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ABSTRACT In this article, a slot array with double-layered full-corporate-fed distribution network by ridge
gap waveguide (RGW) in the G-band is presented. The array antenna proposed in this article contains 16 ×
16-element radiation slots fed by air-filled ridge gap waveguide distribution network that achieves highefficiency. Gap waveguide technology avoids the demand for perfect electrical contact in millimeter waves,
therefore the expensive diffusion bonding and the laser welding processes are not demanded. Moreover,
the high-accurate Computerized Numerical Control (CNC) machining is applied for the fabrication. Due to
the limited layout space for the distribution network, two types of universal stepped cavity power dividers
are presented in this article. The proposed array antenna is fed by a standard WR-5 waveguide at the bottom.
Furthermore, the tested outcomes show that the proposed 16×16-element array has a gain larger than 30 dBi
with over 50% antenna efficiency in the frequency range of 155-171 GHz.
INDEX TERMS Gap waveguide technology, slot array antenna, high-efficiency, 160 GHz.

I. INTRODUCTION

G-band (140-220 GHz) has been drawn considerable attention for imaging, sensing, and communication due to its
short wavelength and wide available bandwidth [1]–[4]. For
communication, wider bandwidth can enable tens of Gbps
data rate transmission. More importantly, the size of antenna
in this band is smaller than that of lower frequency bands,
therefore more compact radio units can be built with ease of
dense deployment.
Semiconductor technologies can only offer limited output
power at such a high frequency band, therefore it is critical
to enhance the antenna efficiency. The reflector and the lens
antennas satisfy with the features of high-efficiency and highgain. Nevertheless, because of the need for a focal length,
it is very difficult to realize a planar geometries. Patch array
antenna usually has very low cost and low profile. The dielectric substrate is often used to build planar array antennas,
such as microstrip over the low-temperature co-firing ceramic
(LTCC), substrate integrated waveguide (SIW), and printed
The associate editor coordinating the review of this manuscript and
approving it for publication was Chan Hwang See
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circuit board (PCB). However, PCB based antennas suffer
from high dielectric loss above 30 GHz [5]. For instance, various types of millimeter waves (mmWs) planar array antennas
have been developed based on the SIW technology [7]–[17].
Especially, a few of hybrid planar array antennas of the
LTCC technology and the SIW structure at 140 GHz have
been reported in [18]–[21]. Although planar arrays realized
by SIW, LTCC and microstrip technologies have advantage
of the low-profile, large dielectric losses are unbearable in
mmWs. Due to the aforementioned analysis, non-substrate
wave-guiding structure is preferred for high-efficiency and
high-gain array above 100 GHz. Thereby, a 32 × 32- and a
64 × 64-elements slot array fed by hollow waveguide that
operates at 125 GHz have been reported in [22]. Both of them
are characterized as properties of low-profile, high-efficiency
and high-gain. However, the diffusion bonding technology is
very expensive for the fabrication and complicated for the
design.
In the past decade, a novel guiding geometry, gap waveguide [23] shows promising performances such as lower
dielectric- and conductor-loss [24], flexible fabrication [25],
and cost effectiveness in mmWs. Furthermore, for gap
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waveguide structures, the top of the metallic pins are built
with a flat metallic plate with a tiny air gap between two
geometries. If the height of the gap is smaller than quarterwavelength of the operating frequency, a certain frequency
stopband is generated from such a novel geometry. Most
importantly, the frequency stopband is able to be operated by
geometrical dimensions of the metallic pins and the embedded grooves or ridges between the metallic pins. On the other
hand, the gap waveguide technology does not demand for
promising electrical contact of the metallic plate and the posts
wall in mmWs. Thereby, the complicated and expensive fabrication process in [22] is able to be avoided and gap waveguide
geometries can be fabricated by die-sink electrical discharge
machining, CNC machining or molding. In [26]–[29], various high-efficiency and high-gain arrays designed by ridge
gap waveguide (RGW) in the V-band, E-band, and W-band
have been reported. Another geometry, groove gap waveguide has also been explored to high-efficiency and highgain arrays in V-band and W-band [30]–[34]. Moreover, gap
waveguide technology can be applied for the passive element in mmWs because it does not require for good electrical contact [35]–[37]. According to the summary of the
above references, the gap waveguide geometries characterize
non-electrical contact, small conductor- and dielectric-losses
compared with the traditional microstrip, hollow waveguide
and SIW in mmWs. Nevertheless, additional studies and tests
of gap waveguide geometries above 100 GHz have not been
validated before. In this article, we propose a RGW-based
corporate-fed planar slot array at 160 GHz to fill the gap.
The major accomplishments of this article are stated as
follows:
• Firstly, the current dimension of pins dropped to a considerable level so that it has become very challenging to
adopt traditional CNC milling or molding technique to
fabricate [23]. Usually, dry-etching or lithograph is the
choice of the manufacture in such a high frequency band.
Nevertheless, it is even more expensive than diffusion
bonding technology. In this article, we have selected
relatively bigger pins at 160 GHz so that CNC milling
technology can be implemented on antenna fabrication.
• Secondly, according to the skin effect and the rough
surface, the conductor loss of aluminum at 160 GHz is
much greater than that in the low frequency band. This is
also a big challenge for the high efficiency array design
at 160 GHz. Therefore, the insertion loss of the antenna
unit cells, the distribution network, and the other sending
modules in this frequency band should be optimally
designed so as to minimize the insertion loss to ensure
the antenna efficiency.
The rest of this article is organized as follows. Section II
focuses on the design of numerical geometries, such as the
proper model of metallic pins, the array unit cell, power
dividers and waveguide interface. The antenna array is measured in reflection coefficient, gain, radiation patterns and
the cross polarization levels. The corresponding outcomes are
presented in section III. Further analysis on measured gain
VOLUME 8, 2020

