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ABSTRACT The development of wireless and satellite communication has led to a demand for high-
performance microwaves and mm-wave components in terms of cost, losses, and fabrication complexity.
Gap waveguide is one of the emerging technologies in 5G and mm-wave applications due to their low cost,
low losses, and high power handling capability. In this paper, a groove-based wideband bow-tie slot antenna
array is designed at 30 GHz based on printed ridge gap waveguide technology (PRGW). A two-section
T-shaped ridge is designed to feed a bow tie slot placed on the upper ground of the PRGW. The gain of
the proposed slot antenna is enhanced by using a horn-like groove. Then, the proposed high gain element is
deployed to build up a 1 bow-tie slot antenna array loaded with three-layer groove antenna. The proposed
antenna array is fabricated and measured, where the measured results show a−10-dB impedance bandwidth
from 29.5 to 37 GHz (22%). The fabricated prototype achieves a high gain of 15.5 dBi and a radiation
efficiency higher than 80% over the operating frequency bandwidth.

INDEX TERMS Millimeter wave technology, periodic structure, wideband, high gain, antenna arrays.

I. INTRODUCTION
Millimeter wave antennas for gigabit wireless communi-
cations endeavors to offer a comprehensive treatment of
antennas based on wide bandwidth and high-speed data trans-
mission. However, at high frequencies propagation losses are
enormous compared to low-frequency bands. So high gain
and wideband antennas are required to mitigate the losses in
this frequency range [1], [2].Microstrip lines work effectively
at low frequencies with ultra wideband characteristics [3], [4].
On the other hand, at high frequencies, microstrip feeding
networks suffer from high ohmic, dielectric losses and surface
waves [5]–[7]. The rectangular or hollow waveguide has
high Q-factor and low radiation losses at higher frequencies,
however, the design complexity increases as the frequency
increases [8], [9]. The sidewalls become very difficult to
fabricate and ensuring the proper electrical contact becomes
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a big challenge. Substrate Integrated Waveguide (SIW) is
another promising technology to design an efficient feeding
network at millimeter wave frequency, where the electri-
cal characteristics are similar to the traditional rectangular
waveguide. SIW’s have better radiation efficiency, while this
efficiency degrades with large arrays [10], [11]. Therefore,
an alternative guiding structure to the rectangular waveguide
and microstrip lines at higher frequencies were introduced
in 2009 namely ridge gap waveguide (RGW), which has low
losses and high power handling capability [12].

Ridge gap waveguide (RGW) consists of two parallel
plates, one plate with periodic textures to stop the wave
propagation in all directions except the required path [13].
These periodic textured cells prevent the leakage and ensure
a quasi TEM mode inside this air gap. In other words, using
periodic cells, artificial magnetic conductor (AMC) surface
can be created, which can create a parallel-plate bandgap [14].
In the past decade, RGW was utilized in many applications
to design microwave components and devices [15]–[17].
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Moreover, this guiding structure was deployed to imple-
ment various types of antennas and antenna feeding net-
works. However, many of the published antenna structures
were limited in terms of the operating bandwidth, especially
RGW fed slot antennas [18], [19]. Some possible techniques
were implemented to enhance the antenna bandwidth, like
adding a T-junction at the end of the ridge [20]. Besides,
slot antenna arrays with cavity layers were used for a high
gain purpose [21]. On the other hand, using cavities makes
the overall antenna very bulky and it is not appropriate for
all the applications. The RGW has shown promising results;
however, the need for high accuracy CNC machining is a
major drawback for this configuration. As a result, many
articles were published to propose a printed version of RGW
for better integrability and lower cost.

Recently, the Printed Ridge Gap Waveguide (PRGW) has
drawn a lot of attention due to its low losses at mm-wave
bands [22]–[27]. Although PRGW is built on a PCB, it will
not be accountable for dielectric losses, as the wave is propa-
gating inside an air gap. Various directive antennas and arrays
based on PRGW have already been proposed with improved
impedance bandwidth and high gain. The magneto electro
dipole and superstrate were used to improve the bandwidth,
gain and cross polarizations [28]–[30]. Even the gain is
improved significantly using superstrates, however, the band-
width does not exhibit more than 20% impedance bandwidth
and the antenna array suffers from grating lobes [26], [30].
Moreover, DRA was added on top of the coupling slot of
PRGW to enhance the impedance bandwidth, which can
extend the bandwidth to 20% [31]. To solve the bandwidth
and grating lobe issues, simultaneously, this paper provides
a solution featured with bandwidth, low side lobe level and
high gain as well as it provides a strong mechanical support
to the overall antenna structure and stable radiation pattern
over the frequency range.

