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ABSTRACT A single-layer corporate-fed substrate integrated waveguide slot array antenna is newly
proposed and verified. It is characterized by low profile, easy fabrication, low cost, low sidelobes, wideband
operation, and high efficiency. A V-band 16 × 16-element array with uniform excitation is designed for
demonstration. The radiating elements and feeding waveguides are arranged within a single-layer substrate,
whose dielectric constant and loss tangent are appropriately selected. By adopting the full-corporate feed,
the 16× 16 radiating slots are excited by the 16× 16 output ports of the feeding circuit, which is composed
of cascaded H-plane T-junctions. For further bandwidth improvement, a metal grid plate is introduced on
the top of the radiating slots. The test antenna is fabricated by the conventional PCB process. The measured
bandwidth for |S11| < −10 dB is 16.2%, fully covering the 57–67 GHz frequency range. Meanwhile, the
measured antenna gain higher than 30 dBi associated with the antenna efficiency higher than 45% is achieved
over the 58−65 GHz frequency range.

INDEX TERMS Slot array antenna, substrate integrated waveguide, single-layer structure, full corporate
feed, broadband design.

I. INTRODUCTION
In recent years, the high-gain and high-efficiency antennas
have become crucial devices for various wireless communi-
cation and radar systems. Due to the strong oxygen absorption
and the high propagation path loss in the millimeter-wave
(mmW) band, it has been reported in [1] that the 60-GHz-
band array antenna with a gain higher than 30 dBi is indis-
pensable when the communication distance is longer than
100 m. Meanwhile, a broadband antenna is in high demand
in the point-to-point high-speed fixed wireless access sys-
tem [2], adopting a wide frequency band. Lens antennas [3]
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and reflector antennas [4] with large apertures are the typ-
ical candidates. They enjoy the features of high gain, high
efficiency, and wideband operation, but simultaneously suffer
from weight and volume issues.

The planar array antennas would be the effective solutions.
In particular, the hollow waveguide slot array antenna and
the gap waveguide slot antenna have advantages over the
microstrip line-fed array antenna [5] in terms of both dielec-
tric loss and radiating loss. On the other hand, the long-line
effect [6] is the main factor determining the bandwidth of
array antennas. The feeding circuits of the waveguide slot
arrays have evolved from the center-fed single-layer struc-
ture [7] into the partially corporate-fed [8] and the corporate-
fed [9], [10] double-layer structures. The bandwidth has been
improved from a few percent to around 20% step by step.
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Therefore, a corporate-feed structure is preferred in a high-
gain antenna design.

A high-gain and high-efficiency corporate-fed slot array
based on conventional hollow waveguide technology in the

60-GHz band has been reported in [9]. A process called
‘‘diffusing bonding of laminated thin plates’’ has been intro-
duced in the successful realization of hollow waveguide slot
array antennas, especially in the mmW-band. Another high-
gain and high-efficiency planar antenna is based on the ridge
gap waveguide technique [11], [12], which eliminates the
high demand for perfect electric contact between metal com-
ponents. However, the traditional milling process for proto-
typing is still costly and time-consuming.

As a closed and planar waveguiding structure with mer-
its of low loss, low fabrication cost, and low profile, the
dielectric-filled post-wall waveguide, as well as substrate
integrated waveguide (SIW), is born as a promising candidate
for mmW applications. So far, various SIW corporate-fed
array antenna has been studied by many researchers. For
example, a SIW cavity-backed array antenna [13], cavity-
backed patch antenna arrays with full-corporate SIW feeding
networks [14], [15], and a SIW-fed cavity array antenna based
on LTCC [16] have been developed. All of those corporate-
fed array antennas, based on the hollow waveguide [9], ridge
gap waveguide [11], and SIW [13], [14], [15], [16], adopt the
double-layer cavity-backed structures. Hence, the radiating
unit becomes a 2×2-element or 1×2-element subarray rather
than a single slot. Those slots within one subarray share the
same cavity and are uniformly excited. However, due to their
symmetry, there exist grating lobes when adopting ampli-
tude tapers [17] to suppress sidelobes. Meanwhile, it is also
inevitable to increase the manufacturing cost and the design
complexity when dealing with those double-layer corporate-
fed SIW antennas.