FIGURE 1. 3-D configuration of RGW for the array antenna in this article.
Geometrical dimensions are shown in the figure: p = 0.62 mm, a =
0.34 mm, Wr = 0.3 mm, hr = 0.32 mm, h = 0.5 mm and g = 0.05 mm.

and antenna efficiency are discussed in section IV. This paper
is concluded in section V.
II. ANTENNA DESIGN
A. GEOMETRICAL DIMENSIONS OF THE METALLIC PINS

The principle of RGW can be analyzed through modeling it
by two parallel plates, the upper layer is the ideal metallic
plate layer and the bottom layer is the Artificial Magnetic
Conductor layer, which is realized by the metallic pins. If the
gap between PEC layer and the top surface of the metallic
pins is less than a quarter of the wavelength corresponding to
the current operating frequency, the RGW geometry prevents
all TE and TM propagation modes over a wide stopband,
however, a quasi-TEM mode along the ridge exists for desired
frequency band signal propagation. A brief geometry of the
RGW unit cell is shown in Fig. 1. In order that the array
antenna can be fabricated by the CNC milling technology,
the width of the metallic pins involved is carefully and appropriately chosen. The above frequency of fab = 170 GHz is
assumed in this work. Therefore, by the previous standard pin
size, the height of the pins should be chosen as λ0 /4, and the
height of the metal pin is chosen as h = 0.5 mm. This selection makes it possible that the proposed antenna can be fabricated by CNC milling technology. Fig. 2 shows the calculated
dispersion diagram of the RGW geometry by Eigenmode
Solver with the stopband ranging from 80 to 225 GHz. The
cutoff frequency of the quasi-TEM mode is about 110 GHz,
and its whole bandwidth is from 110 to 225 GHz. The quasiTEM mode is applied for wireless communications in the
proposed array antenna, as depicted in Fig. 2.
B. ANTENNA SUB-ARRAY

Fig. 3 illustrates the configuration of the antenna unit
cell from front- and back-views, which is designed as a
4 × 4-element using periodic boundary condition. Conventionally, the antenna unit cell in [27]–[34] is usually designed
as a 2 × 2-element. Theoretically, the 2 × 2-element antenna
unit cell in the G-band is geometrically too small so that the
waveguide port in CST Microwave Studio is unable to be
55373
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FIGURE 2. Numerically calculated dispersion diagram of the proposed
RGW geometry by Eigenmode Method in Figure 1.
FIGURE 4. Geometrical dimensions for the proposed 4 × 4-Element
sub-array. (a) Top radiation slots, (b) Front-view of middle
layer — backed-cavity and (c) Back-view of middle layer — distribution
network.
TABLE 1. Designed parameters of the 4 × 4-element sub-array depicted
in Fig. 4.