In this work, a two-section T-shaped ridge with a bow-tie
slot is used to enhance the matching level and impedance
bandwidth of the antenna. Later a step rectangular horn is
placed upon the bow tie slot for gain enhancement. The
metallic groove layers give additional mechanical support to
hold the structure. Moreover, we have designed 1×4 antenna
array using PRGW and afterward, it is loaded with three
layers of a groove to enhance the gain with sidelobe level
below −13 dB for both E- and H-plane. Microstrip-PRGW
transitions were used to feed the transmission line, and the
matching bandwidth is more than 22%. The antenna design
is illustrated in section III, while the 1 × 4 feeding network
illustrated in section IV. Section V shows the configuration of
1 × 4 integrated antenna array and section VI represents the
measurement results for the fabricated prototype.

II. UNIT CELL ANALYSIS AND DESIGN OF WAVEGUIDE
The main characteristics of a gap waveguide are its ability
to create parallel plate stopband using the periodic struc-
tures [12]. The proposed unit cell with ridge is illustrated
in Fig. 1(a), where the dispersion diagram for this section of

FIGURE 1. (a) Structure of one row of unit cells with ridge. (b) Dispersion
diagram with the ridge existence.

TABLE 1. Dimensions of unit cell with ridge.

PRGW line is shown in Fig. 1(b). The dispersion diagram
is calculated using Eigen Mode Solver (CST Microwave
Studio), which exhibits the realized bandgap of the periodic
structure. The unit cell is printed on Rogers RO3003 with a
εr of 3, and all the other required dimensions are illustrated
in Table 1.

The realized bandgap of one row of the unit cell with ridge
is over 24-45 GHz, which can be depicted from the dispersion
diagram in Fig. 1(b). The proposed waveguide is a multi-
layer structure and to feed the PRGW; a microstrip-PRGW
transition is used as illustrated in Fig. 2(a). The proposed
3-D view shows how the transition is aligned, and the proper
placing of the feedline is demonstrated. The microstrip to
ridge transition has been investigated in details in many pub-
lished articles [22]–[24]. The S-parameter of the microstrip-
PRGW transition is illustrated in Fig. 2(b) and it is clear that
the transmission coefficient is close to−0.5± 0.2 dB, which
is due to the insertion losses from the microstrip transitions
input/output lines in the whole operational bandwidth.

III. ANTENNA DESIGN
In our work, a two-section T-shaped ridge with a bow-tie slot
is used to provide a wide bandwidth. Slot antenna itself has
a narrow bandwidth of around 4-5 % at the center frequency.
The proposed single element antenna is shown in Fig. 3 with
proper dimensions listed in Table 2.
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FIGURE 2. (a) Proposed microstrip-ridge transition. (b) Simulated
S-parameter of the printed ridge gap waveguide transition.

The single element PRGWantenna consists of three layers;
the first one is the ridge with periodic cells; the second
layer is the bow-tie antenna that is printed on the Rogers
RO6002 substrate. Finally, a three-layer groove structure on
top of the bow-tie slot is deployed, where all layers have a
total thickness of 4.5 mm. We have preferred step-shaped
aperture for our design as it’s a cost-effective technique that
can be realized using our fabrication facilities. Here the
groove dimensions were only increased in one axis, as shown
in Fig. 3(d). The simulated reflection coefficient and the gain
for the single element antenna with and without the horn-like
groove structure is illustrated in Fig. 4(a) and 4(b), respec-
tively. It can be observed that using groove layers enhanced
the antenna bandwidth up to 20.6% from (29-35.6) and the
gain is increased by 3 dB over the whole frequency range
over 29-37 GHz after adding the groove layer. Besides, the
E- and H-plane radiation patterns for the proposed antenna
with and without the horn-like groove structure are shown
in Fig. 4(c) at the center operating frequency. From this
figure, it can be depicted that due to the groove layer the beam
in the E-plane became narrower and a high gain is obtained.

