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ABSTRACT This paper presents a comparison of two gain-enhancement techniques and the development of
an extremely high-gain slotted waveguide antenna array (SWAA) aiming at applications in the millimeter-
waves (mm-waves). The first technique utilizes pairs of grooved structures surrounding a given primary
power source to improve its transmission properties, acting as secondary sources to re-radiate the surface
wave energy, whereas the second is based on symmetrical wing-based reflectors. Those techniques and
their combination have been applied to an SWAA based on an air-filled metallic rectangular waveguide. The
proposed antenna array was designed for operation in the frequency range from 25.5 to 26.5 GHz and excited
by a unique coaxial-to-waveguide transition with the TE10 fundamental mode. These techniques enable us
to enhance the gain of the array by up to 10 dB, making it comparable to those of parabolic antennas with
similar size apertures. Numerical analyses of the performance-enhanced antenna arrays are presented to
validate the design strategies. Experimental results of 27- and 41-slots SWAA prototypes demonstrate the
potential of the wing-based reflector technique to improve its aperture efficiency over that of the grooved
structures. The 41-slots SWAA prototype provides as high as 31 dBi-gain in the 26 GHz band, ranging from
30.52 to 31.13 dBi within the array impedance bandwidth. Furthermore, since the reflector structures are
easily attached to and detached from the SWAA structure, the prototype has the potential to provide both
sectoral and directive radiation patterns in the E-plane.

INDEX TERMS 5G, antenna, grooved-structures, reflectors and slotted waveguide antenna array.

I. INTRODUCTION
The mobile networks have evolved in response to the sys-
tem demands for greater capacity and resource-efficient
usage. Emerging services and technologies will require flex-
ibility for future Fifth-generation mobile networks, also
referred to as 5G [1]–[3]. This network is expected to
handle massive device connections per cell related to the
massive machine-type communications (mMTC); offering
throughput up to 10 Gbps, defining the extreme mobile
broadband (eMBB) scenarios; attending to delay-sensitive
applications referred to as ultra-reliable low latency (URLL)
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communications; providing long-range communications for
remote area access. These different services and application
requirements of the 5G systems have been instrumen-
tal in generating the specifications of both the sub-six
450 to 6000 MHz (Frequency Range 1 or FR1) band,
as well as the millimeter-wave (mm-wave) band ranging from
24.25 to 52.60 GHz (Frequency Range 2 or FR2) frequency
bands for 5G systems [4].

The 5G first networks deployment aims to attend the
eMBB services such as broadband Internet access, vir-
tual reality, augmented reality, cloud-based AI, and so
forth [3], [5], [6]. These services and applications require
high cell throughput, which leads to the FR2 band exploita-
tion since the mm-waves offer unprecedented bandwidth

VOLUME 10, 2022

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

57327

https://orcid.org/0000-0002-7225-7783
https://orcid.org/0000-0002-5659-4165
https://orcid.org/0000-0002-4948-3870


E. C. Vilas Boas et al.: 31 dBi-Gain Slotted Waveguide Antenna Array Using Wing-Based Reflectors

and worldwide spectrum availability. However, it suffers
from a relatively high path loss in comparison to that of
the FR1 band, expected since it operates at millimeter-
wavelengths [7]. On the other hand, the small wavelength
at the mm-waves affords compact antenna array deployment
to provide high gain systems and beamforming capabilities.
These arrays are often based on microstrip antenna [8], [9],
substrate integrated waveguide (SIW) [10]–[12], radial-line
slot array antennas (RLSAs) [13]–[18] and slotted waveguide
antenna array (SWAAs) technologies [19]–[22].

The following antenna array design aspects play an essen-
tial role and should be addressed for developing antenna
arrays operating in FR2 [23]–[27]: mutual coupling, low-
profile high-gain, and wide-angle beam scanning. Regardless
of the array element structure, the radiators are typically
relatively close to each other in the near-field region, giving
rise to an electromagnetic induction phenomenon, defined as
mutual coupling [28]. This phenomenon causes undesirable
effects on the array performance and, consequently, on the
wireless system. For instance, the antenna array radiation
pattern might deteriorate, even due to orthogonal polariza-
tion modes excitation, as well as its impedance matching
bandwidth [23]. Therefore, lower mutual coupling among
the array elements is highly desirable to improve the over-
all system performance. There are several works devoted
to reducing or suppressing mutual coupling, using decou-
pling networks, parasitic elements, slot etching, defected
ground structures, frequency selective surface, metasurfaces,
and joining effects of discrete elements and feeding struc-
tures [29]–[32].

