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ABSTRACT In this work, an 8x8 waveguide antenna array composed of stepped and slotted radiators
for E-band applications is presented. The proposed array architecture, including the feeding network, can
be realized through the integration of a single metallic block adhered with an additional top photo-etched
sheet. This approach effectively reduces manufacturing complexity, resulting in a low-cost solution that
can be easily fabricated using standard market-ready technologies. Array beam-forming network’s building
blocks: transitions, power dividers and 2x2 slotted splitters are presented. Parasitically coupled cavities,
inserted in between slotted radiators, help to improve the matching and gain of the array. Stepped profile
which has been applied to both active and parasitically coupled apertures, prove to enhance antenna
parameters. The overall structure fills a volume of 25x24x2 mm?>. A 23.6% fractional bandwidth was
achieved in the range of 69 - 86.7 GHz. Radiation characteristics were investigated for both 2x2 splitter
radiators and 8x8 antenna arrays where the obtained average gain values were 12 and 25 dBi, respectively.
A four-channel prototype was fabricated and measured. The measured radiation patterns agree with the
simulated patterns, with a maximum aperture efficiency of 86%.

INDEX TERMS Antenna array, backhauling communications, E-Band, slotted antenna, millimeter-wave,

metallic waveguide, waveguide slot array.

I. INTRODUCTION

IGH data rates and lower latency are key drivers

for the industrial wireless telecommunications market
nowadays. Next generation communication networks will
largely rely on the unemployed spectrum above 40 GHz,
especially in commercial E-band (70-90 GHz), W-band
(90-110 GHz) and D-band (110-170 GHz). Various appli-
cations, including 5G and beyond infrastructure backhauling
line-of-sight (LoS) links, satellite-to-satellite space com-
munications, autonomous automotive radars [1]. High-gain
wideband antennas are required for backhauling LoS mm-
wave link applications, to overcome the high absorption of

electromagnetic waves caused by the atmospheric molecules
at high frequencies [2].

The progressive densification of the mobile access network
in urban environments does not demand few km long
LoS, with an availability of 99.995% in mid/high rain-
rate regions, as typical access cells are being shrunk
to a few hundreds of meters apart. Moreover, fron-
thauling and mid-hauling network segments are dedi-
cated to bring very high capacity between the elements
of the access network, coordinated by a central unity
in the area and foster short-range transport. A promis-
ing new market has emerged, characterized by links
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carrying 10 Gbps/channel/polarization over distances of
approximately 200 meters.

This market is expected to be highly profitable. Assuming
current transmit-power levels are maintained, a gain of
39 dBi is considered sufficient to achieve this goal.
Furthermore, the upcoming introduction of high-power com-
ponents at mm-waves is expected to increase the effective
isotropic radiated power (EIRP) by an additional 10 dB
through a transmitter [3], thereby reducing the required
antenna gain. In addition, the use of significantly smaller
antennas allows for separate transmitting and receiving
antennas to be placed on the radio equipment case, elim-
inating the need for duplexers and the associated losses due
to internal connections between the radio-frequency chains.
As a result, the required antenna gain can be reduced to
29 dBi. It is noteworthy that the interplay of several factors,
such as the imperative to curtail antenna manufacturing costs,
the restricted output power of front-ends, the interconnection
losses, and the compact size of the radiation aperture, have
engendered the emergence of various alternative configura-
tions featuring lower gains. For example, a communication
link that conventionally mandates antennas with a gain of
29 dBi could be efficiently implemented by resorting to
dual channels that incorporate antennas with 26 dBi of
gain or quadruple antennas that exhibit 23 dBi of gain.
Nevertheless, the requisite confluence of such exigencies
with cost-efficient parameters poses a formidable complexity
for antenna engineers.