On the other hand, two types of single-layer corporate-fed
slot arrays, based on the hollow rectangular coaxial line [16]
and ridge gap waveguide [19], [20], have been proposed in
the V-band. By shrinking the cross-section of transmission
lines, the radiating unit becomes a 1 × 1-element subarray.
However, in a hollow rectangular coaxial line, additional
structures were introduced to support the inner conductors.
They increased the fabrication complexity and degraded the
matching bandwidth. The measured bandwidth for |S11| <

−12.5 dB was about 8.3% only, and the measured peak
antenna efficiency maintained as high as 76.3%. In [19],
relatively good antenna performance has been achieved in a
single-layer corporate-feed ridge gap waveguide slot array.
However, the misalignment degraded the matching perfor-
mance, and the fabrication process is still costly and time-
consuming. In [21], a full-corporate-fed patch array based on
the SIW structure was realized. The wideband characteristic
is achieved by a multiple-layered array, and its scale was
quite limited. Therefore, considering both fabrication cost
and processing time, there is still a high demand for the large-
scale single-layer full-corporate-fed SIW slot array antenna.

According to the reasons illustrated above, this paper orig-
inally introduces a single-layer full-corporate-fed slot array
antenna based on the SIW technique. It is characterized by
low profile, easy fabrication, low cost, low sidelobes, wide-
band operation, and high efficiency. Previously, the Rogers
substrate RT/duroid 6002 has been verified as a promising
candidate [22], where a subarray fed by the dielectric-filled
waveguide was demonstrated. The waveguides’ dimensions
are appropriately shrunk to arrange both radiating elements
and feeding waveguides within a single-layer substrate. Thus,
the radiating unit becomes the single radiating slot, and
both its exciting amplitude and phase can be independently
controlled. Generally, strong mutual coupling among slots
may drastically degrade the bandwidth of the radiating units.
According to our investigation, a metal grid plate, which
possesses periodically arranged open air-cavities, is newly
introduced on top of the substrate to improve bandwidth
performance significantly.

A 16×16-element single-layer full-corporate-fed SIW slot
array with uniform excitation is designed in the V-band for
demonstration in this work. The broadband designs of both
the radiating unit and the feeding circuit are investigated in
detail. The chokes are introduced in the metal grid plate to
prevent leakage. After that, the SIW slot array and the metal
grid plate with chokes are fabricated by the PCB and milling
process, respectively. The prototype antenna is measured to
verify the antenna operation and design.

II. ANTENNA CONFIGURATION
The configuration of the proposed 16×16-element broadband
slot array antenna based on the single-layer SIW is illustrated
in Fig. 1. It should be emphasized that both the feeding circuit
and the radiating slots are appropriately integrated into one
single substrate. The whole antenna is fed by a standard
rectangular waveguide WR15 through a feed aperture. The
grey area depicted in Fig. 1 represents the full-corporate feed-
ing circuit by cascading serval H-plane T-junctions. We suc-
ceeded in making maximum use of the space by sharing
the common post-walls between the adjacent SIWs. Each
radiating slot is cut in the broad wall of each radiating waveg-
uide, which is individually connected with one output of the
feeding circuit. Owing to the corporate feed and structure
symmetry, the path-lengths from the input aperture to all
radiating slots are identical to each other without frequency
dependence. In addition, every radiating slot can be indepen-
dently excited by the feeding circuit with arbitrary amplitude
and phase. It is evident that all radiating slots bear the same
structural parameters, and it drastically simplified the antenna
design. The metal grids function as open air-cavities for the
radiating slots. The bandwidth for this cavity-loaded radiating
slot can be significantly improved. The single-layer SIW slot
array antenna with the metal grids can be fixed up only by
screwing, since choke structures introduced on the backside
of the metal grids can effectively prevent energy leakage.
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FIGURE 1. Configuration of the proposed 16 × 16-element array antenna.

