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Abstract

An E-band Cassegrain switched beam high-gain antenna concept for 5G backhauling systems
is proposed in this article. The antenna requirements target the compensation of small mis-
alignments (within +1 degrees in both azimuth and elevation planes) in E-band backhauling
links due to adverse weather conditions or thermal deformations. The intended antenna is able
to realize beam-switching operations by using a feed-array architecture based on a 7 x 7 array
of cavity-backed magnetoelectric (ME) dipoles, where every element is capable of providing a
steering of 4-0.33 degrees in both the elevation and the azimuth planes. The ME dipole illumi-
nators combined with a Cassegrain reflector provide a gain of 52 dBi within the whole scanning
range. Besides, they can be easily integrable with the front-end modules, thus being an easily
implementable and low-cost alternative to other more complex solutions based on horns or
lens antennas.

Introduction

Backhauling links are receiving increasing attention as they play a main role in sustaining the
huge fronthaul data rate, as they represent the interconnections between the core of a telecom-
munication network and its peripheral nodes (e.g., base stations) [1]. Among the spectrum
portions for backhauling for 5G applications, the E-band (71-86 GHz) is one of the most inter-
esting and attractive. In this frequency range, atmospheric losses and path attenuation make
long-range communication links very difficult to achieve. In this context, antennas play a cru-
cial role [2]. Point-to-point E-band backhaul links require high-gain antennas (ETSI 38 dBi and
FCC 43 dBi). The resulting half power beamwidth (HPB) comprises between 1 and 2 degrees,
thus requiring stable masts which have to provide high mechanical rigidity (Fig. 1). Even so,
the thermal deformations as well as wind generate twists and sways in the order of 1 degree
in both azimuth and elevation planes [3]. Therefore, E-band backhaul antenna systems should
be capable to compensate mast movements to reduce the risk of outage. Several solutions were
proposed to overcome these issues. Phased arrays, although representing a technically viable
solution, are expensive and power consuming for such applications [4]. Several alternative solu-
tions were proposed, the most common being the integration of fixed-beam antennas with a
mechanical pointing system. In this configuration, different types of antennas can be used. For
instance, high directivity can be fulfilled by using conventional lens [5, 6] or reflector antennas
[7, 8]. However, high attention is deserved to antennas having low-cost beam pointing systems,
which are based on electronic systems, preferrable also because of the faster pointing speed. One
option to achieve the beam steering requirements is to use Rotman lenses [9] combined with a
switching system. Although several solutions of this type were proposed in literature [10], the
implementation of such systems for the application at hand is not easy for two reasons. First,
the implementation of 2D beam steering requires complex integration of the Rotman lenses.
Second, Rotman lenses are difficult to be designed for tight scanning angles. An alternative
solution was proposed using a 64 array of patches integrated with a lens [5]. Such a solution
provides a gain of 36 dBi and +4 and +17 degrees of scanning in the azimuth and elevation
planes, respectively. However, the latter configuration cannot be easily adaptable to higher gain
architectures.

In this paper, a novel antenna architecture for E-band backhauling applications is introduced.
The proposed solution combines a high-gain Cassegrain reflector antenna with a printed feed
array. Feed array reflectors are typically employed in satellite communications to provide multi-
spot Earth coverage [11]. Conversely, the envisioned solution employs a feed array architecture
to realize beam-switching operations in 2D. The proposed feed array solution is based ona 7 x 7
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Figure 1. Cassegrain reflector antenna with small boom movements.

Table 1. Main antenna requirements

Requirements

Value

Frequency range

71-76 GHz to 81-86 GHz

Steering range +1°
Gain >50 dBi
Polarization Linear

array of printed elements. The use of a printed solution is essen-
tial to guarantee easy integration with the monolithically inte-
grated front-ends. In order to provide the required gain and
beamwidth, the printed feeds were realized by designing and
testing cavity-backed magnetoelectric (ME) dipoles whose pre-
liminary results were introduced in [12]. In this work, previous
results are expanded by including a comprehensive experimental
assessment and by introducing the integration with the Cassegrain
reflector.