Throughout the years, several design proposals have been
presented in the literature based on emerging technological
developments, including low temperature cofired ceramic
processes (LTCC) [4], [5], [6] and printed circuit board
(PCB) [7], [8], [9]. Nevertheless, the highest efficiency has
been usually achieved by all-metal antennas. Among the pos-
sible configurations, waveguide slot arrays (WSA) are par-
ticularly appealing for applications in which size constraints
are present and integration with the electronic front-end is
desired. Since they were firstly introduced [10], WSA have
emerged as one of the most extensively researched antenna
topics. Multiple approaches for realizing WSA have been
demonstrated through the utilization of various fabrication
technologies and assembly techniques. Structural realization
technologies can be classified into two main categories:
additive and subtractive manufacturing. The first category
includes 3D printing which allows to realize complex waveg-
uide array structures as in [11], [12], [13]. They offer
restricted tolerances (>150 um) and surface roughness while
being reliant on specific materials that necessitate lengthy
curing periods. These factors, in turn, hinder operational
speed and increase the overall cost of prototype production.
Various subtractive manufacturing techniques are available
for the production of metallic waveguide arrays. Among
these techniques, computer numerical control (CNC) milling
constitutes a prevalent approach owing to its economical
nature and ability to attain tolerances of a moderate magni-
tude (£30 wm), which are constrained by the milling tool
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diameter, as reported in [14], [15], [16], [17], [18], [19]. In
an alternative approach, diffusion bonding processes can be
used to realize structures with high accuracy (+20 pm) [20],
[21], [22], [23], [24]. This fabrication technique involves
applying heat and pressure to multiple metal layers until
they form a permanent, solid-state bond. Each layer can be
preliminarily etched using different technologies including
chemical or laser etching. From an industrial point of view,
additive manufacturing is more used for prototype realization
or when low accuracy is required whereas subtractive man-
ufacturing remains more convenient for mass production.
Despite the availability of highly advanced 5-axis milling
machines, the production of a waveguide array utilizing
CNC necessitates machining several metal blocks. Typically,
three metal layers are required: i) to implement the feeding
network; ii) to host the coupling layer (or cavity backing)
and iii) to implement the radiating elements. Minimizing
the number of fabrication blocks is highly desirable, as it
reduces manufacturing costs and mitigates the impact of
mechanical, alignment, and assembly tolerances. One com-
mon strategy to reduce the manufacturing complexity and
cost is to use series-feed arrangements, which, however,
leads to an inherent restriction in bandwidth [11], [25], [26].
On the other hand, several attempts were made to simplify
the complexity of array architectures employing corporate
networks. For example, in [18] it is reported a new corpo-
rate feeding configuration which eliminates the need for a
cavity-backed layer in conventional designs, allowing for a
simplified assembly of only two layers. This approach uti-
lizes E-plane T-junctions and single-ridge waveguides which
necessitates stringent manufacturing accuracies and man-
dates the retention of inter-element spacing greater than a
wavelength.

This paper outlines a novel configuration for metal-
lic slotted arrays, with the primary goal of introducing
innovative design solutions that reduce manufacturing com-
plexity and associated costs in the context of the mobile
backhauling market. As it will be shown, the proposed
configuration, preliminarily introduced in [27] for D-band
applications, can be manufactured by simply gluing two
metal blocks fabricated using different low-cost technolo-
gies. In the proposed approach, the feed network and the
radiation cavities are integrated into the first metal block
through bilateral CNC machining, while the radiating slots
are implemented onto a photo-etched layer. Both components
can be easily manufactured using standard CNC equipment
and chemical photo-etching thus ensuring cost-effectiveness
throughout the entire production process. Despite the use
of only two layers, the inter-element spacing is limited to
0.82 Ao, where Aq is the free space wavelength. As will be
expounded, the achievement of this outcome is the prod-
uct of combining several innovative design solutions, such
as the incorporation of parasitic radiators into the array
lattice and the utilization of stepped ridged slots, which
synergistically enhance the performance of the array. In
the following, Section II will discuss the array geometry,
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FIGURE 1. Configuration of the proposed E-band 8x8 slotted antenna array,
(dimensions are in mm), (a) side view, (b) 3D sliced/exploded view.

accompanied by full-wave electromagnetic (EM) simulations
of all the array building blocks. Section III will delve
into the radiation performance of a 4x4 subarray, encom-
passing the parasitic cavities employed for performance
enhancement. Furthermore, Section IV will examine the
proposed 8x8 antenna array, evaluating the matching and
far-field characteristics, and assessing the efficacy of the
chosen gluing solution for ensuring proper electrical contact.
Finally, Section V will provide a report on the measurements
of the manufactured samples and compare them with the
state-of-the-art.

