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ABSTRACT The millimeter-wave (mmWave) and sub-terahertz (sub-THz) bands have received much
attention in recent years for wireless communication and high-resolution imaging radar applications. The
objective of this paper is to provide an overview of recent developments in the design and technical
implementation of GW-based antenna systems and components. This paper begins by comparing the
GW-transmission line to other widely used transmission lines for the mmWave and sub-THz bands.
Furthermore, the basic operating principle and possible implementation technique of the GW-technology
are briefly discussed. In addition, various antennas and passive components have been developed based on
the GW-technology. Despite its advantages in controlling electromagnetic wave propagation, it is also widely
used for the packaging of electronic components such as transceivers and power amplifiers. This article also
provided an overview of the current manufacturing technologies that are commonly used for the fabrication
of GW-components. Finally, the practical applications and industry interest in GW technology developments
for mmWave and sub-THz applications have been scrutinized.

INDEX TERMS Antenna, artificial magnetic conductor (AMC), beamforming, filter, gap waveguide,
manufacturing, metamaterial, millimeter-wave, packaging, terahertz (THz), waveguide.

I. INTRODUCTION
The emergence of new wireless applications such as
autonomous vehicles, virtual and augmented reality, the
Internet of Things (IoT), machine-to-machine (M2M) com-
munication, and mobile services resembling broadband
perspectives, requires a substantial upgrade of wireless com-
munications systems. As a result, the demand for increased
data traffic, user data throughput, and lowering delays in
mobile cellular networks is increasing exponentially. Tech-
nologies operating at the millimeter-wave (mmWave) and
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sub-THz frequency bands have been identified as enablers
to meet these increasing demands. However, to benefit from
the attractively large bandwidth chunks available in this
region of the electromagnetic spectrum, several challenges
must be surmounted. Aside from dealing with the challenges
associated with over-the-air propagation (such as free-space
propagation loss, atmospheric absorption, scattering, and
so on), which are being widely investigated by wireless
communication engineers [1], [2], there is a need to devise
radio frequency front-end (RFFE) systems that perform well
at these frequency bands by the microwave and antenna
engineers. In addition, the successful commercialization of
mmWave and sub-THz systems depends on the availability
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FIGURE 1. Comparison of the various transmission lines for mmWave and
sub-THz bands in terms of loss versus fabrication complexity and cost.

of mass-production-ready and cost-effective technology.
Furthermore, to minimize transmission losses, it has been
predicted that high-density integration methods, particularly
with conventional radio frequency (RF) components asso-
ciated with a low-cost manufacturing process, should be
available to provide a broad range of solutions for commercial
products. Transmission line and packaging technologies are
the foundation for making this vision a reality. Fig. 1
illustrates some commonly employed transmission lines for
mmWave and sub-THz applications. One of the transmission
line technologies that has attracted the most attention in the
last decade is the so-called gapwaveguide (GW) transmission
line. In this paper, we intend to present as concisely as
possible while covering the most relevant results of GW
technology.

Let’s start with an overview of existing transmission
lines, which will provide a rationale for developing the gap
waveguide (GW) technology. Planar transmission lines, such
as microstrip lines and coplanar waveguides (CPWs), are
compact and low-cost solutions based on printed circuit
technologies. Since the 1950s, this type of transmission
line has received extensive attention in developing passive
circuits and antennas operating at the lower frequencies of
the microwave spectrum. This technology offers straight-
forward structural integration, a low profile, lightweight,
and topological miniaturization with mass-producibility at
a low manufacturing cost [3]. Theoretically, any device,
circuit, or antenna that operates at lower frequencies may
be scaled up to operate at higher frequencies. There are
no exclusions for mmWave and sub-THz approaches that
might be created employing current low-frequency design
platforms. However, shorter wavelengths at mmWave and
sub-THz may increase design complexity and structural
implementation. Indeed, transmission losses of these types
of transmission lines become considerably high at these
frequencies due to the higher dielectric losses, ohmic losses
(as a result of the surface roughness and high-resistance
of the narrow 50� microstrip line), and radiation leakage
(due to surface-waves). Thus, realizing low-loss mmWave
and sub-THz components such as filters and array antennas
with microstrip lines is challenging. Although utilizing

low-loss substrate technology such as Low-Temperature
Co-Fired Ceramic (LTCC) [4] can deal with excessive
dielectric losses in PCB, the conductor and radiation losses
are inevitable. On the other hand, single-unit packaged
components may improve the efficiency of the mmWave
and sub-THz subsystems, but the radiation losses from
these PCB strip lines can introduce other issues such as
crosstalk, power, and signal integrity problems [5]. Despite
its shortcomings, most mmWave and sub-THz monolithic
microwave integrated circuits (MMIC) and RF modules are
still manufactured and packaged employing this microstrip
line technology; it remains a good candidate for designing a
transition from the MMIC and RF module into other lower
loss transmission lines [3].