In our work, for the three-layer groove section, the dimen-
sions in the H-plane are kept constant, and in the E-plane,
the dimensions are varied in stepped size, which resulted
in an overall increase in the aperture area that provides a
higher gain. Some parametric studies were done to choose
the optimum value for this design which is illustrated
in Fig. 5.

FIGURE 3. (a) Proposed 3D model for the single element bow-tie groove.
(b) Feeding layer. (c) Bow-tie slot antenna layer. (d) Horn-like groove layer.

TABLE 2. Dimensions of single element PRGW antenna (in mm).

IV. 1 × 4 BOW-TIE SLOT ANTENNA ARRAY USING PRGW
In this section, the design of a 1× 4 Bow-tie slot antenna
array using the PRGW technology is proposed. Initially,
a 1 × 2 feeding network is designed with a matching level
<−15 dB over 29-37 GHz. Then, a 1 × 4 power divider is
constructed using the two-way feeding network, where the
schematic view is shown in Fig. 6(a) with all the required
designed parameters. The S-parameter of the 1 × 4 power
divider is shown in Fig. 6(b), where the matching bandwidth
level is below −15 dB in the required frequency band. The
transmission coefficient to each port is around −6.5 dB over
29-37 GHz. This power divider is deployed to feed four
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FIGURE 4. (a) Simulated reflection coefficient of single element PRGW
antenna. (b) Gain versus the frequency comparison for the single element.
(c) Simulated radiation pattern comparison for single element at 30 GHz.

FIGURE 5. Simulated gain comparison by changing groove size.

Bow-tie slot antenna elements as illustrated in Fig. 7(a),
where the reflection coefficient of the proposed array is
shown in Fig. 7(b). It can be depicted that the proposed array
structure gives an extended bandwidth of 22.7%. The element
to element spacing of the slot antenna is kept 0.8 λo to avoid

FIGURE 6. (a) Simulated layout of 1 × 4 power divider. (b) Simulated
S-parameter of the power divider.

TABLE 3. Dimensions of PRGW antenna array (in mm).

the grating lobes, where λo is the free-space wavelength at
30 GHz. The design parameters of the 1 × 4 power divider
are described in Table 3. The radiation patterns of the 1 ×
4 Bow-tie slot antenna array are shown in Fig. 8 for the
E- and H-plane at 30, 32 and 34 GHz. It shows clearly that
the sidelobe level (SLL) is less than −13 dB with a stable
gain as shown in Fig. 7(b) throughout the frequency range
over 29-37 GHz. The proposed antenna array has a narrow
beam in the H-plane due to the four-element array and a wide
beam in the E-plane mainly due to the element pattern.

V. THREE LAYER GROOVE ARRAY WITH
1 × 4 BOW-TIE ANTENNA ARRAY
In this work, we have proposed a three-layer groove antenna
array loaded on top of the designed bow-tie slot antenna
array. Our main objective of this work is to propose an
antenna with high gain and wide bandwidth so that it can
fulfill the requirement of mm-wave communication. The pro-
posed 1 × 4 groove antenna array is shown in Fig. 9(a).
The reflection coefficient of the linear array antenna is
illustrated in Fig. 9(b), which covers a 22% bandwidth
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FIGURE 7. (a) The simulated model top view of the bow-tie slot antenna
array. (b) Reflection coefficient and gain of 1 × 4 bow-tie antenna array.

FIGURE 8. Simulated normalized radiation pattern of the bow-tie
antenna array. (a) E-plane. (b) H-plane.

of 29.4-36.8GHz. Besides, the proposed array achieves a gain
of 14.5 ± 1 dBi over the whole frequency band.
The radiation patterns of the linear array antenna for

E- and H-plane are illustrated for various frequencies

FIGURE 9. (a) 3D view of the proposed 1 × 4, three layer groove antenna
array. (b) Simulated reflection coefficient and gain of 1 × 4 groove
antenna array. (c) Simulated E-plane radiation pattern of groove antenna
array. (d) Simulated H-plane radiation pattern of groove antenna array.

in Fig. 9(c) and 9(d) respectively. As shown in Fig. 9(a) the
antenna elements are placed linearly in the x-direction which
results in narrower beam width in the H-plane, while a wide
beam width is achieved in the E-plane. As a result, the radia-
tion pattern is affected in the E-plane as the groove edges in
the y-direction are close to the antenna element, which results
in a slight stable radiation pattern in the E-plane. To avoid the
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FIGURE 10. (a) Improved 3-D, 1 × 4 groove antenna array with
corrugations. (b) Simulated E-plane radiation pattern comparison at
32 GHz. (c) Simulated E-plane radiation pattern comparison at 34 GHz.