Il. ARRAY BLOCKS

Fig. 1 depicts the proposed array concept, which involves
the fabrication of two metallic parts. The first part, referred
to as Lj, comprises a single photo-etched sheet for imple-
menting the slot radiators, while the second part, Ly, is CNC
milled on both faces to form the corporate feeding network.
A third layer, L3, functions as a bottom cover and flange to
mount the WR12 waveguide utilized for feeding the array.
As illustrated in Fig. 1 (b), the antenna array is formed by
the combination of the following blocks: a) Block A, 2x2
coupled splitter and slotted-antenna, b) Block B, H-shaped
4-way power divider, and c¢) Block C, WR12-to-custom-WG
bend transition. Block A serves the purpose of providing an
additional power split and hosts the radiating slot cavities.
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FIGURE 2. 2x2 coupled splitter block A (a) proposed labeled layout (dimensions in
mm) (b) E-field distribution at 69 GHz of splitters with and without double-ridges
(c) return loss and gain comparison of splitters with and without ridges.

Block B comprises an H-plane 4-way power divider that
ensures uniform signal distribution. The final antenna is fed
through a standard WR12 waveguide which is then converted
to a custom rectangular waveguide through an E-band tran-
sition (Block C). This section discusses the design of each
block used to realize the final antenna array. It is worth
to mention that all presented blocks are modelled using
Aluminum material (3.8x107 Siemens/m).

A. 2x2 COUPLED SPLITTER AND ANTENNA (BLOCK A)

The basic radiating cell of the proposed array, array unit cell,
is a group of four slots cut on the photo-etched metal sheet.
This key block is integrated with a 2x2 (four-way) power
splitter, as illustrated in Fig. 2 (a), fed vertically through a
rounded waveguide aperture. This metal sheet is critical as,
from its behavior depends not only the performance of the
entire array but also the ability to implement the simplified
manufacturing approach reported in Fig. 1. For this reason,
this block fully exploits the manufacturing capabilities of
the photo-etched technology by using metal slots. To facili-
tate the mechanical manufacturing of the array, all internal
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corners are filleted with a radius of 0.45 mm so it can be
machined with standard 0.4 mm radius milling tool. Four
radiator slots are engraved on the top to couple the power
to the desired mode and radiate a linear polarization.

Each radiating element is configured as a curved-edge
slot with double-ridges, as represented in Fig. 2(a). The
modelling and simulations were performed using a com-
mercial finite element software [28]. As employed in [16],
[29], the presence of ridges enhances slots’ E-field inten-
sity at lower frequencies. As shown in Fig. 2(b), where two
models of the coupled splitter without (left) and with (right)
double-ridges are compared at 69 GHz both with 90° phase.
Fig. 2(c) is a comparison between the return loss of the
2x2 coupled splitter without and with double-ridges where
a 2 GHz enhancement in operational BW can be observed
when considering the lower spectrum at the required 10 dB
return loss level. On the other hand, boresight gain is slightly
reduced by 0.2 dB at 90 GHz, which can be acceptable con-
sidering the BW enlargement. Targeting a minimum element
spacing for both E-plane and H-plane considering constrains
implied by utilized technologies. From center, the spacing
between radiating slots in E-plane and H-plane directions
are 0.77 1, and 0.86 A,, respectively, therefore no grating
lobes are expected in the far-field radiation pattern. It is
worth to mention that such radiating slots, considering the
double-ridges, are impossible to be realized using current
commercial CNC machining technology.