The conventional hollowwaveguide, on the other hand, is a
more promising transmission line for mmWave and sub-THz
communications in terms of loss-performance and power-
handling capabilities [3], [5], [6]. The hollow waveguide
is often entirely metallic, hence, providing a fully shielded
waveguide transmission that avoids undesired radiation and
dielectric losses since no dielectric substrate is needed.
However, the non-planar features of the hollow waveguide
make integration with other transmission lines challenging
due to the complex transition design and the packaging
issue. Furthermore, this waveguide structure is susceptible
to manufacturing and assembly tolerances, particularly for
multi-layer structures like array antenna designs, as good
electrical contact is required between adjacent waveguide
layers. Hollow waveguides are typically manufactured by
first etching multi-layer metallic structures and then com-
bining them employing a technique known as diffusion
bonding [6]. The diffusion bonding process aims at providing
stable surface bonding of the stack of metallic layers by
employing plastic deformation and atom diffusion motion
in a protective environment or vacuum under high pressure
and high temperature (≈ 1000◦C) conditions [6]. This type
of bonding is necessary to ensure galvanic contact between
the metallic layers of the stack, which is crucial to maintain
the proper operation of the hollow waveguide. Although,
with today’s advanced technology, the manufacturing of
the hollow waveguide has been substantially improved,
this complicated manufacturing process is still expensive.
Therefore, hollow waveguides remain unattractive for mass
commercialization.

As an alternative technique, the substrate-integrated
waveguide (SIW) or post-wall waveguide technology offers
the combined benefits of both planar transmission lines and
hollow waveguides [3], [5]. SIW structures are identical to
rectangular dielectric-filled waveguide structures, except that
two rows of metalized through holes replace the waveguide’s
short walls. Like the metal waveguide, the top and lower
metal plates and through holes create a cross-sectional current
loop. To minimize leakage, all of these through holes are
put closely together [7]. Because of the vias on the sides,
the transverse magnetic (TM) modes do not exist. Hence,
this transmission line can only propagate TEm0 modes of

VOLUME 11, 2023 69379



W. Y. Yong et al.: Overview of Recent Development of the Gap-Waveguide Technology

the conventional rectangular waveguide [5], [7]. However,
because of the existence of the substrate, dielectric loss is
unavoidable. For example, a SIW filter design at X-band
might result in an insertion loss of roughly 2 dB [8], and
as the frequency scales up to the W-band, the insertion loss
can exceed 3 dB [9]. Furthermore, if the vias posts for the
SIW are not properly designed and fabricated, undesirable
leakage may occur, resulting in a degradation of the device’s
performance [5].

The performance gap of the above-explained transmission
line technologies led to a quest for engineering new types
of transmission lines offering low-loss performance and
cost-effective manufacturing. In 2008, the late Professor
Per-Simon Kildal invented the gap waveguide (GW) technol-
ogy as a good candidate that fits the requirements ofmmWave
and sub-THz applications [10]. The GW technology builds
upon prior research on hard and soft surfaces provided in [11].
The GW technology may be seen as a novel metamaterial-
based wave-guiding structure that uses hard and soft bound-
ary conditions to control electromagnetic wave propagation.
The GW technology has recently been identified as one of the
most promising transmission line technologies for mmWave
and sub-THz communication because it combines the
integration benefits of substrate-based technology with the
low loss performance and high-power handling capability of
conventional waveguides [12]. Furthermore, one of the most
intriguing aspects of the GW technology is that it allows for
an air gap between two layers without the need for an electri-
cal connection, making the fabrication process considerably
simpler and, therefore, far less expensive than diffusion
bonding [10], [12]. Furthermore, the air gap has remedied the
passive intermodulation issue that was frequently occurring
due to the improper electrical contact between thewaveguide-
to-waveguide connection [13], [14], [15].

In this article, we present an overview of recent advance-
ments in GW technology for mmWave and sub-THz antennas
and circuits. The remaining organization of the paper is
as follows. First, the fundamental notion of the GW is
described, including various options to realize an artificial
magnetic conductor and the corresponding GW-technology
varieties. Second, several forms of GW-based antennas are
examined and described, including array and phased array
antennas, microstrip antennas, leaky-wave antennas, and
horn antennas. Third, various passive circuits based on GW
technology are presented, including beamforming networks,
filters, and diplexers. This article also discusses and reports
on the application of GW technology for packaging and
integration with other transmission lines. Following that,
the fabrication process that is typically utilized for the
manufacturing of GW devices is outlined. Furthermore,
practical applications and industrial interests are presented,
together with essential references to patents being filed by
the industry, demonstrating more and more the advancement
of GW-based end-user devices and products. Lastly, the
conclusion and recommendations for the future of GW
technology research are provided.