FIGURE 3. Exploded views for the 4 × 4-Element sub-array. Left-side:
front view, and Right-side: back-view.

accurately evaluated on the electromagnetic field based on
gap waveguide structures. Thereby, a 4×4-element sub-array
is modeled in this work, as shown in Fig. 3. The geometry
of the present antenna unit cell is similar as that from the
references [27]–[34]. The geometric structure primarily is
made up of three layers: top radiation slots, middle backedcavity, and the bottom distribution network. The radiation
layer is the top layer of the entire sub-array, and it contains a
radiation slots with a rectangular flare, whose function is to
enhance its bandwidth. Under the radiation layer, the groove
gap waveguide backed-cavity sets. Excited by a RGW feeding line, the electromagnetic fields are coupled to the cavity
through a coupling hole in the middle of the sub-array. For
fear of the misalignment errors that occur during assembly
when the backed cavity and feedback layer are separated into
two different layers, the distribution network layer sets on
the backside of the backed-cavity layer. Therefore, a smooth
metallic plate forms the bottom waveguide layer. Furthermore, the dimension between any two neighbored slots is
evaluated to be 1.55 mm, equaling to 0.875λ0 which has
the corresponding operating frequency of f = 170 GHz.
The reason for selection for 1.55 mm is that the qualified
radiation patterns can be obtained. Between different layers
55374

no electrical contact is demanded, as all three layers of
the sub-array are separated by tiny gaps. The area of the
designed 4 × 4-elenment sub-array is 6.2 × 6.2 mm2 on both
vertical- and horizontal-planes in this paper. The geometrical
dimensions of the antenna unit cell is depicted in Fig. 4,
and Table 1 records the corresponding data. The numerical
calculated E- and H-fields on the top layer of radiation slot
are drawn in Fig. 5. Applying periodic boundary conditions,
16 × 16- element array performance is simulated. In Fig. 6,
the blue solid line represents the reflection coefficient. As can
be seen, over the frequency range of 153-170 GHz, a 10.52%
relative bandwidth is achieved defined by a −10 dB return
loss threshold. The red line indicates the calculated directivity
of the 16 × 16-element array antenna (exclude distribution
network). The numerically calculated antenna efficiency is
above 90% from 153 to 171 GHz.
C. RGW FEED LINES

As illustrated in Fig. 4(c), the distribution network in this
work utilizes only one row of metallic pins are used for
isolating the ridge line and the radiation slot. Naturally, more
rows of pins give more suppression of mutual coupling,
VOLUME 8, 2020
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TABLE 2. Design parameters of two types of T-junction power dividers
shown in Fig. 8.

FIGURE 5. Configurations for fields distribution on the top of radiation
slots at 160 GHz. (a) E-field. (b) H-field.

FIGURE 6. Numerically calculated reflection of the proposed
4 × 4-Element sub-array and the directivity of an array with
16 × 16-element slot using periodic boundary conditions.