B. H-SHAPED 4-WAY POWER DIVIDER (BLOCK B)

The bottom-side of L, hosts the second level of the array
distribution network which consists of four H-shaped 4-way
power dividers. The proposed H-shaped power divider, Block
B, is composed of dual T-junctions used to split the signal
into 4 ways with equal magnitude and phase while converting
each port waveguide from horizontal to vertical to feed each
2x2 coupled splitter radiator. The T-junctions were designed
following the approach proposed in [27], [30]. The design
of the power divider was carried out as a tradeoff between
the desired operational BW of the whole corporate feed-
ing network and the array element-spacing, which must be
compatible with acceptable grating lobe levels (GLL). Thus,
for achieving array structural-uniformity, the cross-section
of the WG used to feed the power divider is reduced from
WRI2 standard size to be with size of 2.25x1 mm?. With
such width, the useful BW starts from 73.5 GHz since the
cut-off frequency is shifted upwards by 10 GHz. It is impor-
tant to mention that this choice has been taken to privilege
element’s pitch over waveguide dispersion and losses.

The 3D view of the proposed power divider with labeled
dimensions is shown in Fig. 3(a), where the overall size
of the power divider is 8.4x9.4 mm?. Fig. 3(b), illustrates
the simulated S-parameters response of the designed power
divider. It can be observed that the insertion loss level is
the same for all four ports averaged at 0.8 dB while the
return loss is better than 12 dB from 71 to beyond 86 GHz.
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FIGURE 3. H-shaped power divider Block b (a) simulation model (dimensions in
mm) (b) S-parameters.

Thanks to the structure symmetry, equal phase is observed
at all four ports.

C. WR12-TO-CUSTOM-WG BEND TRANSITION

(BLOCK C)

The most effective way to avoid extra routing between the
power divider and the radiator is to place the antenna directly
on top of a sealed in-package transition as proposed in [31],
imposing that the antenna should be fed vertically as in [27].
Additionally, the main corporate-feed network is composed
of many H-shaped four-way power dividers inter-connected
with a reduced size waveguide (2.25x 1 mm?) as labeled in
Fig. 4(a). Therefore, a need arises for a structure that trans-
forms this horizontal reduced/size waveguide to a vertical
one sized as a standard WR12 (3.1x1.54 mm?). It is impor-
tant to mention that the inner corners of such structure must
be compatible with the radius of the milling tool which
will be used for realization. Fig. 4(a), show the transpar-
ent 3D view of the proposed transition. Fig. 4(b) represents
the simulated transmission and reflection coefficients of this
transition: the return loss is better than 20 dB starting from
71 till more than 86 GHz, while the insertion loss is lower
than 0.1 dB across the operational bandwidth.

lll. 4x4 ANTENNA SUBARRAY AND PARASITIC
SLOTTED CAVITIES

A subarray can be constructed by combining one H-shaped
power divider to four 2x2 coupled slotted splitters as
depicted in Fig. 5(a). Although the spacing of each sub-block
is minimal, the size of the H-shaped power dividers enforces
a distance between the radiating slots exceeding 2.24 mm
along the E-plane, which corresponds to a center-of-phase
spacing approaching the wavelength at the highest operating
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FIGURE 4. Designed WR12 to custom WG E-bend transition, (dimensions are in
mm), (a) 3D view (b) S-par freq y response.

frequency. An important aspect worth considering is that
any further reduction in the spacing between radiating slots
would necessitate the addition of an extra layer in the antenna
build-up, a measure that is incompatible with the design prin-
ciple aimed at simplifying the manufacturing and assembly
process. Therefore, this limitation poses a significant chal-
lenge to the design of the H-shaped power divider-based
antenna. To overcome this challenge, one of the key nov-
elties of this work is the incorporation of a passive slotted
cavity along the H-plane between each pair of neighboring
2x2 splitters, as illustrated in Fig. 5(b). These cavities are
parasitically coupled to the radiating elements via metallic
slots and effectively mitigate mutual coupling by suppressing
surface waves. As a result, the performance of the antenna is
significantly enhanced without compromising its manufactur-
ing and assembly simplicity. Previous research, as reported
in [7], presented a similar approach whereby metallic grooves
with a depth of one-quarter wavelength were utilized to con-
trol lateral waves and array coupling. However, in contrast to
this previous configuration, the present work adopts cavities
as a means of controlling the interaction between adjacent
elements. By manipulating the active impedance, the use
of such cavities can enhance the array gain, avoid grating
lobes, and offer additional flexibility in the antenna design.
Proposed cavities have a rounded shape of length 9.7 mm
and width 1.22 mm while the parasitic radiating aperture
has length of 9.3 mm and width of 0.4 mm. Cavities can be
embedded into the top metal block and, for the application
at hand, are used to improve the array matching and harmo-
nize the radiation pattern by increasing the antenna gain as
will be shown next.
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FIGURE 5. (a) 4x4 antenna subarray (b) 4x4 subarray with added parasitic cavity
(dimensions in mm) (c) mutual coupling between fed 2x2 splitters (d) Electric field
distribution at all slots (e) return loss and gain comparison of subarrays + H-shaped
power divider without and with parasitic cavity.