III. ANTENNA DESIGN
The proposed single-layer full-corporate-fed structure fea-
tures extending its feeding circuit output to every radiating
slot. The slot spacing, as well as the waveguide width, has
to be shortened to avoid the grating lobes. Hence, filling the
waveguide with a dielectric material is one solution to ensure
the dominant TE10 mode transmission. In this study, the
Rogers substrate RT/duroid 6002 with a dielectric constant
εr of 2.94 and a loss tangent tanδ of 0.0012 [23] is chosen
as an example. The operating frequency range is supposed to
be 57−66 GHz for FWA (FixedWireless Access) andWPAN
(Wireless Personal Area Network) applications. At the center
frequency of 61.5 GHz, the condition of dominant mode
propagation is as follows [24]:

c
2 × fmin ×

√
εr

≤ ad ≤
c

fmax ×
√

εr
(1)

Here, ad denotes the equivalent SIW width. c is the speed
of light, while fmin and fmax are respectively 57 and 66 GHz
in this work. According to [25], the slot spacing in both
x- and y-directions should be no greater than 0.92 λ0 to avoid
the grating lobes. It is kept at 4.2 mm [9], which is about
0.92 λ0 at the highest operating frequency of 66 GHz. The
width ad is optimized at 1.9 mm after full consideration,
and it secures both the spatial arrangement and the power
capacity.

The substrate thickness also plays an essential role in
enhancing the antenna efficiency. The conductor loss can be
significantly reduced by increasing the substrate thickness.
It is an advantage over microstrip lines. As the typical value,
0.762 mm is chosen as the SIW thickness. It is a considerable
value in the V-band, especially when compared with the typi-
cal thickness of microstrip lines. Meanwhile, the thickness of
copper cladding after plating is fixed at 35 µm, identical to
the thickness of radiating slots.

According to the corporate feed with high symmetry, the
overall antenna can be roughly divided into two parts: the
feeding circuit without slots and the 1 × 1-element subarray
consisting of a single radiating slot. In theory, those two
parts can be designed separately. The design procedures and
simulated results are detailed as follows. The commercial
electromagnetic-field simulation software Ansys HFSS is
adopted in the antenna design.

FIGURE 2. Exploded perspective view of the radiating slot.

FIGURE 3. Analysis model of the radiating slot.

FIGURE 4. Reflection of the single radiating slot with and without
air-cavity.

A. RADIATING SLOT
Fig. 2 shows the exploded perspective view of the single
radiating slot as the primary design unit. Fig. 3 depicts its
analysis model in Ansys HFSS. The radiating slot is placed
one-quarter λg (guided wavelength) from the short end of
the radiating waveguide and is offset from the waveguide
axis to realize the desired excitation. Additionally, two pairs
of periodic boundary walls are introduced in Fig. 3 (a) to
simulate the mutual couplings in an infinite two-dimensional
(2-D) slot array.

An extra post on the opposite side of the waveguide axis is
introduced for input matching. However, its matching band-
width is limited, as shown in Fig. 4, where a single resonance
phenomenon is observed. The single slot without loading an
air-cavity above suffers significantly from narrow matching
bandwidth. To further improve the matching performance,
an air-cavity is introduced above the slot additionally. These
open air-cavities in a 2-D array can be easily realized by a
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FIGURE 5. Plan view of the full-corporate feeding circuit.

FIGURE 6. Analysis model of the WR-15 to SIW transition.

metal grid plate and be simply assembled with the SIW slot
array only by screwing. Since the orientations of radiation
slots and air-cavities are identical to each other, the metal grid
does not affect the antenna polarization in this study. On the
other hand, the metal grid can further serve as a polarization
converter. By changing the shape and dimensions of the air-
cavity, we can achieve desirable polarizations as well.

The simulated reflections of the single radiating slot with
and without an air-cavity are summarized in Fig. 4 for com-
parison. It is observed that the bandwidth for |S11| < −15 dB
is improved from 3% to more than 16% by introducing
an air-cavity. No critical sacrifice of the antenna profile is
required since the total thickness remains as low as 0.41 λ0 at
61.5 GHz.