increase in the antenna size a corrugation layer is added to
improve the E-plane radiation pattern. This corrugation layer
acts as an artificial magnetic ring surrounding the antenna
array, which decreases the surface wave and accordingly
enhances the radiation pattern. The improved linear antenna
array structure is illustrated in Fig. 10(a) with a corrugation
layer and the improvement in the E-plane radiation patterns
are shown in Fig. 10(b) and 10(c), at 32 and 34 GHz, respec-
tively. By adding the single corrugation layer, the E-plane
radiation pattern improved significantly without increasing
the antenna dimensions. This corrugation technique is gen-
erally applied to reduce sidelobe levels and to reduce cross
polarizations.

VI. EXPERIMENTAL AND VALIDATION
To validate the proposed design an array of 1 × 4 integrated
antenna is fabricated and measured where the photos of the

FIGURE 11. (a) Prototype layers. (b) Final assembly of 1 × 4 integrated
antenna array.

FIGURE 12. (a) Radiation pattern measurement setup in the anechoic
chamber. (b) Measured reflection coefficient of the fabricated antenna
array. (c) Measured gain of the fabricated antenna array.

fabricated parts are illustrated in Fig. 11(a). The fabricated
layers are assembled using plastic screws, where the assem-
bled prototype is shown in Fig. 11(b). The |S11| is mea-
sured using an N52271A phase network analyzer, where the
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TABLE 4. Comparison of proposed antenna array with some previously published work.

FIGURE 13. Comparison of measured and simulated normalized radiation
pattern. (a) E-plane 30 GHz, (b) H-plane 30 GHz, (c) E-plane 34 GHz, and
(d) H-plane 34 GHz.

measured and simulated reflection coefficient are illustrated
in Fig. 12(b). It can be noticed that a 22 % impedance band-
width with |S11| <−10 dB is achieved from the proposed pro-
totype, where there is a slight shift in the frequency response
occurredwith a bit above−10 dB over 31-31.5GHz. The gain

and radiation pattern are measured in the anechoic chamber
system, as shown in Fig. 12(a).

It is worth mentioning that, in our measurement set up,
we don’t have the facility to calculate measured radiation
efficiency. The measured and simulated gain of the proposed
array is shown in Fig. 12(c). This figure shows that the
measured gain is 15 ± 1 dBi. The fabrication tolerance for
antenna layers as well as the groove may affect the measured
results. The measured radiation pattern in E- and H-plane is
illustrated in Fig. 13. The measured co polarizations of the
antenna in both E- and H-plane are in a good agreement, and
the cross polarizations are low in both E- and H-plane.

Table 4 shows a comparison between the proposed work
and previous works. The proposed antenna exhibits superior
characteristics at mm-wave frequency bands including low
loss, self-packaged and planar structure. In [26], the SIW
cavity antenna array suffers from the grating lobes where
the SLL is less than −6.5 dB at high frequencies, which
restricts its application. In addition, for 2D beam scanning
purpose, ME dipole array was fed by the RGW Butler matrix
to provide stable radiation pattern and wide bandwidth [27].
However, the gain and radiation efficiency of the antenna is
low compared to our work. An array of 1× 8 aperture coupled
ME dipole was proposed in [28], for circular polarization
applications, however, the ME dipole antenna provides only
14.5 % bandwidth and the size of the antenna are very large
compared to our proposed antenna. In [29], 4× 4 ME dipole
antenna was used for high gain and wideband purpose, how-
ever, the bandwidth is less than our proposed work. Our pro-
posed antenna provides wideband, high gain, better efficiency
as well as strong mechanical support compared to the other
published designs.

VII. CONCLUSION
In this work, we have presented a high gain, a wideband
antenna array, based on the PRGW technology. It has lower
losses compared to printed microstrip lines. A bow-tie slot
antenna is utilized to get a wide impedance bandwidth,
while a three-layer groove structure is deployed to provide
strong mechanical support and enhance the gain. The fab-
ricated prototype achieves a high gain of 15.5 dBi over
the operating frequency bandwidth. The fabricated prototype
gives 22% impedance bandwidth where a good agreement
between both the measured and the simulated response has
been shown.
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