Beam-switched Cassegrain antenna concept

The most pertinent E-band antenna requirements for the back-
hauling application at hand are summarized in Table 1.

Steering of the beam is required within the range of +1 degrees
in both the azimuth and elevation planes. The antenna bandwidth
should include both Tx and Rx channels, resulting in coverage
from 71 to 86 GHz. Across the bandwidth and within the scan-
ning range, a gain of higher than 50 dBi should be achieved with
linear polarization. As a result of such requirements, several solu-
tions have been investigated and compared, ultimately leading to
the selection of a double-reflector configuration combined with
a feed array. The proposed configuration is illustrated in Fig. 2a.
Each feed occupies an area of m, x m, and, in production, is con-
nected to a chip implementing Tx and Rx functions. The central
feed element is aligned with the reflector axis. By activating an
axially displaced feed, the reflector beam points toward an angle
0g. Therefore, the integration of each feed of the board with a
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Figure 2. Multi-feed Cassegrain reflector antenna concept.
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Figure 3. Lateral feed displacement effects as a function of F/D: red: BDF; blue: 6¢
for 5c = 2 cm and for different values of the subreflector eccentricity; e, at 77 GHz.

chip generates multiple beams within an offset compatible with
the targeted applications, i.e. +1 degree. The main reflector is
parabolic, with focal distance and diameter F and D, respectively.
The main steps of the Cassegrain reflector design are reported as
follows.

The first step for the antenna system design is the definition of
the Cassegrain geometry, which depends on the unit cell dimen-
sion, ma, and tilt angle fy. The Cassegrain reflector, as shown in
Fig. 2, consists of a main paraboloidal reflector and a hyperbolical
subreflector having one of its focal points coinciding with the focal
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Figure 5. Cassegrain gain as a function of the lateral feed displacement, dc.

point of the main reflector. The main design parameters are defined
as follows:

D,,: diameter of the main reflector;

F,: focal length of the main reflector;

IF: distance between the focal points of the subreflector;
e: eccentricity of the subreflector.

The feed phase center should be ideally placed on the sec-
ond focal point of the hyperboloidal subreflector. Under these
conditions, the gain of the reflector is optimal, and the beam pat-
tern is fully symmetric. As the feed is laterally displaced from
the focus, a phase taper in the subreflector is created, which
in turn leads to a tilted beam. The relation between the feed
offset angle, g, and the resulting tilted beam direction, 63, is
called beam deviation factor (BDF), and its expression can be
approximated as [13, 14]:

2
app — % _ (4Fn/Dn)’ +0.36

- 1
O (4F,/D,)" +1 M

The BDF is a function of the main reflector geometry, which
approaches 1 as F. /D, approaches infinity (flat plate). For
Cassegrain reflectors, the lateral feed movements, —d,, should be
reduced by a magnification factor, which takes into account the
secondary reflector effect, and it is defined as:

e+1
e—1

M= (2)
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Figure 6. Preliminary Cassegrain double reflector with a horn as reference antenna
at @77 GHz.

where e is the eccentricity of the secondary reflector. If
the Cassegrain feed is laterally displaced by ¢, this will cor-
respond to a shift of —§.,/M in the equivalent parabolic
reflector.

As it can be observed in Fig. 3, for a given lateral displace-
ment of the feed, J,, the resulting beam tilt angle, g, strongly
depends on F,/D,, and on the eccentricity of the subreflector, e.
Reducing the subreflector eccentricity results in a higher magnifi-
cation factor, M, which in turn decreases the beam tilt, 3. On the
other hand, the feed axial displacement should comply with the
feed taper and to its implementation using a planar radiator hav-
ing size m, x m, (Fig. 2b). Typically, reflector feeds are designed
to achieve a —10 dB taper in correspondence to the reflector bor-
der so that spillover losses are kept to a minimum. However, in
the case of feed arrays, the axial displacement should be taken
into account, thus increasing such a value which, for the case at
hand, was found to be ideal at —12 dB. The angular aperture of the
feed, defined in correspondence to the 12 dB taper, is identified as
eFeed'