B. FULL-CORPORATE FEEDING CIRCUIT
The plan view of the full-corporate feeding circuit is illus-
trated in Fig. 5. There are three key components. They are
the WR-15 to SIW transition, the H-plane T-junction, and the
H-junction, as respectively illustrated in Figs. 6, 7, and 8. The
imaginary arrow in Fig. 5 shows one of the feeding paths from

FIGURE 7. Analysis model of a T-junction.

FIGURE 8. Analysis model of an H-junction.

FIGURE 9. Reflection performance of three components.

the input aperture to one radiating slot. The corporate feeding
circuit is formed by cascading a series of T-junctions. Good
controllability in the feeding circuit’s output power has been
guaranteed for low sidelobe applications by optimizing the
power division ratio in every T-junction.

Even though the WR-15 to SIW transition suffers from a
large difference in the waveguide widths due to introducing
high dielectric material in the substrate, a good matching
bandwidth still can be achieved. After optimization in HFSS,
the coupling aperture dimensions are determined at lfa =

2.73 mm and wfa = 1.35 mm, while the offsets of the input
aperture and the matching post are determined at ofa =

0.39 mm and ofp = 0.29 mm. The simulated reflection shown
in Fig. 9 is sufficiently suppressed below −20 dB over the
frequency band ranging from 56 to 68 GHz. The matching
performance of a single T-junction has a great effect on that
of the overall feeding circuit. As shown in Fig. 7, several
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extra matching posts are introduced to improve the matching
bandwidth. Due to restrictions in both the SIW structure and
the PCB process, the distance between the two posts should
be larger than 0.2 mm+ 0.25 mm= 0.45 mm. Here, 0.25 mm
denotes the minimum diameter of a post. This restriction sig-
nificantly degrades the matching bandwidth far from the best
performance. The parameters shown in Fig. 7 are optimized
at ot = 0.86 mm, wt = 1.74 mm, and ow = 0.12 mm. Among
those parameters, ot and wt are adjusted for good matching,
whereas ow is mainly adjusted for enough spacing between
posts. The reflection of the designed T-junction is included in
Fig. 9 as well. It is suppressed below −25 dB over frequency
range of 57–67 GHz.

The feeding circuit and radiating slots are appropriately
integratedwithin a single-layer substrate.We succeed inmak-
ing maximum use of the space by sharing the common post-
walls between the adjacent SIWs. As the tradeoff, we lose
the design flexibility to some extent when cascading last two
T-junctions into an H-junction. According to higher-order
modes couplings, the overall H-junction has to be optimized
slightly by HFSS. As illustrated in Fig. 8, several extra posts
are introduced for good matching, and their positions and
radius are optimized. The overall reflection is suppressed
below −25 dB over the frequency range of 56−68 GHz,
as included in Fig. 9 for comparison. The amplitude and phase
variation among the four outputs of an H-junction are well
suppressed below 0.6 dB and 0.5 degrees, respectively.

C. 2 × 2-ELEMENT SUBARRAY
After the designs of an H-junction and a radiating slot,
we combine them into a 2× 2-element subarray, as shown in
Fig. 10. Due to the relatively compact structure, the structural
parameters are necessary to be fine-tuned again. The values of
those parameters before and after tuning are listed in Table 1.
The overall reflection of a 2×2-element subarray after tuning
is shown in Fig. 11, where the reflections of a radiating slot
and an H-junction are reproduced and included for compari-
son. It is suppressed below −15 dB over the frequency band
ranging from 57 to 66 GHz. The single radiating slot mainly
restricts its bandwidth. It means the matching bandwidth of a
2×2-element subarray can be further enhanced by improving
the radiating slot’s matching performance. Nonetheless, the
present bandwidth is sufficient to fully cover four channels
for most wireless applications developed in the V-band [26].

It should be noted that the 2×2-element subarray designed
above is totally different from that realized in [8]. As a future
plan, it is scheduled to develop a 16 × 16-element low-
sidelobe array by simply adjusting the power dividing ratios
of T-junctions cascaded in the feeding circuit.

D. 16 × 16-ELEMENT ARRAY
The whole structure of a 16 × 16-element slot array formed
by combining the radiating slot and the full-corporate feeding
network is analyzed by HFSS. As shown in Fig. 12, the
simulated overall reflection bandwidth for |S11| < −10 dB

TABLE 1. Antenna structural parameters before and after tuning.