To calculate mutual coupling, all four splitters, Block A,
were excited using wave-ports without and with the pres-
ence of the proposed cavity. Fig. 5(c) shows the comparison
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of the mutual coupling between ports with and without
parasitic cavity. It is observed that mutual coupling between
Splitter-I and Splitter-1I, denoted as |S21]|, is reduced from
—14.5 dB to —22 dB at fy. While mutual coupling between
Splitter-I and Splitter-III, |S3,|, is reduced from —29.4 dB
to —39.5 dB. Concerning the mutual coupling between
Splitter-I and Splitter-1V, |S,; |, it remains about —32 dB for
both scenarios yet, it is less sensitive across the observed
BW if the passive cavity is considered.

Two models were simulated, both combine between a
single H-shaped power divider and proposed 4x4 subar-
ray, without and with parasitic cavity. To further understand
the effect of the parasitic cavity, the electric field distribu-
tion, as seen from all slots is plotted at different frequencies
for both simulation scenarios as presented in Fig. 5 (d).
Passively reflected radiation from the parasitic cavity, due
to its superposition, is the resultant of the interference of
surface waves at a given frequency as shown in Fig. 5 (d).
The induced electric field in the parasitic cavity is coher-
ent with the one excited from all radiating slots especially
in middle region. The existence of such cavity affects the
reflection coefficient and the gain of the antenna drastically
as indicated in Fig. 5(e).

With the presence of the parasitic cavity, the reflection
coefficient is improved from —8.5 dB at 77 GHz to —16 dB,
while the boresight gain is reduced from 19.25 dBi to
18.75 dBi at 77.5 GHz. This is due to the misalignment/shift
in E-field of reflected waves along H-plane, as observed
from the parasitic cavity, with respect to the E-field from
all 4x4 subarray slots. An opposite scenario is noticed at
higher frequencies, after 80 GHz, where the gain is much
improved when the passive cavity is present: for example, at
87.5 GHz the gain is increased from 17.1 dBi to 19.1 dBi.

The final geometrical dimensions of the added slotted par-
asitic cavity are achieved thanks to parametrical analyses.
These studies consider the main design dimensions eligible
for practical realization. It is important to mention that such
dimensions are bounded by the surrounding structures and
realization technology restrictions, e.g., the width of the cav-
ity is limited by the radius of the used milling tool and the
side walls of the 2x2 splitters, including the prober mar-
gin needed for structural robustness, so this dimension is
bounded by 0.8-1 mm and thus not included in the para-
metric study. Three dimensions are investigated to reach the
final design, these dimensions are the length of cavity (Lgc),
the depth of cavity (Hgc), and the width of the cavity slot
aperture (Wgcsior), as labelled in the subfigures of Fig. 6
(a), (b) and (c), respectively.

As shown in Fig. 6 (a), the longer the cavity the lower
the mutual coupling and thus the better the matching, when
compared with a design without a cavity. Yet, if the length
is small, bad boresight gain can result due to surface waves
interference as explained previously, especially, at higher
frequencies. Similarly, better matching is observed when the
depth of the cavity is increased as depicted in Fig. 6 (b).
However, the milling tool is bounded and can’t go deeper
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FIGURE 6. Parasitic cavity parametric analysis of the proposed 4 x4 subarray
(a) length of cavity (b) cavity depth (c) cavity aperture slot width.

without penetrating the lower layer (Ly—posom)- Gain at high
frequencies is directly proportional to the depth of the cavity.

