Microwave Studio Software (version 2013) [39]
and Empire (version Empire XPU 7.02) [40] for the optimization of openings and radiation. A reduction
about 25% of the total height (from 8.9 mm reduced to 6.6 mm) is achieved in comparison to a “classical”
rectangular shape horn element with the same performances. In order to keep the same inter-element
spacing d, the surface A, = 3.4 x 3.4mm? remains identical. As mentioned before, the rectangular
section of the waveguide at the entrance of the SHE has a smaller section (a x b = 2.3 x 1.0 in mm,
Fig. 1) than that of the WR12 standard E-band waveguide (a’ x b = 3.09 x 1.54 in mm). This section
has been optimized to present a large bandwidth and a maximum energy transfer (]S11| < —35dB and
MSsy; = 0dB from 70- to 86-GHz). The final optimized SHE dimensions are given in Fig. 1.
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Figure 1. (a) Comparison of the dimensions of the proposed compact stepped horn element (SHE)
and the “classical horn” element with the same aperture surface and performances. Final dimensions
(inmm) of the SHE: a = 2.3, b = 1, of the WR12: o’ = 3.0988, v/ = 1.5494, (b) CST Model (View) of
the simulated array network.

stacked cross # sections

Figure 2. Prototype of the Design SHE antenna (radiating element and the RWG transition between
the horn and a WR12 rectangular waveguide section). The dimensions of all the rectangular sections
are given in Fig. 1.

Layer-by-layer micromachining with high manufacturing tolerances (precision better than 50 pum)
was used to fabricate the horn antenna composed of the SHE and the waveguide transitions to the
WRI12 WG input port. The realized prototype of the SHE is shown in Fig. 2. The measured and
simulated reflection coefficients of SHE are depicted by Fig. 3. The elementary antenna offers a good
impedance matching with a measured return loss above 20 dB (magnitude of the reflection coefficient;
|S11] < —20dB) over the full frequency band (from 71 GHz to 86 GHz). The measured and simulated
reflection coefficients (magnitude S1; (dB)) are in good agreement.

Radiation patterns measurements are performed in an indoor anechoic chamber facility. Both
transmitting and receiving antennas were placed along the broadside direction. The mast with the
antenna under test (AUT) ensures a horizontal rotation from —180° to 180° with 0.1° step, monitored
by an embedded ANT32 Soft from CT Systems [41]. The measured radiation diagrams are compared
to those obtained by the electromagnetic simulations using two electromagnetic softwares, the CST
MWS [39] and Empire software [40]. Fig. 4 shows an example of simulated and measured radiation
diagrams at 86 GHz, both in the E- and H-planes, respectively (Phi = 0° and Phi = 90°). At
86 GHz, the aperture angle (at —3dB) is of ~ 65° in the F-plane and ~ 57° in the H-plane. The
measured gain of the antenna is between 8.6 dB and 9.6 dB over most of the antenna bandwidth. Good
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Figure 3. Comparison between the measured and simulated magnitude of the reflected coefficient;
|S11] (dB), of the designed SHE antenna.
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Figure 4. Radiation patterns of the elementary SHE antenna. Measured and simulated results at
86 GHz. (a) E-plane, and (b) H-Plane.

agreement is obtained between measurement and simulations results (Fig. 4). In order to verify the
order of magnitude of the antenna’s gain, Equation (A1) (see appendix) may be used to approximate the
maximum available directivity, assuming an aperture efficiency equal to 1. Equation (A1) is rather valid
for antennas with larger surface. Table 1 summarizes the measured performances (gain and aperture
angle at —3 dB) of the elementary antenna (SHE), at different frequencies in the E-band (71 to 86 GHz)
in comparison with the calculated values using Equation (A1).

Table 1. Measured, Simulated and calculated (Equation (A1)) performances of the elementary stepped
horn antenna (SHE).