The Cassegrain configuration was optimized using the config-
uration shown in Fig. 4 [15] using a horn antenna with fg..q = 26
degree to evaluate the reflector gain and the beam steering effect
related to the feed axial displacement. The Cassegrain design was
thus optimized to achieve a gain higher than 50 dBi and a feed
array cell size, m,, compatible with a beam aperture achievable in
printed circuit technology. The following geometrical parameters
were selected:

D,,: 90 cm;
F,:22.5 cm;
IF: 15.7;
e:1.7;

These values lead to an F /D, = 0.25. When the feed is
axially symmetric, the antenna gain is equal to 55 dBi and its
HPB is equal to 0.33 deg. As it can be observed in Fig. 5, in
order to achieve a beam scanning without relevant superposi-
tions between adjacent beams, the feed should be laterally dis-
placed by 6c = 5.1 mm. When the feed is located in this posi-
tion, the beam points at —0.15 deg, which corresponds to half
the HPB.

The full scanning range shown in Table 1 can be thus achieved
using an array of 7 x 7 feeds having the cell size, m,, equal to
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5.1 mm. The results obtained with an array of 7 x 7 reference  at 0.96°, the peak gain is 55.66 dBi. As it can be observed, the
horns simulated using physical optics are shown in Fig. 6. The  angle of the main beam does not significantly affect the gain in the
average gain obtained in this configuration is 56 dBi. In the ref-  other configurations when compared to the reference case, where
erence position, the peak gain is 56.12 dBi; at 0.33° of steering, the antenna is positioned at the reference location. In fact, the
the peak gain is 56 dBi; at 0.66°, the peak gain is 55.95 dBi; and = maximum loss is estimated to be around 0.5 dB in relation to the
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Table 2. Parameters of the proposed SIW-fed ME dipole

Parameters Values (mm)
w 5.4
W 0.1
W,, 0.3
W3 0.08
W, 12
W, 5.1
lay 1
- 0.85
g 1.15
D, 0.65
D, 0.2
D, 0.15
a 2.06
s 1.2

reference case. Additionally, the level of the side lobes is satisfactory
in all configurations.

Primary feed array design

The main design objective of the present work is the design of
a primary feed compatible with Printed Circuit Board (PCB)

Jsurf [A/m]
200.3271

186.9756
173.6241
160.2726
146.9212
133.5697
120.2182

106.8667
. 93.5152
80.1637

66.8122
53.4607
40.1093
26.7578
13.4063

0.0548

aperture
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Figure 9. Current distributions of the proposed ME dipole at 77 GHz over a period of time: (a) t =0, (b) t = T/4, (c) t = T/2, and (d) t = 3T/4.
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technology and providing the required feed taper (i.e. Og..q = 26
degree) fitting within the unit cell size m, x m,. The unit cell size
arising from the physical optics analysis reported in the previous
section suggests the use of a unit cell size of 5.1 mm, which corre-
sponds to an aperture of 1.25 A,. It is worth noticing that the feed
elements should have a high inter-element isolation when arranged
in the array.

Typically, a single patch antenna would provide a gain limited
to about 8 dBi and a bandwidth of 10%, whereas twice this value is
required to cover the entire E-band. A first option would be the use
of a small array of antennas as reported, for instance, in [16], where
a2 X 2 array of slot-fed patch antennas is reported. The antenna is
based on a hybrid feed network, and it occupies an overall size of
5x5 5 x 5 mm, achieving a gain of about 12 dBi. The gain decreases
to 0 dBi at an elevation angle of about 60 deg. A similar gain is
achieved in [17] using an antenna in package integrated with a lens.
The overall size of this configuration is equal to 10 x 10 mm?.

With this configuration, a roll-off of 12 dB is reached at 30
deg. Attempts were also done integrating a pyramidal horn in PCB
technology as reported in [18]. However, this antenna requires a
complex stack-up while providing a limited gain (i.e. about 9 dBi
at 77 GHz). A last relevant example is reported in [19] where a sub-
strate integrated waveguide (SIW) slot antenna array is presented
reporting a gain of 12 dBi at 72 GHz. This solution is based on a
multilayer PCB configuration, and it provides a bandwidth of 16%.