The aperture antenna array design comprises integrat-
ing its excitation with the radiating elements [24]–[26].
Therefore, it could be considered an alternative to con-
ventional high-gain antennas, such as reflector antennas,
reflectarrays, and transmitarrays. Notably, we have proposed
a low-profile high-gain SWAA based on grooved struc-
tures and a simple feeding network [22]. Meanwhile, the
beam scanning improvement capabilities are interested in
mm-waves antenna array design. However, for scanning
angles exceeding 30◦, the array suffers from inappropriate
gain loss and an increase in the sidelobe level, resulting in
the radiation pattern degradation [27]. Those issues have been
recently addressed by applying innovative array configura-
tions, which have also exploited our previous publications,
to obtain wide-angle scanning antennas for mm-waves 5G
applications [22], [27]. Also, researchers have focused on
near-field metasurfaces-based transmitarrays to achieve low-
profile high-gain radiators with continuous beam-steering by
exploiting the metasurface properties [13], [33]–[35]. The
designs comprise a primary low-profile high-gain source with
a metasurface position on its top in the near-field region to
accomplish continuous beam-steering capabilities. The pri-
mary source is based on a microstrip antenna, SIW, RLSAs,
or SWAAs technologies despite the beam-steering solution.

The microstrip and SIW-based arrays are known to require
complex impedance matching networks and/or multiple

independent feedings points to excite their elements. For
instance, D. Guan et al. has proposed a novel 4×4 SIW
cavity-backed antenna arraywithout using an individual feed-
ing network that provides 18.8 dBi gain, using 16 slots [12].
This problem is circumvented in the RLSAs and SWAAs
design, which has a unique waveguide-to-coaxial transition
exciting all their slots milled on the top of a metal plane or
into the waveguide walls, respectively. Note that this type of
SWAA design comprises directive radiation patterns only in
the H-plane [19]–[22]. Consequently, to achieve a high-gain
structure in the E-plane, SWAA-based elements association
is a need in the transversal plane, resulting in an array with a
complex impedancematching network [36]. Complementary,
the current work focuses on exploiting two potential gain-
enhancement techniques to design high-gain SWAA while
preserving the advantage of a single excitation. The grooved
structures, the wing-based reflectors, and their combination
are evaluated and applied to achieve a 31-dBi gain SWAA
operating in mm-waves. We also aim to provide a prototype
with impedance bandwidth higher than 1 GHz, within the
New Radio operating band in the FR2 identified as n258
(24.25 to 27.50) [4].

Furthermore, the RLSA radiators comprise positioning
radial slots lines to achieve high gain at E- and H-plane
simultaneously [13]–[18]. This solution meets the single
feed structures, low-profile and high-gain features persuaded
by this work. However, structures and performance metrics
drawbacks are observed. The RLSAs rely on waveguides
partially filled by dielectric materials, adding manufacturing
cost and complexity since some designs require materials
with different dielectric constants. In addition, these dielec-
tric materials are lossy and reduce the antenna efficiency,
as seen in the broadside directivity and gain presented by the
authors in [14], [15]. Regarding the arrangement and number
of the slots, we have based on a conventional design with
27- and 41-slots placed along the waveguide longitudinal
axis to achieve a 31-dBi array assistant by wing-reflectors.
Meanwhile, the RLSAs exploit a large number of slots to
achieve similar gains [16]–[18]. It is worth mentioning that
the recent designs in [14], [15] do not achieve 30 dBi gain
within the impedance bandwidth. Regardless of the arrays
wideband performance, the gain is not flat over the impedance
bandwidth, which is observed by our design.

It is well-known that reflector structures properly posi-
tioned in the vicinity of an antenna can improve its gain
by reflecting the electromagnetic wave towards a specific
point in the far-field region under constructive interference
with the transmission wave [37]. This concept has been
numerically applied and evaluated to SWAAs, by symmet-
rically attaching inclined metal sheets to their structures at
the microwave range [38], [39]. Regardless, these microwave
designs leak from experimental results while our design
meets the mm-wave frequency range operation and has
been experimentally validatedwith superior impedance band-
width.Moreover, an SWAAusing a joint wing-based reflector
and a tapered dielectric slab has been proposed for marine
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FIGURE 1. SWAA dimension and structure details.

radar applications [40]. The array has performed over the
microwave range with lower gain (up to 30 dBi) and effi-
ciency than the wing-based reflector SWAA herein evaluated
while showing a complex structure. Some design considers
concentrating the radiation by positioning the reflectors ver-
tically [41]. Moreover, a corner reflector has been employed
not only to increase the gain of the SWAA but also to control
its radiation pattern [42]. The authors in [43] focused on
slot displacements techniques to reduce sidelobe level and
exploited dielectric slabs at the surface of the slot to achieve
a circularly polarized structure.