FIGURE 7. Numerically calculated mutual coupling between two parallel
ridges separated by only one row of inductive posts. The top metallic
smooth layer is hidden.

however, it is hard to implement due to a space constrain.
To estimate coupling suppression with only single row of
pins, a parallel ridge model is used as in Fig. 7. Simulation shows that the mutual coupling between two parallel
VOLUME 8, 2020

RGW lines, separated by one row of metallic pins, and
the corresponding mutual coupling is below −20 dB from
152 to 175 GHz, which is a promising result at such high
frequency.
In this article, two types of T-junction power dividers based
on RGW are developed. As shown in Fig. 8, three T-junction
power dividers have been applied for the 4 × 4-element subarray. One T-junction power divider is with two metallic
pins removed at output ports, and the other two are with
only one metallic pin removed at output ports. These two
types T-junction power dividers are different from those
in [26]–[29], which are with continuous bend-ridges and
difficult to be fabricated at 170 GHz. The 3-D configuration of the two types T-junction power divider is illustrated
in Fig. 8. The corresponding geometries have been optimized
so that the wide impedance bandwidth and the small reflection can be obtained. Fig. 9 and Fig. 10 depict the simulated input reflection coefficient in both amplitude and phase.
Both reflection coefficients in amplitude are below −30 dB
over a wide frequency band 152-175 GHz. The phases of
output ports are identical. Compared with the T-junction
power dividers introduced in [25]–[31], the proposed one
characterizes compact, easy manufacture and even lower
loss.
The whole array is excited by a standard G-band waveguide (WR-5) in the bottom layer. This transition part converts
the electromagnetic fields through the rectangular waveguide
into the RGW lines. The novel geometry works as the first
power division stage and thereafter, makes the distribution
network more compact. The topology of the proposed hybrid
vertical transition divider is depicted in Fig. 11. In addition,
since the dimensions of cross-sectional area of WR-5 is
very small (1.3 mm×0.65 mm), the WR-5 waveguide has
been fabricated by wire cutting technology. Fig. 12 shows
the simulation performance results of the optimized vertical
transition power divider. From 154 to 173 GHz, the input
reflection coefficient is below −20 dB. Although the vertical
transition power divider has a compact geometry, the two
output ports have phase difference of 180 degree. In order to
overcome the above problem, the feed networks on both sides
of vertical transition power divider are mirrored, as depicted
in Fig. 13. Fig. 14 depicts simulated E-field along the distribution network at 165 GHz. As shown in the figure,
the phase uniformity of the distribution network is good.
Then, the radiation patterns and gain can be guaranteed in this
work.
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FIGURE 8. Two types of T-junction power dividers. Left-side: T-junction power divider with only one metallic pin removed at each output port.
Right-side: T-junction power divider with two metallic pins removed at each output port. Top flat metallic plate is hidden so that the entire geometry is
clearly illustrated. Geometrical dimensions are shown in the figure: Po = 0.4 mm, Wo = 1.56 mm, Lp1 = 0.71 mm, Lp2 = 0.23 mm, Lsc = 0.87 mm, Wsc
= 1.05 mm and hsc = 0.25 mm.

FIGURE 9. Numerical outcomes of the T-junction power divider with two
metallic pins removed at output ports. (a) Amplitude. (b) Phase.

FIGURE 11. 3-D configurations of the vertical transition power divider.
(a) 3-D Geometry. (b) E-plane cross-sectional view. Geometrical
dimensions are shown in the figure: Lsc3 = 1.60 mm, Wsc3 = 1.32 mm
and hsc3 = 0.31 mm.

FIGURE 10. Numerical outcomes of the T-junction power divider with one
metallic pins removed at output ports. (a) Amplitude. (b) Phase.

III. THE SIMULATION AND THE EXPERIMENT RESULTS
OF THE ENTIRE ARRAY

The final structure of the manufactured array is shown
in Fig. 15. As can be seen, the final geometrical size of
the present array is 40 mm× 40 mm while the dimensions of the effective aperture are 24.8 mm ×24.8 mm.
The total thickness is 8 mm. We have added extra 6 mm
in order to connect the flange of PNA for the measurement. Thereby, the effective thickness of the present array is
only 2 mm. The array antenna is fabricated using aluminum
(Electric Conductivity 3.6×107 S/m). The configuration of
the whole array including holes for screws and guiding pins
55376

FIGURE 12. Numerically calculated outcomes of designed vertical
transition from WR-5 to two RGW lines. (a) Amplitude. (b) Phase.

is presented in Fig. 15. The proposed antenna is thereby
low-profile.
The entire structure of the array antenna is simulated
by CST Microwave Studio, what is more, without any further optimization, the antenna reflection coefficient S11 <
−10 dB in the frequency range of 152-170 GHz, as depicted
in Fig. 17. The realized reflection coefficient antenna has
VOLUME 8, 2020
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FIGURE 13. Numerical configuration of the 16 × 16-element array in this
work.