Hence, the aim of this work is to design and develop a novel feed
antenna that meets the specifications for gain and bandwidth, while
simultaneously being simple to manufacture and possess a high
level of isolation between neighboring feeds. For the case at hand,
the design was based on ME dipole antennas [20]. This type of

I"

=p Electric dipole
~+»  Magnetic dipole
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Figure 10. Proposed ME dipole in a 7 x 7 feed array configuration: (a) photograph
of the prototype and (b) layout of the array board.

antenna has been recently introduced, and it is receiving a growing
attention because of its ease of integration in PCB and wideband
properties. ME antennas are a type of antenna that utilize both
electric and magnetic fields to generate a symmetrical radiation
pattern with low back radiation. These antennas are characterized
by their compact size, wide bandwidth, and ability to operate at
multiple frequencies [21]. They are typically used in applications
such as wireless communications [22], radar, and medical imaging.
The unique properties of ME antennas are due to the interaction
between the electric and magnetic fields within the antenna, which
results in a highly directional radiation pattern.

Magnetoelectric dipole geometry

The proposed ME dipole antenna is designed to match the band-
width and beam shape requirements derived in section “Beam-
switched Cassegrain antenna concept”. The proposed antenna
geometry is shown in Fig. 7. The envisioned structure is fed using
an aperture-coupling scheme, which has been successfully used
for microstrip patch antennas. Specifically, an E-band SIW-fed
aperture-coupled ME dipole antenna has been designed, which has
good characteristics including wide bandwidth, high radiation efhi-
ciency, symmetrical radiation patterns, low back radiation, and low
cross-polarizations. The antenna is implemented using only two
dielectric layers, referred to as Substrate 1 and Substrate 2 [12].
The dissection view, as illustrated in Fig. 7a, shows that the entire
ME dipole is constructed on Substrate 2. This is achieved through a
pair of horizontal planar dipoles, which are composed of four iden-
tical metallic patch sections that are printed on the top dielectric
surface. Each patch is connected to the ground through a vertical
metallic via. Additionally, a single aperture having size [,; X wy,
is etched on the top of the ME dipole ground plane; it is cen-
trally positioned with the ME dipole and excited through an SIW.
The width of the SIW, denoted as g, is chosen to be 2.06 mm in
order to ensure that over the operating band the SIW supports only
the dominant mode and is also positioned far away from the cut-
off frequency. The SIW is terminated with a short circuit located
at s = 1.2 mm from the slot border. Furthermore, the diameter
of the vias composing the SIW is Dy, = 0.2 mm. The size of the
ground plane for a single feed is equal to W, = m, = 5.1 mm.
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Figure 11. Simulated (dashed) and measured (solid) reflection coefficient (a) and
gain (b) of the proposed SIW-fed aperture-coupled ME dipole. The radiating element
taken as a reference is the central one.

Furthermore, in order to mitigate the presence of surface waves and
to enhance the antenna gain, a via cage has been incorporated on
Substrate 2.

All the dielectric layers were implemented by using Rogers 3003
laminates with a thickness of 0.5 mm and a relative permittivity of
3. Therefore, the E-band SIW-fed aperture-coupled ME dipole has
an overall height of 1 mm, while the height of the ME dipole is
0.22 A, where ), is the guided wavelength when ¢, =3 at 77 GHz.
The proposed antenna was simulated using [23], and its geometri-
cal parameters were optimized to provide a uniform gain response
and a good matching over the entire bandwidth. As shown in [24],
the ME dipole has two resonant frequencies, one related to the
magnetic dipole and one to the electric dipole, typically at lower
frequency. The wideband performance of the antenna is strongly
related to the frequency of these resonances. In general, most of
ME dipoles present in literature are fed using a L-probe [25] as with
a coupling aperture, and it is difficult to achieve a good impedance
matching. For this reason, crossed strips were introduced between
the four ME dipole patches. As it can be seen in Fig. 8, the strips
introduce an inductive coupling between the patches, which results
in an increase of the matching bandwidth. The detailed geometri-
cal parameters are summarized in Table 2. To validate the working
mechanism of the proposed aperture-coupled ME dipole antenna,
the simulated current distributions are shown in Fig. 9.
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Figure 12. Measured and simulated radiation patterns of the central element at (a) 71 GHz E-plane, (b) 71 GHz H-plane, (c) 77 GHz E-plane, (d) 77 GHz H-plane, (e) 85 GHz
E-plane, and (f) 85 GHz H-plane.