Metal subwavelength apertures surrounding a given power
source have been shown to improve its transmission prop-
erties [44], by taking advantage of the fact that grooved
structures act as secondary sources and re-radiate the sur-
face wave energy in phase with the primary electromagnetic
wave, to realize the improvement in the gain. This is true for
grooved-structures whose aperture width is less than the free-
space wavelength (wr << λ0), depth (hr ) is approximately
equal to an integer multiple λ0/4, and distance (ds) among
adjacent structures and primary source around λ0 [44], [45].
Related works have applied the groove structures to

enhance slot antenna gain [46]–[52]. Among these works,
Huang et al. have numerically analyzed an 8-slot SWAA
with 4-pair of groove structures operating at 14 GHz [52].
Recently, the authors have proposed a low-profile and high-
gain SWAAoperating in the 26GHz band [22]. Our prototype
comprises 27 sloped slots located on the topwall of a standard
WR28 waveguide, with 6-pairs of metal grooved structures

placed parallel to its longitudinal axis. The bandwidth of the
prototype SWAA ranged from 25.88 to 26.78 GHz, and its
peak gain was 27.7 dBi, implying that adding the grooved
structures resulted in a gain enhancement of 9-dB.

The current work offers two main contributions. First,
to the best of our knowledge, it is the first one from the liter-
ature that presents a comparison between two efficient gain
enhancement techniques, grooved structures and symmetri-
cal wing-based reflectors, including combinations thereof.
Second, it reports the development and characterization of
a 31 dBi-gain SWAA realized using wing-based reflectors
operating in the mm-wave. The manuscript is organized into
five sections. Section II presents the basic SWAA model and
its main electromagnetic properties. Numerical comparisons
of the two gain enhancement techniques are reported in
Section III, whereas the prototype and experimental results of
the 31 dBi-gain SWAA using wing-based reflectors are out-
lined in Section IV. Finally, conclusions and final comments
are included in Section V.

II. SLOTTED WAVEGUIDE ANTENNA ARRAY DESIGN
SWAAs based on air-filled metallic rectangular waveguides
typically provide high-power and high-efficient features since
their slots are milled into their broad or narrow walls to
provide high-gain, and broadside radiation [19], [22]. The
high-gain radiation structure comes with a unique feeding
point and an excitation network integrated with the radiators,
as seen in Fig. 1. According to the desired radiation mecha-
nism, the SWAAs are grouped in standing or traveling-wave
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FIGURE 2. SWAA with 41-slop slots. (a) Prototype. (b) Measured and simulated reflection coefficient.

structures. A standing-wave SWAA is obtained by designing
a stub-like structure at the waveguide end by placing the last
slot center a quarter-wavelength of its end [53]. Addition-
ally, traveling-wave SWAAs present RF loads or absorbing
materials to scatter the non-radiated energy. The former is a
resonant structure with narrow impedance bandwidth, while
the latter operates over a wide frequency range. Regarding
the resonant SWAAs, our research group has been devoted
to proposing techniques to improve SWAA impedance band-
width [22], [54], by means of applying groups of slots with
different electrical lengths, trapezoidal-shaped slots, twisted
distribution of slot groups along the array longitudinal axis
and slop slots. The slop slots approach [22] has also been
exploited in the current work for developing a resonant air-
filled rectangular waveguide SWAA with slots milled into its
broad wall.