Frequenc Gain —3dB Aperture angle (Deg.) Max directivity (dB),
AHeney (dB) (E-Plane, H-Plane) Equation (Al) (Appendix)
71 GHz 8.6 (63.5°, 67.5°) 9

76GHz 895 (67.5°, 62.5°) 9.6
81 GHz 9.2 (67.4°, 61.5°) 10
86 GHz 9.6 (64.7°, 57.5°) 10.7
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3. DESIGN OF THE ANTENNA ARRAY

3.1. Network Feeding Architecture

Figure 5 depicts a part of the schematic bloc of the feeding-network. It is composed of sophisticated
mixed horizontal and vertical feeding portions (Fig. 5(a)). The horizontal feeding potion is composed of
3dB equal power dividers designed using ridged waveguide (RWG) technique. This technique is usually
used in order to increase the frequency bandwidth meanwhile reducing the WG dimensions. The vertical
portion allows linking the planar feeding portion to the SHE radiating antenna. Compact broadband
waveguide polarization rotation component (polarizer or twister 90°) with a total height of 1.6 mm is
designed based on multi-section bow-tie shape structure [32-36]. It can be rotated in order to resolve the
out of phase shift which occurs during changing axis. Figs. 5(b)—(c) illustrate the simulated Electrical
field (E) at the two output ports of the power divider. Without the polarizer, one can see that the E
vectors (E2 and E3) are out of phase (Fig. 5(b)). With the phase shift rotator (polarizer 90°), the two
output E fields, £2 and E3, are now in phase (Fig. 5(c)). Fig. 6 shows the complete vertical part of
the feeding network and a radiated element (all the dimensions in the legend are in mm). It consists
of a SHE antenna, a twister device or a polarizer, a RWG transition, and a WR12 rectangular input
wave port. The implementation — antenna array and its complete feed network — using waveguide
techniques is an original contribution for the E band where the dimensions and wavelengths (\) are so
small (A\g = 3.4mm at 86 GHz).

Feeding network design manufacturing technology
Radiating

T\Elements {
—

90° Rotator

Input port 1
(b)

Figure 5. Feeding network in waveguide technology. (a) Proposed architecture with the horizontal and
vertical parts including respectively the 3dB power divider, and the polarization rotation component
(90°) and transitions. (b) Design of the RWG power divider, and (c) Added compact polarizers (shift
phase) to obtain in phase output E fields (at the output ports E2 and E3). The RWG section dimensions
are a X b= 2.3 x 1 mm?2.

3.2. Design of Antenna-Array of 32 X 32 Elements

A flat antenna array of 32 x 32 horn elements antenna with the whole feeding network is studied and
fully optimized using both CST-MWS and Empire electromagnetic software. The analytical expression
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Figure 6. (a) Vertical part of the feeding network (ridged waveguide transition + polarizer) and (b)
Complete structure of the designed stepped horn antenna (with main dimensions in mm).

of the total radiated field Eiot (@) of the array antenna is given by Equations (A3) to (A5) given in the
Appendix A. Fig. 7(a) shows the CST model of the antenna array composed of 32 x 32-SHE elements. To
avoid the generation of multiple beams grating lobes the elements are spaced by d < Ao using Equation
(A6) (given in Appendix A) with Ao calculated at highest operating frequency (fy = 86 GHz) [8, 26].
The number N x N = 32x 32 of radiating elements generates a pencil beam pattern in the main direction
(fg = 0°) with a half-power beamwidth (—3dB BW?°) of BW_335<100/N ~ 3°. Figs. 7(b) and 7(c)
show the radiation diagrams of the 32 x 32 antenna array simulated in the E-, H-, and Secant-diagonal
D-planes (respectively Phi = 0°, 90°, and 45°) for the limit frequencies of the E-band spectrum, 71-
and 86-GHz, respectively. The antenna is fed with equal weight amplitude (uniformly excited using
the same source). Note that in the simulated results, one can observe the classic behaviour of square
antennas, with the appearance of secondary lobes in the F- and H-planes and their quasi-absence in
the secant D-plane. Fig. 7(d) shows the simulated reflection coefficient, |S11], (dB) of the antenna array.
The antenna is well matched over the entire E-band domain with an |S;1| (dB) < —20dB. As shown
by Figs. 7(b)—(c), the minimum directivity (main lobe) is ~ 38dB at 71 GHz (and 40dB at 86 GHz)
which is in agreement with the calculated value given by Equation (A3) (given in Appendix A). In the
D-plane, the sidelobe levels (minor lobes) are very low (> 26 dB below the main lobe for the two paired
bands (71-76 GHz and 81-86 GHz).