As can be noticed, at time ¢ = 0 and T/2, where T is a period
of time, the current on the inner edges of the horizontal patches
is dominant, which indicates that the two quarter-wavelength
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apertures, that is to say the equivalent magnetic dipole in
y-direction, are excited. On the other hand, at time t = T/4
and 3T/4, the current is concentrated on the major portion of
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Table 3. Comparison of E-band antennas for feed array applications

Aperture
Gain size Bandwidth

Ref (dBi) (mm x mm) GHz Configuration

[11] 12 5x5 76-79 2 x 2 printed
array

[17] 12 10 x 10 70-84 Lens antenna

[13] 9 3.5x3.5 70-105 Integrated
pyramidal horn
(6 PCB layers)

[14] 12 6.5%6.5 66-78 SIW slot array

This 9.8 5.1x5.1 71-86 (20%) 2 layers PCB

work

F=22,5cm

Figure 13. Cassegrain antenna fed by 7 x 7 SIW-fed aperture-coupled ME dipole
antenna array.

the horizontal patches, which indicates that the electric dipole
in x-direction is strongly excited. Therefore, the planar electric
dipole and the magnetic dipole are excited alternately with similar
strength. As mentioned in [20], the combination of the cross-
electric and magnetic dipoles acts as a complementary antenna,
thus producing the desirable unidirectional pattern with low back
radiation.

Mustacchio et al.

A design guideline for the proposed antenna (Fig. 7) is given
taking into account the most relevant parameters. First, the thick-
ness of the PCB laminate used to design the antenna, that is to
say the height of the magnetic dipole, should be chosen around
0.25),, where A, is the wavelength in substrate at the central fre-
quency of the operating band. Second, there are two resonances
over the whole operating band, as shown in Fig. 8, the lower res-
onance is mainly controlled by the length of the horizontal planar
patches I,;, while the higher one is sensitive to the height of the
magnetic dipole. Hereafter, the operating frequency can be tuned
by choosing the two dimensions. Third, the diameter of the verti-
cal metallic vias D,, the spacing between the vertical metallic vias
W,2, and the length of the coupling aperture /,5 can also affect the
impedance characteristics of the antenna significantly. By tuning
these parameters, a good impedance matching can be obtained.

Magnetoelectric dipole feed array results

The validation of the proposed design concepts was done through
the design, fabrication, and test of a 7 x 7 feed array of the ME
dipoles with a final dimension of 37.2 x 37.2 mm. The size of the
test board exceeds the actual size of the feed array because of the
need to find room for the location of the PCB-to-waveguide tran-
sitions required for the experimental assessments. A photo of the
prototype is shown in Fig. 10(a). Measured results were performed
on a subset of four of the 49 elements without relevant differences.
Each element under test was connectorized through a waveguide
launcher, leaving the other elements unconnected. The simulated
coupling between the elements exceeds 40 dB. Experimental results
were compared with simulations of the stand-alone array [23].
The reflection coefficient of the proposed antenna is shown in
Fig. 11(a). As it can be noticed, the simulated antenna presents a
good impedance matching, with a reflection coeflicient remaining
below —10 dB in the band of interest, from 71 to 86 GHz.
The 10 dB fractional bandwidth simulation is greater than 20%.
Measurements show similarities, though some variations exist due
to connector-induced peaks in the reflection coeflicient at lower
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(a) (b)

Figure 14. 7 x 7 SIW-fed aperture-coupled ME dipole antenna array with the excitation ports activated separately along (a) Azimuth cut and (b) elevation cut.
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Figure 15. Cassegrain antenna radiation patterns along Azimuth cut by activating
separately ports 1, 5, 10, and 11 at (a) 71 GHz, (b) 77 GHz, and (c) 85 GHz.

frequencies (below 74 GHz and to the use of a 3 cm-long SIW),
required to bring the signal out and feed the antenna element.
Moreover, a coplanar waveguide to SIW transition was necessary
to properly feed the ME dipoles.