We follow the design procedure proposed by Elliot in [53]
and choose the electrical length (L) equal to 1/2 of the free-
space wavelength (λ0/2), which is required to guarantee the
array resonance at the design frequency. The center-to-center
separation distance (d) is equal to 1/2 of the guided wave-
length (λg/2) due to the signal propagation inside the waveg-
uide structures. The longitudinal adjacent slots displacement
introduces a 180◦-phase shift between their radiated electrical
fields. Therefore, the slots are moved away from the broad-
side wall center (z), aiming at a total 360◦-phase shift. The
first slot center is placed at a quarter of the guided wave-
length (λg/4) from the excitation point [53]. This approach is
also applied to the last slot near the waveguide end, which
results in a stub-like structure. Fig. 1 highlights the arrays
main dimensions and structures details, whereas Lt , W , and
β are, respectively, the arrays total length, width, and slot
inclination. Following our previous work [22], the slots were
tilted by 7◦ to increase the SWAA bandwidth. It is excited
by a commercial single waveguide-to-coaxial transition, and
its fundamental mode is the TE10. The commercial transition
was modeled on the ANSYS HFSS R© (Fig. 1) and included
in the simulations to enable a rigorous and accurate design.

Fig. 2(a) shows the SWAA design with tilted slots (β = 7◦),
with 14 slots added to the previous model so that the total
number of slots is now 41. The slot dimensions are as fol-
lows: L = 5.55 mm; d = 8.85 mm; z = 0.5 mm; slot width
w = 1 mm, Lt = 384 mm, W = 24.1 mm. We choose the
ANSYS HFSS R©EM simulator to design the antenna array
and numerically analyze its performance by using the Finite
Element Method (FEM), including the reflection coefficient
(S11) displayed in Fig. 2(b). It is observed a good qualitative
agreement between the simulated and measured impedance
matching results in a fractional bandwidth (FBW) of 7%,
from 24.8 to 26.6 GHz, with S11 below -10 dB. The simulated
and measured results assessment for the SWAA with 27 slots
are reported in [22].

III. COMPARISON BETWEEN THE GAIN ENHANCEMENT
TECHNIQUES
This section presents the numerical simulations of the designs
based on grooved structure and wing-based reflector tech-
niques. The exploited designs are modifications of the SWAA
described in the previous section and are depicted in Fig. 3
with the values of the main dimensions best model shown in
Table 1. Such arrays are fed by a unique coaxial-to-waveguide
transition to avoid mutual coupling from the excitation point
of view. However, there is an intrinsicmutual coupling among
the array elements, which arises from the higher-order modes
(internal mutual coupling) and the presence of the surface
waves (external mutual coupling).

Regarding the modifications of the structure, the grooves
were symmetrically added to the slot longitudinal direction,
as described in our previous publication [22], with a maxi-
mum of seven pairs of grooved-structures (Fig. 3(a)). Then,
the wing-based reflectors were symmetrically applied to the
broadside wall end by considering an inclination angle (α)
from 20◦ to 70◦ and reflector length (Lw) from 10 to 70 mm
(Figure 3(b)). Later, this model was modified by adding up
to 3-pairs of grooved-structures, with the same α and Lw,
to combine both techniques in a unique array to enhance
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FIGURE 3. High-gain SWAA models. (a) Grooved-structures technique. (b) Wing-based reflector technique. (c) Grooved-structures and wing-based
reflectors technique.

TABLE 1. Main dimensions of the 27- and 41-slots SWAAs from Fig 3.

the gain without compromising their impedance matching
performance (Fig. 3(c)). The structures have been evaluated
in the range of α and Lw to optimize the gain increment.
Fig. 4(a) presents the gain increment results at 26 GHz,

as a function of the number of grooved-structure pairs and
wing-based reflector length for the best α. Numerical anal-
yses have been conducted to obtain the α that provides the

highest gain increment for each Lw. The grooved structure
provided up to 8.14 dB of gain increase with 6-pairs of
grooves. The first pair of grooves provides the main contri-
bution to the gain enhancement by 4.91 dB, since the energy
level in this region is relatively high, while the other five
pairs provide an additional gain of 3.23 dB. Furthermore,
the addition of the seventh pair does not provide further

VOLUME 10, 2022 57331



E. C. Vilas Boas et al.: 31 dBi-Gain Slotted Waveguide Antenna Array Using Wing-Based Reflectors

FIGURE 4. (a) Independent analysis of the grooved-structures and wing-based reflector technique gain increment. (b) Simultaneous use of
grooved-structures and wing-based reflector.

improvement in the performance. However, attaching the
reflector with Lw = 50 mm and α = 30◦ increases the gain
up to 10 dB, although increasing the reflector length has no
noticeable effect on the gain of the SWAA. It leads us to
conclude that from the point of view of gain enhancement,
the wing-based reflector structure is superior to the gain
enhancement realized by using the grooves alone since the
former provided up to 2 dB additional gain for the cases
analyzed.