Tables 2(a) and 2(b) summarize the simulated performances of the 32 x 32 antenna array excited
uniformly in terms of directivity, realized gain, aperture angle (—3dB BW?), and first sidelobe level in
the E-band spectrum (71 to 86 GHz). To further decrease the level of the secondary lobes (SLL) and
ovoid Electromagnetic Interference (EMI) problems, a nonuniform feeding antenna (weight coefficients)
is commonly used [42]. It is also possible to optimize the inter-element distances for a nonuniform 2D
layout [42-44]. The application of these optimization techniques allows the network antennas to meet
the ETSI criteria (class 3) [27].
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Figure 7. Performances of the 32 x 32 antenna array. (a) Radiating part of the antenna array, (b) and
(c) Simulated (CST) radiation diagrams of in the plane E-, H-, and D-Planes (respectively Theta = 0°,
90° and slant at 45°) for the edge frequencies 71 and 86 GHz of the E-band spectrum. The network
antenna is supplied uniformly with identical amplitude on all sources, and d) Magnitude of the simulated
reflection coefficient (|.S11| (dB) of the antenna array.
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Table 2. (a) Simulated performances of the 32 x 32 array antenna d = 3.4 mm: D-plane. (b) Simulated
performances of the 32 x 32 array antenna d = 3.4mm: E- and H-planes.

R D-plane Cut- Gain (dB) . .
Frequency D1re%t1v1t¥ (S B)at First Side lobe level (dBc), Frequency Plane at grst Su.jg Lob}g le:)/el (dBc),
oresight - Beamwidth (BW°) boresight camwidth (BW?)

71 GHz 39.1 -26.7 2.5° 71 GHz H-Plane 38.76 -13.3 1.8

76 GHz 39.7 -26.5 1.9° 71 GHz E-Plane 38.76 -13.3 1.9°

81 GHz 40.3 -26.5 1.8° 71 GHz D-Plane 38.76 -26.5 1.8°

86 GHz 40.7 -26.8 1.7° 86 GHz H-Plane 40.22 -13.4 1.7°
86 GHz E-Plane 40.22 -134 1.6°
86 GHz D-Plane 40.22 -26.5 1.62°

3.3. C 4 X 4 Sub-Array Antenna: Design and Simulation Results

We present here an experimental validation with a subarray of 4 x 4 horn elements (see details in
Section 4). The numerical model of the 4 x 4 antenna array on CST MWS finely describes the waveguide
device composed of the SHE, WG transitions, twisters, 3dB power dividers, ...

The simulated reflection coefficient S1; (dB) is presented in Fig. 8. A good matching impedance
(S11(dB) < —10dB) is performed over the whole E-band. The Far-Field radiation patterns are simulated
for the main polarization (Co-Pol) and the crossed polarization (X-Pol) in three cut-planes: E-plane
(Phi = 0°), H-plane (Phi = 90°), and diagonal plane (Phi = 45°). From Fig. 9(a) through Fig. 9(c)
the realized gain is presented for different frequencies; 71, 73.5, 76, 81, and 86 GHz of the E-band. The
design antenna array radiates in the normal axis (broadside, # = 0°) with a symmetrical diagram, high
gain, very low crossed polarisation radiation, low sidelobe levels, and low backward radiation. The SLL
is < —15dB below the level of the main lobe in the E-plane (Fig. 9(a)), < —13dB in the H-plane
(Fig. 9(b)), and <—30dB in the D-plane (Fig. 9(c)). The crossed polarization is at least —40dB below
the main lobe level in the E-plane (Fig. 9(a)), under —40dB in the H-plane (Fig. 9(b)), and —30dB in
the D-plane (Fig. 9(c)). The simulated radiation efficiency of the antenna array is above 77.5% within
the bandwidth of the antenna, from 71 GHz to 86 GHz. The realized gain is unchanged in frequency
with almost stable value of 22 dB.
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Figure 8. Magnitude of the simulated reflection coefficient of the 4 x 4 antenna array.