FIGURE 10. Simulation model of 2 × 2-element subarray.

FIGURE 11. Reflection performance of a 2 × 2-element subarray.

is 16.2%. Besides, the reflections of a single T-junction and
a 2 × 2-element subarray are included in Fig. 12 as well.
It is obvious that the reflected waves from the radiating slots
and cascaded T-junctions accumulate at the antenna input and
determine the overall antenna reflection.

With the consideration of antenna assembly by screwing,
a small air gap may exist between the substrate and the metal
grid plate. It leads to imperfect electric contact as well as to
power leakage. To prevent the E-orientation power leakage,
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FIGURE 12. Simulated overall reflection of a 16 × 16-element array.

FIGURE 13. Designed choke below the metal grid layer.

FIGURE 14. Designed choke below the metal grid layer.

we introduce a series ofH -orientation chokes on the backside
of the metal grid plate. As illustrated in Fig. 13, those chokes
lie in the middle of the adjacent cavities. Another choke
surrounding the antenna aperture is introduced as well. How-
ever, there is not enough space to introduce two-dimensional
chokes. Assuming the air gap thickness of 0.1 mm, we design
the choke based on a 2 × 2-element subarray model. The
depth Ch and width Cw of the choke are optimized at 1 mm in
common. The reflections of 2×2-element subarrays with and
without choke are summarized in Fig. 14 for comparison. The
introduction of chokes compensates for the imperfect electric
contact to a certain extent. The dependence on air gap thick-
ness is investigated as well. The reflections of 2× 2-element
subarrays with different air gap thicknesses are simulated and
summarized in Fig. 15 for comparison. It is well verified that

FIGURE 15. Designed choke below the metal grid layer.

FIGURE 16. Picture of the fabricated antenna.

FIGURE 17. Simulated and measured reflections of the 16 × 16-element
slot array.

the operation of chokes is stable with negligible dependence
on the air gap thickness.

IV. ANTENNA FABRICATION AND EVALUATION
The proposed 16 × 16-element single-layer SIW slot array
designed in the 60-GHz band is fabricated by the traditional
PCB process, whereas the metal grid plate is fabricated the
milling process [27]. Unfortunately, we failed in the first
trial fabrication. The minimum diameter and the minimum
spacing between a slot and a through via are restricted
to 0.2 mm. The evaluation results of the refabricated test
antenna are reported in this paper. The overall antenna size is
81.3 mm × 83.1 mm, and 16.6 λ0× 17 λ0 at 61.5 GHz.
The antenna aperture area is defined as 67.2 mm
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FIGURE 18. Measured aperture distributions at 61.5 GHz.

(= 4.2 mm ×16) square. Fig. 16 shows the photograph of
a test antenna installed on an assembly jig is connected to the
flange of WR-15. The SIW slot array is sandwiched between
the metal grid with 1.24-mm thickness and the assembly jig
with 8-mm thickness. They are assembled only by screwing
at the periphery. We evaluate the antenna performances in
detail.

A. REFLECTION
Before the measurement, the standard waveguide WR-15
is calibrated at its interface using the most popular TOSM
(Through Open Short Match) method. The frequency charac-
teristic of the overall reflection measured by a vector network
analyzer is shown in Fig. 17. The reflection of the test antenna
is suppressed below –10 dB over the frequency range of
57−67.5 GHz. The simulated reflection is also included in
Fig. 17 for comparison. A good agreement between the sim-
ulated and measured results is observed. A small discrepancy
may come from manufacturing and assembling tolerance.

B. APERTURE FIELD DISTRIBUTIONS
We measure the aperture distributions of the test antenna
under a planar near-field measurement system. Fig. 18 shows
the amplitude and phase of the aperture distributions at the
center frequency of 61.5 GHz. The deviations in ampli-
tude and phase are suppressed within 5 dB and 40 degrees,
respectively. According to our investigation, there are two

FIGURE 19. H-plane radiation patterns at different frequencies.

contributions to non-uniformity in the excitation: one is due
to the slots lying at the antenna periphery; the other is due to
the uneven thickness of the air gap between the substrate and
the metal grid plate. Nonetheless, the limited non-uniformity
in aperture distribution cannot cause significant degradation
in directivity.