These results are in agreement with the electromagnetic
effects introduced by the structures of each technique sur-
rounding the primary source. The subwavelength grooved
structures displaced aside the SWAAs slots introduce a phe-
nomenon that enhances the primary source transmission,
which is very similar to the optical wavelengths phenomenon
described by the surface plasmons model for metals [44],
[45]. The grooves resonate with the slots, reassembly an
array in the E-plane direction, resulting in the observed gain
increment. These transmission enhancement effects rely on
the Leaky-Wave Theory, which claims that a surface wave
guided through a periodically subwavelength structures sur-
face turns into a leaky wave, partially radiating its energy as it
propagates [46], [55], [56]. Since the grooves are seen by the
surface wave as resonate cavities, the gain increment comes
from the collective excitation of the cavity modes added to
the primary source excitation. Moreover, a pair of grooves re-
radiates only a fraction of the incoming surface wave energy,
introducing the need for a set of groove pairs to enhance the
structures overall gain significantly. The remaining surface
wave energy level is lower after passing through each pair
until reaching a negligible value, which does not effectively
contribute to gain increment. This phenomenon is observed
in Fig. 4(a) after introducing the 6-pairs under the conducted
analysis for an SWAA as aforementioned. Numerical analysis
has been employed to find out the α which provides the
highest gain increment for each Lw.

Meanwhile, the wing-based reflector works as a corner
reflector enhancing the SWAAgain by focusing its beam. The
numerical essay has shown that the optimal gain increment
occurs to α = 30◦ for Lw between 40 and 70 mm, while an
arbitrary α was observed for values between 10 and 30 mm.
The apex angle between the wings-based reflector is an inte-
ger sub-multiple of 180◦ for Lw between 40 and 70 mm,
whereas the structures behavior can be described using the
electric image theory [57]. Since the angle between the semi-
planes equals 60◦ (each semi-plane is inclined by 30◦), the
SWAA positioned at the vertex diagonal produce five electric
images: N = (360/2α) − 1 = 5. Thus, the radiation pattern
can be analyzed by applying the array theory, including the
SWAA as the real element. Furthermore, the corner reflector
well-established theory considers semi-infinite planes under
the mathematical models [12], [57]. In practice, the wing-
based reflector is truncated, searching for small values that
are moderately large related to the source excitation. The
analysis provided in Fig. 4(a) has shown a minimum value
equal to 50 mm to achieve around 10 dB gain increment.
It is worth mentioning that this practical approach leads to
back radiation due to the edge diffraction at the end of the
reflector.

The next step was to combine both techniques of gain
enhancement. We use up to 3-pairs of grooves, the most
effective ones with 7 dB gain enhancement, as shown in
Fig. 4(b). The performances of the three new models were
approximately the same for reflector lengths less than 30mm,
and the gain increase ranged from 7.7 dB (Lw = 10 mm) to
8.6 dB (Lw = 20 and 30 mm). For longer reflector lengths, the
model with only 1-pair of the grooves always provided higher
gain, achieving up to 9.79 dB of gain improvement. Finally,
the wing-based reflector SWAAwith α = 30◦ and Lw = 50mm
provided the best gain performance (from 30 to 30.96 dBi
over the operating bandwidth). The complexity of this con-
figuration was also the lowest.
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FIGURE 5. SWAA with 27- and 41-slots using wing-based reflectors. (a) Prototypes. (b) Comparison of the magnitude of reflection coefficient.

A parabolic antenna excited by a pyramidal horn antenna,
operating in the same frequency band, was designed for
the sake of comparison with the proposed SWAA. Relevant
design parameters of the reflector are as follows: parabolic
reflector diameter D = 172 mm; dish depth Dd = 18.9 mm;
feeder length F = 88 mm; horn antenna apertures Ea = 26 mm
and Ha = 31 mm; horn antenna peak gain HPG = 11 dBi.
The parabolic antenna gain ranges from 30.5 to 30.9 dBi
over the frequency range from 25.06 to 26.85 GHz. The
SWAA and parabolic antenna weight have been estimated by
3D CAD SOLIDWORKS, considering aluminum alloy 6061.
The proposed SWAA final weight was 416.16 grams, which
is 6.51% lighter than the parabolic antenna (445.2 grams).
It is worthwhile to point out that the SWAA has a superior
scan capability in comparison to the parabolic reflector, with
the scanning realized by adding phase shifters to the radiating
elements of the array.