The width of the top cavity slot can be an added degree
of freedom as the photo-etching technology allows the real-
ization of narrower engravings. From Fig. 6(c), the narrower
the top cavity slot becomes, better matching is obtained, and
the gain values are increased across the observed BW.
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IV. 8X8 ARRAY DESIGN AND INTEGRATION

A. ARRAY DESIGN AND OPERATION

Building upon the promising results of the 4x4 subar-
ray, a full uniform 8x8 array has been designed. The
three-dimensional exploded view of the proposed 8x8
antenna array is presented in Fig. 1 (b), showing the first two
layers. Where L, is designed to be CNC machined from both
sides from a single block of metal. The circuit included in
the bottom part of Ly, referred to as La-posom, comprises four
connected power dividers and a single WR12-to-custom-WG
bend transition. The blocks machined on the top part of L,
referred to as Lp.p, include 16 coupled splitters. The 64
radiating slots are implemented through photo etching tech-
nique on a 0.4 mm thick aluminum sheet L; with total size
of 25x24 mm?.

The antenna operates in transmission as follows. An input
signal is fed through a WR12 waveguide and it is then trans-
lated and bent by 90° into a custom-sized waveguide using
the designed bend transition. The signal is then horizontally
fed to a corporate beam forming network (BFN) consisting
of 4 H-shaped 4-way power dividers. These power dividers
divide the signal and then couple them vertically to feed an
array of 2x2 coupled splitters, each with four ridged-slot
radiators and passive air cavities in between, as described in
Section III.

The complete array, including all layers, was modeled
and simulated. The simulated reflection coefficient and gain
are reported in Fig. 7. This figure includes the results of
the array with and without parasitic cavities. As it can be
observed, such cavities improve matching, gain and radiation
properties. However, especially in the upper portion of the
band, these parameters degrade with a significant gain drop
beyond 85 GHz.

The slotted apertures, in L;, were cut-down to have a
stepped profile which can be an additional corrugation to
further suppress surface waves and thus enhance the overall
array response. This stepped profile can be easily fabricated
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FIGURE 8. Array assembly sensitivity study (a) adhesive thickness tolerance
(b) adhesive contraction/shrinkage.

as chemical photo etching technology offers the possibility
to fabricate a ~50% cut-down, from sheet thickness. Stepped
profile has been implemented for both active and parasitic
slotted apertures with shown dimensions in the subfigure
of Fig. 7. As reported in Fig. 7, an overall improvement in
both return loss and gain can be noticed at the middle of
the spectrum, S;; > 2 dB and gain &~ 0.5 dBi are better
thanks to the stepped profile of the slotted radiators. The
overall S1; of the proposed design exhibits more than 10dB
from 69GHz to 87GHz with a gain ranging from 24dBi
to 26dBi.

B. ARRAY ASSEMBLY SENSITIVITY STUDY

The proposed array layers are designed to be attached
together using Loctite ABLESTIK 3350CF conductive adhe-
sive, which is available in solid-sheet form. The selected
adhesive has thickness of 50.8 um, volume resistivity of
4 x 107* Q-cm and curing time of 30 minutes at 150°C.
The aim is to laser- cut two adhesive films and place
them in-between Li-Lp and L;-L3 then uniformly apply
pressure and heat required for curing. Such processes are
subjected to uncertainty related to final thickness of the
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(b) ©

Pt
(d)

FIGURE 9. Manufactured prototype and measurement: (a) photo-etched sheet L,
[four channels are highlighted with red dotted-frame] (b) top L,.7,, views of the CNC
milled block (c) bottom L.gotom, (d) return loss measurement setup (e) far field
measurement inside anechoic chamber.
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FIGURE 10. Simulated and measured reflection coefficient vs frequency.

adhesive after curing. Additionally, reduced/over pressure,
required for curing of the adhesive, may lead to shrink-
age/leakage within the waveguide cavity. In this sub-section,
two studies are presented to address these assembly-related
aspects.