4. EXPERIMENTAL CHARACTERIZATION 4 x 4 ANTENNA

4.1. Prototype 4 X 4 Antenna Array

In order to satisfy tolerances required by the electric discharge machining (EDM) manufacturing process,
which needs a precision better than 0.05 mm, the antenna sub-array is divided into three main blocs (or
layers) as depicted in Fig. 10. Layer 1 contains the N x N-SHE radiating elements and transitions to
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Figure 9. Simulated radiation patterns of the 4 x 4 antenna array. Realized gain in Cartesian forms
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(Phi = 0°), (b) In the H-Plane (Phi = 90°) and (c) In the D-Plane (Phi = 45°).
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the polarizer (90° twisters). Layer 2 contains the polarizers and all vertical RWG transition elements.
Layer 3 contains the horizontal WG feeding network (powers-dividers, adaptors, ...). An additional
WG transition portion is placed at the entrance to connect the standard WR12 port to the WG feeding
network (Fig. 1). A prototype 4 x 4 antenna subarray was realized and fully characterized in the E-
band. Fig. 11 shows photographs of the 4 x 4 manufactured antenna at different cut-views. The total
dimensions are about 13.6 x 13.6 x 18 mm?® (width, height, thickness). Fig. 11(a) is a global view of
the realized antenna. Fig. 11(b) and Fig. 11(c) show the different layers (schematically described in
Fig. 10) and the complete WG power-feeding network. The EDM method is very appropriate here with
accurate angles cutting and mechanical tolerances.

Figure 10. Electric discharge machining (EDM) manufacturing process: the proposed antenna
composed of three layers is assembled by six screws located along the antenna, two on the side of
the WR12 input port, two in the center and the last at the ends of the radiating part of the antenna.

Standard

WR12 >
Waveguide port

(a)

4x4 Stepped Horns ~ Assembling holes Rotators

\e |

Top views

(b)
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Figure 11. Photographs of the fabricated 4 x 4 prototype E-band antenna array (different views).
(a) Overview of the antenna and its WR12 input port, (b) “Layerl” top view (left) and “Layer 2” top
view, with the footprint of the bow-tie shape polarizers, and (¢) “Layer 3” Top view. We see also the
transition between the WR12 standard and the horizontal RWG feeding network (right).

4.2. Measurement Results and Comparison to the Simulations

The 4 x 4 antenna array is characterized in an anechoic chamber of RFS-Trignac. The radiation patterns
are measured in two major E- and H-cut-planes (respectively Phi-0°, and Phi = 90°) over the whole
71-86 GHz frequency band. Fig. 12 presents the normalized curves of the measured radiation diagrams,
respectively in E-plane (Fig. 12(a)) and H-plane (Fig. 12(b)) for five frequencies of interest; 71, 73.5, 76,
81, and 86 GHz. The radiation pattern measured in the E plane shows a slight asymmetry at 71 GHz.
The main lobe and side lobe are unresolved (at negative theta angle). This phenomenon disappears
when the frequency is increased. In the H-plane behaviour is almost stable over the whole frequency
band (Fig. 12(b)). The measured realized gain is > 19.6 dB, and the half power beam widths (BW) is
< 15°. The measured back radiations are very low (< —50dB), about 10 to 15dB below the simulated
levels (shown Figs. 9(a), (b)).

Figure 13 represents the superimposed simulated and measured reflection coefficients of the overall
antenna. The measured S1; (dB) is better than —12dB for the frequency range of 71-76 GHz and
—15dB for the 81-86 GHz band. The antenna is well matched over the entire E band, although there is

Measurement ---+ 71 GHz Measurement ---- 71 GHz
. 76 GHz f — 81GHz
-5 — 81GH: = — 76GHz
@ in ~— 83,5GHz = — 83,5GHz
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= -15 AT | — 86 GHz % -15 — 86 GHz
£ i ‘ o
O
o °
ki =25
o .25 -
~N
:
L. Z
_2 -35 -35 ﬂ F :l‘
-45 - -45 ‘ . 1
-180 -90 0 90 180 -180 90 0 S0 180
Angle Theta (Deg.) Angle Theta (Deg.)
(a) (b)

Figure 12. Measured far field radiation patterns. (Cartesian forms) in the E-band spectrum from
71 GHz to 86 GHz. Normalized curves. (a) in the E-Plane (Phi = 0°), and (b) In the H-Plane
(Phi = 90°).
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Figure 13. Comparison of the measured and simulated magnitude of the reflection coefficient (S11
parameter) versus frequency of the 4 x 4 Sub array antenna.
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Figure 14. Comparison of the measured and simulated Far Field radiation diagrams (Cartesian forms)
in the 71-76 GHz band. Normalized curves in the (a) E-Plane (Phi = 0°) and (b) H-Plane (Phi = 90°).

a rightward shift in the S1; measurement curve in the 71-76 GHz band. We can interpret the differences
between the measurement and simulations with possible misalignment when assembling the three layers
of the antenna which may have, as consequence, the shift of the spectrum and a bad adaptation to
the limiting frequencies, in particular of the first band (71 and 76 GHz). The second band is very well
matched. The measured bandwidth (S;; < —10dB) of the antenna is 5 GHz for each band corresponding
to relative bandwidths of 6.8% and 5.9%, respectively.