IV. CHARACTERIZATION OF THE SWAA WITH
WING-BASED REFLECTORS
An electro-erosion process was employed to fabri-
cate the 41-slot SWAA with wing-based reflectors, and
1 mm-thickness aluminum bars were used for the process.
The resulting inclination angle of the wings was α = 32◦.
Moreover, wing-based reflectors were added to the 27-slots
SWAA, whose designmay be found in [15]. Fig. 5(a) displays
both the 27- and 41-slot versions of the SWAA with wing-
based reflectors; add a comparison between the simulated and
measured reflection coefficients are presented in Figure 5(b).

The measured FBW for the prototypes with 27- and
41- slots were respectively 6.44% (24.94 to 26.60 GHz)
and 9.86% (24.08 to 26.58 GHz). Such bandwidths meet
the design requirements while partially covering the n258
operating band in the FR2, allowing 5G applications with
a 400 MHz continuous bandwidth operation as specified by
standard. In common with the 27-slots prototype from [15],
the unexpected occurrence of multiple resonances between

24 and 25 GHz is most likely attributable to the inaccuracies
of the fabrication process of the slots, whose lengths were
found to vary by approximately 2.9%, between the lowest and
highest values, and which in turn resulted in slightly different
slot spacing than called for by the design specifications.
The 41-slots SWAA prototype provides S11 < -15 dB for
over 1.2 GHz from 25.1 to 26.3 GHz. Its wider impedance
bandwidth comes from the added 14 slots, which extend the
waveguide longitudinal length and collaborate to reduce the
reflected wave amplitude by radiating an additional fraction
of the excitation wave compared with the 27-slots prototype.

The radiation patterns and the gain performance of the
SWAA were measured in an indoor environment for the fol-
lowing three frequencies: 25.5, 26 and 26.5 GHz. The
measurement setup comprised an analog signal generator
(Keysight N5173B) and a 24.7 dBi-gain horn antenna at
the transmission side. The proposed array and a spectrum
analyzer (Keysight FieldFox N9952A) have been positioned
at the reception side. The radiators were mounted at 2 m
height and arranged 25 m away from each other to ensure
far-field conditions for the lowest measured frequency and
highest array dimension. The normalized radiation patterns
of the 27-slots SWAA in the H- and E-planes are shown in
Fig. 6. A good qualitative agreement is observed, including
the null points. The half-power beamwidth (HPBW) in the
E-plane has been reduced to approximately 8◦, which implies
an increased overall array gain. The main lobe tilt in the
H-plane radiation pattern at 25.5 GHz (Fig. 6(a)) is related to
the slot length (L), and the frequency of the signal applied to
the SWAA. Since the frequencies are in the lower limit of the
bandwidth, the length of the slot is smaller than that required
by design, which slightly tilts the radiation pattern main lobe
while increasing the subsequent sidelobe level. However, this
level is reduced as the frequency rises within the impedance
bandwidth (Fig. 6(b) and (c)).

Table 2 presents the simulated and measured gain results
at the frequencies mentioned above, with the measurements
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FIGURE 6. Radiation pattern of the 27-slots SWAA with wing-based reflectors (a) H-plane at 25.5 GHz, (b) H-plane at 26 GHz,(c) H-plane at 26.5 GHz,(d)
E-plane at 25.5 GHz, (e) E-plane at 26 GHz, (f) E-plane at 26.5 GHz.

TABLE 2. Wing-Based reflectors SWAAs simulated and measured gain.

using a 24.7 dBi-gain horn antenna as a reference. The reflec-
tors structures provided a 10-dB gain increase compared
with the SWAA without the wing-based reflectors reported
in [22]. These results corroborate and validate the numerical
results from Section III. Fig 7 reports the gain and radiation
efficiency numerical results as a function of frequency for
the SWAA with 27- and 41-slots, with and without using
wing-based reflectors. A flat gain within the antenna array
impedance bandwidth (from 25.5 to 26.5 GHz) is observed
for both models. Furthermore, the gain improvement resul-
tant from the use of wing-based reflectors is approximately

constant for any analyzed frequency when comparing the
results of the 27- and 41-slots SWAAs. The radiation effi-
ciency was above 90% within the impedance bandwidth.