FIGURE 16. Experimental setup for the reflection coefficient.

FIGURE 14. Simulated E-field on the distribution network at 165 GHz.

FIGURE 17. The numerical and the experimental reflection coefficients.

FIGURE 15. The photograph of the final fabricated antenna.

been experimentally tested by a Keysight PNA, as depicted
in Fig. 16. However, the measured one is smaller than −10 dB
from 155 to 172.5 GHz (10.2% input impedance bandwidth).
As illustrated in Fig. 17, there is a small shift in the reflection
coefficient to higher frequency. These discrepancies may be
VOLUME 8, 2020

due to the manufacturing tolerances and misalignment of the
three layers.
The radiation properties, such as gain, radiation patterns
and cross-polarization levels, are tested in an anechoic chamber. The calculated and the experimental normalized radiation patterns of the 16 × 16-element array are plotted at
three different frequencies of 158, 166, and 172 GHz, and
the performance comparisons are shown in Figs. 18-19. The
co-polar radiation patterns from the experiment show good
identities of the calculated values. Meanwhile, the measured
antennas E- and H-planes cross-polarization patterns are also
presented, as can be seen, the cross-polarization values are
greater than −35 dB in all planes. The proposed antenna
55377
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FIGURE 18. Radiation patterns from the calculation and the experiment
on the E-plane: (a) 158 GHz, (b) 166 GHz and (c) 172 GHz.

55378

FIGURE 19. Radiation patterns from the calculation and the experiment
on the H-plane: (a) 158 GHz, (b) 166 GHz and (c) 172 GHz.
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FIGURE 20. The calculated and the measured gain of the proposed array.
FIGURE 22. Simulated transmission coefficients with different surface
roughness values according to the model in Fig. 21.

FIGURE 21. Simulated electric field distribution of a straightforward RGW
transmission line at frequency 165 GHz. The top metallic plate is hidden
so that the entire geometry is able to be clearly shown.

exhibits an outstanding radiation pattern performance over
the broad frequency range of 155-172 GHz.
Fig. 20 shows the simulated and measured gain results of
the antenna in a specific frequency range (155-171 GHz).
In the corresponding frequency range, the antenna gain is bigger than 30 dBi, and the antenna efficiency is more than 50%.
The gain response is quite flat in operating frequency band.
The difference between the simulated and measured gain
results of the antenna’s radiation pattern may be due to the
additional reflection losses and extra ohmic losses caused by
the reduced metal conductivity with surface roughness.
IV. DISCUSSION ABOUT THE MEASUREMENTS

Last section, we have mainly presented the reflection,
the radiation patterns, the cross-polarization levels and the
antenna gain of the proposed array. Nevertheless, there is a
big difference between the numerical gain and the measured
one. On the other hand, the measured antenna efficiency is
around 60%, yet the calculated on is about 80%. For this
appearance, there are probably three reasons.
Firstly, G-band (140-220 GHz) is a higher frequency band,
and the corresponding skin depth of aluminum is merely
VOLUME 8, 2020

FIGURE 23. Comparison of the simulated gain, the measured and the
simulated gain with the surface roughness of the proposed array.