II. FUNDAMENTALS OF GAP WAVEGUIDES
The fundamental operating principle of GW technology is
guiding the propagation of electromagnetic waves via a
parallel-plate waveguide [10]. In a conventional parallel-plate
waveguide, which consists of two unconnected perfect elec-
tric conductors (PECs) parallel plates, Maxwell’s equations
solution for the propagation of electromagnetic waves exists,
and thus, the propagation over the space separating them is
possible. However, if one of these PEC plates is substituted
with perfect magnetic conductors (PMCs) at a distance less
than λ/4, no electromagnetic waves can propagate between
them [10]. This is because when the air gap is smaller than
λ/4, there is a cutoff of all propagating modes over the air
gap that the PMC creates due to its high surface impedance
characteristics. This feature, therefore, can be used to control
the direction of propagation of the wavewithout leaking away
into other directions. Therefore, if a section of this PMC
region is replaced by a PEC (realized as a ridge, groove,
or strip), then the electromagnetic waves will be forced
to travel along this PEC channel [10]. Fig. 2 depicts the
principle mentioned above. While existing metallic materials
can approximately realize ideal PECs, PMCs do not exist
naturally. However, it may be artificially engineered as an
artificial magnetic conductor (AMC) or a high impedance
surface [16].

As compared to the conventional transmission lines such
as the microstrip and the hollow waveguide, the GW
transmission line is an excellent contender for mmWave
and THz applications because of its appealing properties,
which include low loss, flexible planar manufacturing, and
cost-effectiveness [10], [12]. The GW technology has a low
loss performance, particularly for fully metallic-based GWs,
since electromagnetic waves propagate unimpeded through
the air along the permissible paths. The non-permissible paths
impede wave propagation confining the wave propagation
throughout the permissible region. Hence, a small air gap
is tolerated between PEC-PMC plates [10]. This feature
provides more manufacturing and assembly freedom by
resolving the good electrical connection issues that emerge
with conventional hollow waveguides. This leads to signifi-
cant cost-savings in manufacturing.

Four different types of the GW-technology can be realized
on the foundation of the principles presented above, which
are outlined next.

A. REALIZATION OF THE AMC PINS FOR GAP WAVEGUIDE
As explained above, the AMC structures are essential to the
design of the GW structures. These AMC structures provide a
bandstop behavior over the operating frequencies of interests.
This subsection discusses the various approaches for realizing
the AMC structures for the practical realization of GWs.
These AMC structures may be realized by employing
mushroom-like pins or glide-symmetry holey structures as
illustrated in Fig. 3.

The mushroom-like AMC (ML AMC) structure is one of
the most often utilized and earliest structures in the design of
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TABLE 1. Gap waveguide technology for mmWave and sub-THz applications. AMC stands for artificial magnetic conductor, GW is the gap waveguide,
GGW is the groove gap waveguide, RGW is the ridge gap waveguide, SIGW is the substrate-integrated waveguide, and IMGW is the inverted microstrip gap
waveguide. The TE is the transverse electric, and Q-TEM is the quasi-transverse electromagnetic.

FIGURE 2. Fundamental operating principle of the gap waveguide.
(a) PEC-PEC Parallel-Plate Waveguide. (b) PEC-PMC Parallel-Plate with
electromagnetic wave cut-off. (c) Wave propagation concept of the gap
waveguide. The green arrow with the ‘GO’ label indicates that
electromagnetic wave propagation is permitted, while the red crosses
with the ‘STOP’ label indicate that electromagnetic wave propagation is
restricted.

GWs [10], [17]. They can be realized as substrate-integrated
structures or as completely metallic structures. Fig. 3 shows
multiple ML AMC structures. The mushroom structure
is embedded into the substrates through metallic vias,
microstrip patches, and ground, resulting in a compact design.
Another low-loss technique is to use metallic AMC pins.
These metallic pins come in a variety of shapes, including
rectangular cubes [10], cylinders [17], cone-shaped [18], and
even spring-like structures [19]. It is worth mentioning that
although the geometric form of the AMC pins structures
has little effect on the operational bandwidth [17], realizing
the AMC pins with a varied geometry is primarily due
to manufacturing considerations. On the other hand, the
bandwidth performance of these pin-based structures is
affected by several factors, including the pin’s height, width,
or diameter, the pin array’s periodicity, and the air gap
between the pins and the top metallic plate. Furthermore,
to facilitate production, these pin structuresmay be created by
separating them into two layers known as half-pin structures,
as shown in Fig [20], [21].