Figure 14 shows simulated and measured F- and H-plane radiation patterns of the proposed 4 x 4
horn antenna at two different frequencies (71 and 76 GHz). All the results are normalized to the
maximum value. Fig. 15 gives the same normalized radiation patterns for the second band at 81 and
86 GHz. The slight difference observed between the simulation and measurement of the antenna array
can be attributed to the tolerances of the manufacturing process and/or to the possible misalignment
during the assembly of the three layers of the antenna.

Good agreements are obtained for the directivity, SLL, and beamwidth which are quite identical
in the E- and H-planes. Table 3 summarizes the measured 4 x 4 sub antenna array in terms of gain,
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Figure 15. Comparison of the measured and simulated Far Field radiation diagrams (Cartesian forms)
in the 81-86 GHz band. Normalized curves in the (a) E-Plane (Phi = 0°) and (b) H-Plane (Phi = 90°).

Table 3. Measured performances of the 4 x 4 array antenna.

First Side Lobe Level (dB),

F in (dBi
requency  Gain (dBj) —3dB Aperture angle (Deg.)

71 GHz 19.7 —11 13.2°
76 GHz 19.9 —12 12.9°
81 GHz 20.7 —13.2 13.2°
86 GHz 20.9 —16.5 16.5°

aperture angle (at —3dB), and the first side lobe level in the E-band (71 to 86 GHz). The cross-
polarization level is measured also for different frequencies (results not shown in this paper) and fit well
to the simulation results (of Fig. 12).

5. CONCLUSION

In this paper, a highly directive waveguide small-cell flat antenna array (32 x 32 elements) with compact
sizes (100 x 100 x 25 mm?) and a complete feeding network is presented. Featuring a high directivity,
a wide bandwidth covering the E-band, a very low back radiation, a very low cross-polarization, and
quite low side lobes, the antenna is dedicated to high-bit rate point-to-point communications in E-
band. A new compact stepped horn antenna, SHE (6.6 mm height and 3.4 x 3.4 mm? aperture surface)
is designed, manufactured, and characterized. Good agreements are obtained with the electromagnetic
CST MWS and Empire models. Ridged waveguide transitions, 3 dB-power dividers, and bow-tie multi-
section waveguide polarizer rotator (£90°) are designed and experimentally characterized. They exhibit
a broadband frequency response, low insertion loss, and low cut-frequency (< 55 GHz) much better than
the standard waveguide in the E-bandwidth. A 4 x 4-elements array and the waveguide power-feeding
network are simulated, manufactured, and measured. The measured gain is higher than 19.7dB at
71 GHz and 20.9dB at 86 GHz, and correspondingly the antenna efficiency is larger than 77.5% over
the whole E-band spectrum. The help of a 3D printer paves the way for many potential applications
implementing low cost solutions and mass production at mm-wavelengths. Our results constitute a
further step towards the realization of compact, broadband, very directive antennas for high speed
wireless point-to-point communications and many applications such 5G and anti-collision radars for
autonomous vehicles.
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APPENDIX A.

Ae

D =4m ™2 (A1)
D(dB) = 10 x logy, (D) (A2)
Eior(0) = —e*“““f Z ar, x e (A3)
FS o x explitn) (A4)
k=0
Y = or + 2dek cos(0y) (A5)
Ao
d< 1+ |sin(6y)| (A6)

where f(0) is the radiation pattern of a basic element (SHE) of the array antenna; AF is the array
factor; 8 and ¢ are the angles of a spherical-coordinate system. dj = d is the inter-element distance, ay
the complex amplitude distribution, ¥}, the phase variations, and 6 the beam pointing direction (scan
angle or elevation angle). k = 27w/ is the wavenumber and A the free space wavelength calculated at
the desired frequency.

The array elements are spaced by d <Aggcm. using Equation (A6) where )¢ is calculated at the
highest operating frequency (fy = 86 GHz).

- 86 GHz, 6, = 0° d < A =348 mm
- 86 GHz, 6, = 90° d < Xp/2=1.74mm
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