0.2072 µm. Thereby, the conductor loss in such a frequency
band is much bigger than that value in V-band or E-band.
In order to verify the conductor loss of RGW by aluminum in
G-band, a simple straightforward RGW transmission line is
built, as depicted in Fig. 21. The simulated transmission coefficients S21 are illustrated in Fig. 22. The model is first simulated with PEC material, and then is calculated again with
aluminum. Thus, the difference from both calculations indicates the conductor loss of the geometry illustrated in Fig. 21.
The simulated conductor loss here is about 0.2 dB/cm, which
is much bigger than that in V-band.
Secondly, the inaccurate assembling of the proposed threelayered array is probably another reason for the drop of the
gain and the efficiency. In [26], the effect from the misalignment of different layers has been researched. The outcome
indicates that the misalignment within 60 µm is acceptable for the array antenna to obtain stable input impedance
bandwidth and gain. Since the reflection coefficient and the
55379
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TABLE 3. Conductor losses from the different surface roughness values.

FIGURE 24. Surface roughness checking under a high resolution
microscope: (a) top plate of vertical transition, (b) the T-junction power
divider with two metallic pins remove at output ports, (c) the T-junction
power divider with a metallic pin remove at output ports and (d) a
straightforward RGW transmission line.

radiation patterns behave good in this work, the misalignment
error should be much smaller than 60 µm.
More importantly, the surface roughness of the ridge and
the bottom metallic plate play a key role for the drop of the
antenna gain and the antenna efficiency. In order to search
the surface roughness, the distribution layer has been checked
under a high resolution microscope. As shown in Fig. 24, four
parts from the distribution network layer have been carefully
checked, such as the top metallic plate of vertical transition, two T-junction power dividers and a straightforward
RGW transmission line. The average manufacture tolerance
55380

is about 35 µm. However, some big striations touched by the
milling tool are clear, especially on the surface of the cavity
parts. Then, the research for the conductor losses caused
from the surface roughness has been done again. As depicted
in Fig. 22, the simulated S21 caused by the surface roughness
values 25 µm, 50 µm and 75 µm indicate that the conductor
losses increase from 0.77 to 1.12 dB. The corresponding conductor loss per unit length are shown in Table 3, which records
0.28 dB/cm, 0.35 dB/cm and 0.41 dB/cm, respectively.
The antenna gain and the antenna efficiency are definitely
affected by the surface roughness caused by the fabrication
process. The surface roughness values checked from the
microscope has been input again into the numerical model
of 16 × 16 array. As illustrated in Fig. 23, the numerical antenna gain drops about 1 dB after inputting the surface roughness value 35 µm. Meanwhile, the corresponding
antenna efficiency also decreases from 80% to 60% in the
operating frequency band. This calculated value verifies the
surface roughness value from the checking under microscope.
Another minor reason, the misalignment, has not considered
in this work.
As analyzed before, the conductor loss increases because
of the skip effect in the high frequency band, the mechanical
misalignment and the surface roughness. There are probably
two solutions for the issue. Dry etching or electron beam
technology is able to provide even more accurate manufacture
process. However, both technologies are very expensive, and
not suitable for the mass production. On the other hand,
the conductor loss can be reduced by silver-plating on the
surface of the array antenna since its conductivity has almost a
factor two times larger than that value of aluminum. The later
method is very helpful to improve the quality of the array in
the high frequency band.
In brief, gap waveguide technology has been certified its
advantages of low loss, easy fabrication and non-electrical
contact from Ka-band to W-band in the past works [26]–[36].
In this work, a complicated array antenna fabricated by
CNC-milling technology proves that gap waveguide technology still effectively works in the G-band (140-220 GHz).
This work supplies a new choice for the passive components, antennas and RF-components packaging above
100 GHz except for conventional hollow waveguide and ridge
waveguide.
V. CONCLUSION

In this paper, a RGW-based 16 × 16 corporate-feed array
antenna in the G-band is proposed. The simplified structure
VOLUME 8, 2020

X. Ding et al.: 16 × 16-Element Slot Array Fed by Double-Layered Gap Waveguide Distribution Network at 160 GHz

reduces the manufacturing costs, so it leads to broad application prospects in the future. The proposed slot waveguide
antenna can be directly connected through the WR-5 waveguide port. The measurement result of the antenna gain is
greater than 30 dBi from 155 GHz to 171 GHz, meanwhile,
the efficiency of the antenna is greater than 50%.
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