Firstly, two layers of adhesive film with variable thick-
ness (Hy) were added to the proposed array in-between
L1-Ly and Lp-L3 as illustrated in the subfigure of Fig. 8 (a).
The proposed array has been simulated three times where
Hj has been assigned with values of 0 (Ideal), 25.4 and
50.8 um. As shown in Fig. 8 (a), more degradation is noticed
in the reflection coefficient as Hy increases with rate of
1 dB at center frequency. The gain values are negligibly
affected by Hy variation. Secondly, two layers of adhesive
film were added to the proposed array in two scenarios
to represent shortage/contraction of adhesive between layers
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FIGURE 11. Simulation vs measurement far field radiation pattern E-plane.

(Case-I) and excessiveness/leakage of adhesive inside the
waveguide cavity (Case-II). As demonstrated in the subfigure
of Fig. 8 (b), in both scenarios the rate of change (X) kept
constant with value of 50.8 um. The two deformation phe-
nomena generate similar effects: a slight degradation of S1;
with respect to the ideal case, reaching —8dB at 86 GHz.
The gain response is instead affected by less than 0.1dB.

V. EXPERIMENTAL VALIDATION

The fabricated test vehicle is implemented by placing four
such identical arrays in a 2x2 grid, aiming at increasing the
data rate through multi-channel usage, with each channel
ideally fed by its own RF stream. Fig. 9 (a) is a photograph
of the top view of the chemically photo-etched metallic sheet
(L1). The four channels of the test vehicle are denoted by
channel-A, -B -C and -D. The top and bottom views of the
manufactured CNC machined block (L;.7p and Ly gosrom 0N
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either side) are shown in Fig. 9 (b) and (c), respectively.
L1 and L, were assembled through two alignment posts and
adhered using a 50 pum-thick Loctite ABLESTIK 3350CF
conductive adhesive. Return loss measurements have been
carried out through a vector network analyzer (VNA) with
external frequency extenders operating up to 110 GHz as
shown in Fig. 9(d). Far field measurements, as shown in
Fig. 9 (e), were done within 75 — 85 GHz frequency range.

In order to assess the final performance of the full
test vehicle, the proposed 8x8 array has been simulated
and compared in Fig. 10 with the expected standalone
performance (the “Proposed” curve of Fig. 7), showing
identical matching. Comparisons between simulated and
measured reflection coefficients of the proposed array are
presented in Fig. 10. Simulated scenarios show identical
matching.
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TABLE 1. Measured half-power beam width (HPBW).

Meas. HPBW E-PLANE Meas. HPBW H-Plane

75 GHz 8.6° 7.8°

80 GHz 8.1° 7.8°

85 GHz 7.7° 7.6°
28
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[\e}
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20 : :
65 70 75 80 85 90

Frequency [GHz]

FIGURE 13. Boresight gain versus frequency of the full proposed array (dashed
purple lines highlight the theoretical gain boundaries give the aperture efficiency).

A good agreement is observed between simulation and
all four measured channels (-A, -B -C and -D) except for
a minor shift between curves at lower frequencies which
doesn’t affect the antenna functionality. This shift is due
to tolerances of laser-cut adhesive film additional to minor
manufacturing error of the photo-etched sheet. Optical inves-
tigations showed £ 50 um tolerance variation, especially, in
the realized double ridges and inner-borders of the stepped
profile between realized slots. Yet, the achieved 10-dB RL
fractional bandwidth is 23.6%, from 67.1 to 87.8 GHz cover-
ing whole E-band. The radiation characteristics of the array
were first investigated by considering the far field radiation
patterns at 75, 80 and 85 GHz on the E- and H-planes, as
shown in Fig. 11 and 12, respectively. The E-plane com-
parison shows a perfect agreement between simulation and
measured patterns at all frequencies. The difference between
co- and cross-polarization remains over 40 dB in the broad-
side direction. On the other hand, Fig. 12, indicates that
H-plane pattern simulation and measurements, of Channel-
A, are identical. It is worth mentioning that discrepancy
is noticed between simulated standalone 8x8 array and
channel-A especially in H-plane. This is due to mutual cou-
pling between the horizontal channel pairs (e.g., Channel-A
and Channel-B) as discussed previously in Section III. Yet,
this does not alter the main functionality of the antenna array.