The gain response of the proposed antenna is presented in
Fig. 11(b), which shows a simulated peak gain of 10 dBi at 84 GHz.
The simulated 3-dB beamwidth covers all the band of interest, and
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Figure 16. Cassegrain antenna radiation patterns along elevation cut by activating
separately ports 1, 8, 35, and 39 at (a) 71 GHz, (b) 77 GHz, and (c) 85 GHz.

the gain variations remain within 1.4 dBi in the E-band. The mea-
sured gain is generally in line with simulations, with a peak gain of
9.8 dBi at 83.8 GHz. The normalized simulated and measured radi-
ation patterns at 71, 77, and 85 GHz are reported in Fig. 12. Both
measured and simulation results show a tapered beam with a 12 dB
beamwidth reached at about 50 degrees in both cuts with some dif-
ferences depending on the frequency. Cross-polar levels are below
28 dB while reporting a deterioration in the upper band. The results
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of the proposed feed array antenna are compared with other sim-
ilar relevant configurations in Table 3. As it can be observed, the
proposed antenna is the best compromise between gain, area, and
manufacturing technology.

Feed array in Cassegrain configuration

The evaluation of the feed array reported in the previous section
was finalized using its simulated results to feed the Cassegrain
reflector designed in section “Beam-switched Cassegrain antenna
concept”. For this purpose, Ansys Savant [26] was used. The actual
Cassegrain configuration which includes the 7 x 7 SIW-fed ME
aperture-coupled antenna array and which will be used in Savant
is shown in Fig. 13. The Cassegrain evaluation required two steps.
First, the full 7 x 7 array was simulated, and results were imported
into the Savant environment, which uses physical optics simula-
tion. The simulation setup is reported in Fig. 14.

The complete Cassegrain antenna was analyzed along the
azimuth and elevation cuts by activating the elements one by
one. The active elements were numbered as reported in Fig. 14.
Specifically, ports 1, 5, 10, and 11 were activated to estimate the
azimuth scanning, whereas elements 1, 8, 35, and 39 were enabled
to assess the elevation scan. Simulated radiation patters of the feed
array Cassegrain reflector are reported in Fig. 15 at three differ-
ent frequencies, i.e., 71, 77, and 85 GHz. In line with the results
observed in Fig. 1, each cell provides a steering angle of approxi-
mately 0.33 degrees in both scanning directions. As a consequence,
05 = 0.33, 0.66, and 0.96 degrees in both azimuth and elevation
scans. At the center band frequency of 77 GHz, a gain of 53 dBi is
reached while scan losses are less than 0.25 dB. At the lower and
upper edge of the band, the gain peaks are 51.73 and 53.93 dBi,
respectively, with similar scan losses (Fig. 16).

Conclusion

A beam-switching high-gain E-band Cassegrain reflector antenna
5G backhauling systems was presented. The final beam-switched
Cassegrain antenna is realized by a 7 x 7 SIW-fed aperture-
coupled ME dipole antenna array, which feeds the double-reflector
structure and meets all the system requirements. A prototype of
the Cassegrain illuminator was prototyped and tested. The simu-
lated results of the proposed feeder element demonstrate a frac-
tional bandwidth of more than 20%, and the proposed antenna
achieves the expected results at 71 to 86 GHz. The simulated 3-
dB beamwidth covers all the band of interest with a peak gain of
11.2 dBi at 86 GHz, while the measured peak gain is 8.4 dBi at
74 GHz. The discrepancies between measured and simulated data
are related to the presence of transitional circuits not de-embedded.

The full Cassegrain antenna demonstrates adequate impedance
matching, with values remaining below —10 dB over the entire
E-band. The average peak gain for the antenna surpasses 52 dBi
throughout the entire bandwidth. The antenna’s beam can be
directed within an angular deviation of 6z = 41° in all planes,
with each component of the feed array capable of tilting the main
beam by an angle of fy = +0.33°. The performance of the pro-
posed configuration compares favorably to that of a horn-based
feed array, offering the added advantage of being easier to integrate
with front-end modules.
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