C. RADIATION PATTERNS
The far-field antenna radiation patterns are measured in an
anechoic chamber. TheH -plane radiation patterns at 57, 61.5,
and 66 GHz are summarized in Fig. 19, where the simulated
results are also included for comparison. It is obvious that
the simulated and measured results have a good agreement
with each other for all frequencies. The measured and simu-
lated E-plane radiation patterns are summarized in Fig. 20
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FIGURE 20. E-plane radiation patterns at different frequencies.

for comparison. Relatively high sidelobes are observed at
±30–40 degrees when the operation frequency deviates from
61.5GHz. The slots, as well as the air-cavities strongly couple
with each other, especially along the E-plane direction. Since
the aperture size of the air-cavity is large, the field distribution
on its aperture is not uniform. This phenomenon contributes
to the degradation of sidelobes. In both E- and H -planes,
the measured cross-polarizations are well suppressed below
−40 dB for all frequencies.

D. GAIN AND EFFICIENCY
The frequency characteristics of the measured and simulated
directivities, gains, and realized gains are summarized in
Fig. 21, where corresponding efficiencies are also included.
The measured directivity is calculated by Fourier transform-
ing from the measured near-field distributions. The real-
ized gain of the test antenna is measured in an anechoic

FIGURE 21. Simulated and measured directivities and antenna gains.

FIGURE 22. Comparison of simulated and measured on antenna gains.

chamber by comparing with a standard-gain horn antenna.
The measured and simulated directivities coincide well with
each other. The simulated realized gain is higher than
31.5 dBi, and its corresponding aperture efficiency is higher
than 65% over the frequency range of 59–66 GHz. Mean-
while, the measured realized gain is higher than 30 dBi,
and its corresponding antenna efficiency is higher than 45%
over the frequency range of 58–66 GHz. According to our
investigation, the main contribution to the critical degradation
in the measured realized gain comes from the actual loss
tangent of RT/duroid 6002 in the V-band, which must be
much larger [27] than that listed in the catalog. According
to [28], its dielectric constant and loss tangent are respec-
tively 3.08 and 0.0028 in the V-band. We re-simulated the
16×16-element single-layer SIW slot array antenna with the
updated dielectric properties. For comparison, the realized
gains for different material parameters are summarized in
Fig. 22, where good agreement between the measured and re-
simulated realized gains is observed. Hence, the reliability of
the data reported in [28] is also confirmed by our test antenna.

A few types of corporate-fed slot array antennas have
been successfully developed in the 60-GHz band. Their con-
figurations and antenna performances are investigated and
summarized in Table 2 for comparison. Our proposed antenna
has achieved low-profile, low-cost, broadband, high-gain,

VOLUME 11, 2023 20237



B. Duan et al.: Broadband Full-Corporate-Fed Slot Array Antenna Based on the Single-Layer SIW

TABLE 2. Comparison between the proposed and reported 60-GHz planar antenna arrays.

high-efficiency characteristics. Besides, a broadband radial-
line slot array antenna has been successfully developed by
introducing a radially nonuniform TEM waveguide [29].
By compromising on the aperture efficiency at about 30%, the
test antenna exhibits an extremely broad bandwidth of 27.6%
for both AR (Axial Ratio) < 3 dB and |S11| < −10 dB.

V. CONCLUSION
A full-corporate-fed single-layer SIW slot array is newly
proposed and verified. A 16×16-element array is designed in
the V-band for demonstration. The test antenna is composed
of a slotted SIW and a metal grid plate. They are fabricated
respectively by PCB and milling processes. As the evalua-
tion results, the measured bandwidth for |S11| < −10 dB
is 16.2%, fully covering the 57–67 GHz frequency range.
Meanwhile, the measured realized gain higher than 30 dBi
associated with the antenna efficiency higher than 45% is
achieved over the 58−65 GHz frequency range. It is veri-
fied that a low-profile, low-cost, broadband, high-gain, high-
efficiency slot array antenna has been successfully developed
in the V-band.
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