The half-power beam width (HPBW) is bounded between
—8.6° and 7.8° for both E and H-planes for all measured
frequencies, as listed in Table 1. A comparison between sim-
ulated and measured boresight gain against frequency for
the proposed 8x 8 antenna array is illustrated in Fig. 13. A
slight minor difference between gain values for both cases
is noticed after 75 GHz which can be a result of manu-
facturing imperfections. Oscillations in the measured gain
curve are attributed to Coaxial W1-to-WR10 adapter that was
employed to feed the, WR12 fed, antenna. Yet, at the upper
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TABLE 2. Metallic antenna arrays state-of-the-art.

Year Technolo Scale / No. of Return Loss £, [GHZ] 10dB Element Aperture Size Max. Aperture

Ref. gy Fab. Layers (<10 dB) [GHz] ¢ FBW  Spacing /Ao (M) Gain  Efficiency
2019 [12] 3D Printed 16x16/4 28.2-35.8 31 23.8% 0.95 1514 15.14 338 85.0%
2016 [14] CNC Milling 8x8 /4 10.24-14.87 12 36.9% 0.89 73 %73 26.3 60.0%
2018 [15] CNC Milling 32x32/3 71-86 785 20.0% 0.82 26.3 % 26.3 38 70.0%
2019 [16] CNC Milling 8x8/2 56.5-67 62 17.0% 0.86 6.89 x 6.89 26 70.0%
2019 [17] CNC Milling 8x8/3 28.3-35.3 31 22.6% 0.78 6.25%6.25 235 85.0%
2021 [18] CNC Milling 32x32/3 71-86 78.5 19.0% 1.08 3128x31.28 40 82%
2018 [20]  Diffusion Bonding 16x16 /24 120-160 140 15.1% 1.06 16.53x 1653 317 83.0%
o . 32x32/ 12 119-134 125 16.0% 1.72 27.23 x 27.23 38 60.0%
201421]  Diffusion Bonding 64x64 /12 118.5-133 125 11.6% 1.72 5648 x 5648 43 50.0%
2011[22] Diffusion Bonding 16%16 /11 58.8-63.9 60 8.3% 0.87 1389 x 13.89 33 83.6%
2012[24] Diffusion Bonding 16x16 / NA 60-65 62.5 8% 0.85 15.8 x 15.6 33 >70%
This work ~ CINC Milling & 8x8 /2’ 69-86.7 785 23.6% 0.86 6.16x656 264  862%

Photo-etching

" Using the transition proposed in [31]. The required antenna block for fabrication are only 2 as the bottom layer will be the replaced by the package cover.

critical frequencies, curves remain in line with simulation.
The highest boresight gain value is 26.4 dBi at 79.7 GHz.
Given the aperture area of 23.2 x 24.68 mm?, the aperture
efficiency can reach up to 86.2%.

A comparison between the proposed design with state-of-
the-art publications, is presented in Table 2. Similar work
based on CNC machining and with reduced number of
layers targeting E-band are reported in [15] and [18] can
be considered as fair opponents. Yet, both [15] and [18],
have reduced performance in terms of FBW and reported
measured aperture efficiency. With respect to other con-
figurations reported in Table 2, the proposed design is
inspired by an extreme simplification of the manufactur-
ing process to adhere to the industrial requirements for
low-cost fabrication. Nevertheless, the use of parasitic cavi-
ties and stepped slot apertures assured a clear advantage in
terms of FBW and aperture efficiency with respect to the
state-of-the-art.

VI. CONCLUSION

In this work, a broadband E-Band antenna array based on
corporate-fed slotted radiators has been considered. The
proposed solution is suitable for low-cost millimeter-wave
backhauling industrial applications. The antenna array could
be machined easily from a single metallic block and a
single photo-etched sheet. With the aid of parasitically cou-
pled dummy cavities and stepped-slot apertures, a significant
improvement in the overall matching and gain has been
reported. The proposed 8 x8 array achieves a measured FBW
of 23.6% from 67.1 to 87.8 GHz covering the E-band spec-
trum. Measured far field radiation characteristics are in line
with the simulated ones where at 79.7 GHz the boresight
gain is 26.4 dBi and the aperture efficiency is 86.2%. The
proposed uniform structure can be easily scaled to obtain
larger, more directive arrays by machining a larger corporate
feeding network.
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