Fig. 8 presents the radiation patterns of the 41-slot SWAA
with wing-based slots at the same frequencies as we used
before for the 27-slots prototype. Once again, we observe a
reasonable qualitative agreement for the main lobes, HPBWs,
and nulls. A comparison among theH-plane radiation pattern
on Fig 6 and Fig 8 has shown that the wing-based reflector
improved the front-to-back ratio while significantly reducing
the sidelobe levels. Table 2 also includes the gain perfor-
mances of the prototype. Since the wing-based reflector is
array placed, there is no possible arraying at the E-plane
(i.e., realizing 2D array) for reducing its HPBW and meeting
the values obtained at the H-plane. However, the HPBW
disparity between the planes is lower since their values
are 3◦ and 8◦, respectively.
The performance of the prototype has been compared with

that of our previous work [22], and with other high-gain
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FIGURE 7. (a) Numerical results of the gain as a function of frequency for the SWAA with 27- and 41-slots, with and without using wing-based
reflectors (b) Simulated results of the radiation efficiency as a function of frequency for the SWAA with 27- and 41-slots, with wing-based reflectors.

FIGURE 8. Radiation pattern of the 41-slots SWAA with wing-based reflectors (a) H-plane at 25.5 GHz, (b) H-plane at 26 GHz,(c) H-plane at 26.5 GHz,
(d) E-plane at 25.5 GHz, (e) E-plane at 26 GHz, (f) E-plane at 26.5 GHz.

antenna arrays based on RLSAs, microstrip antenna,
and transmitarrays technology for mm-waves applications

[13]–[15], [17], [18], [40], [58]–[62]. Table 3 summarizes the
following metrics: array technology, fractional bandwidth,
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TABLE 3. Comparison among the proposed antennas with other high-gain antenna arrays.

gain, sidelobe level (SLL), 3dB-gain bandwidth (BW), aper-
ture efficiency (εap = Ae/Ap, where Ae is the array effective
aperture and Ap is its physical aperture), and structure type.

Regarding our previous work, the tri-dimensional (3D)
wing-based reflector SWAAs provide superior performance
in comparison to the two-dimensional (2D) SWAA assisted
by grooves in terms of FBW, gain (as predicted in Section III),
3dB-gain bandwidth, and aperture efficiency, retaining the
simplicity of the excitation system. We observe that we
could realize two SWAAs with a significant reduction in the
physical array area by easily attaching symmetrical reflec-
tors, achieving aperture efficiencies of 54% and 37.80% for
the 27- and 41-slots array, respectively. Notably, the 27-slots
SWAA aperture efficiency has overcome the values reported
for the RLSAs [13]–[15], [17], [18], being comparable to the
array proposed in [58] with a superior gain. Furthermore, the
41-slots SWAA has performed over some RLSAs in terms
of aperture efficiency [13], [14], [18] while having provided
higher gain than the other designs. Compared to the existing
designs, the main advantages of the SWAA design proposed
herein are high-gain, simple excitation systems, and low com-
plexity. It is worth mentioning that the reflectors are easily
detached from the SWAA structure, resulting in an array
with an E-plane radiation pattern directive (with reflectors)
or sectoral (without the reflector). This feature enables the
design to have dual functionality, rendering it suitable for
sectoral or point-to-point applications.

V. CONCLUSION
This work has analyzed the grooved-structures and wing-
based reflectors techniques to enhance slotted waveguide
antenna array gain. The structures have been individually as
well as concurrently added to an SWAA, and their poten-
tial for gain improvement has been evaluated for both con-
figurations. Additionally, it has been demonstrated that the
wing-based reflectors provide superior performance than the
groove-only configuration, with the former achieving 2 dB
of additional gain for the best-analyzed cases and a 10-dB
increase gain. Two SWAA prototypes with 50 mm wing-
based reflectors have been fabricated, and their performances

have been compared with that of the legacy SWAA design
presented in our previous work [22], which was just a
grooved-only structure. It was shown that the 27 and 41-slots
SWAAs with wing-based reflectors achieve fractional band-
width of 6.44% and 9.86, respectively, and up to 31-dBi gain
at 26 GHz. Furthermore, the proposed wing-based reflector
SWAA enabled a 54% (27 slots) and 37.80% (41 slots)
aperture efficiency, which is comparable to that proposed
in [36]. Since the reflector structures are easily attached to
and detached from the SWAA structure, the prototype has
the potential to provide both sectoral and directive radiation
patterns in the E-plane.
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