Furthermore, AMC structures can be constructed employ-
ing glide-symmetric holey structures [22], [23]. The
glide-symmetric holey structures, like the half-pins AMC

structures, are produced utilizing two distinct layers. Unlike
AMC pins, which are milled during the manufacturing
process, the glide-symmetric structure requires drilling holes,
making it significantly simpler to build [23]. The unit cell
of the glide-symmetry holey structure and the groove gap
waveguide (GGW) utilizing it are depicted in Fig. 3. The
unit cell of the glide-symmetric holey structures is realized by
two layers of periodic holes relocated half a period apart and
separated by a minimal air gap, as seen in the figure. It should
be noted that the periodicity of these glide-symmetric holey
structures is roughly 2.5 times that of typical AMC pins [22].
They may make manufacturing more straightforward, but
they are not appropriate for millimeter-wave (mmWave) or
terahertz (THz) structures that require compact size, such as
phased array design.

B. GAP WAVEGUIDE TYPES
Based on the principles above, four types of gap waveguides
have been developed and implemented, known as groove gap
waveguide (GGW), ridge gap waveguide (RGW), substrate
integrated gap waveguide (SIGW) (sometimes also known
as microstrip gap waveguide), and inverted microstrip gap
waveguide (IMGW) as illustrated in Fig. 3 [12]. In gen-
eral, the GGW and RGW have the same geometry as
the conventional rectangular hollow waveguide and ridge
waveguide, with the PEC wall replaced with AMC pins.
In the case of the SIGW and IMGW, the printed circuit
board (PCB) is used to construct the guiding line in a
simple and cost-effective approach. The mushroom-type
EBG structure is implanted into the substrate in the case of
SIGW, with a stripline put between them. For the IMGW,
on the other hand, the AMC pins are put underneath
the PCB to package the designed microstrip lines, which
aids in the elimination of undesired leakage and surface
wave inside the substrates. Distinct types of gap waveguide
geometries exhibit different operating modes. The benefits
and drawbacks of each version are connected to manufac-
turing simplicity, compactness, power-handling capabilities,
integrability, and loss performance, among other aspects [12].
Table. 1 summarized the performance comparison of the
AMC pin structures and the four different types of the
GW-technology.
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FIGURE 3. The choices of the AMC structure for the GW-technology (a) Mushroom-like structure: Full Pin and Half Pin and (b) the Glide-Symmetry
Holey Structure; and different types of the GW-based transmission lines: (c) GGW, (d) RGW, (e) SIGW and (f)IMGW. The GGW is the groove gap
waveguide, RGW is the ridge gap waveguide, SIGW is the substrate-integrated gap waveguide, and IMGW is the inverted microstrip gap waveguide.

III. GAP WAVEGUIDE ANTENNA
There has been an increase in interest in GW-based antennas
over the past few years. To this end, numerous antenna
configurations based on the GW technology have been
realized. To help visualize the potential for GW technology
for various antenna designs, we have classified GW-based
antennas into several categories which are extensively used
in mmWave and submmWave applications. These include
fixed-beam slot array antennas, fixed-beam microstrip
phased array antennas, leaky wave antennas, and horn
antennas.

A. FIXED BEAM SLOT ARRAY ANTENNA
Over the past several years, there has been an increasing
interest in developing a fixed beam array antenna based on
GW technology for various applications. Several antenna
configurations based on different GW technology have been
successfully devised, ranging from X-band to D-band and
beyond [24], [25], [26], [27]. The slot antenna has been
essential in developing array antennas based on the con-
ventional metallic waveguide because it is a straightforward
implementation. Similarly, the slot antenna element has
also been chosen as the primary radiating element for the
numerous array antennas built employing GW technology.
To disrupt current flows, the slots may be created with varied
shapes and rotations and sliced into the waveguide walls.
Consequently, the power traveling through the waveguide is
coupled and radiated via the slots that open into free space.
The first GW-based antenna was constructed by milling

four slots in the RGW and operating at 13 GHz [24].
Two different feeding techniques were proposed to produce
1 × 4 and 2 × 2 array configurations, namely a linear
feed and a corporate feed, respectively [24]. Another earlier
design approach in designing the array antenna with a
larger configuration that operates at 60 [28] was created
employing the SIGW technology and later also for a 95 GHz
solution based on the SIW technology [29]. However, most
of these proof-of-concept antennas did not ultimately realize
the benefits of the GW technology in developing mmWave
array antennas since they were realized in combination with
SIW structure.

In [25], a fully metallic V-band slot array antenna based
on RGW with an 8 × 8 design is demonstrated. The array
antenna comprises three layers of unconnected structures:
the radiating slot layer, the GW-based cavity layer, and the
RGW-based feeding layer. The suggested architecture with
a larger configuration that complies with the ETSI Class II
standard is subsequently proven in [30]. A similar array
antenna design employing several GW-based implementation
approaches has been produced, e.g., the GGW [31], [34],
the SIGW [32], and the IMGW [33]. Fig. 4 illustrates
several prototypes of the fixed beam slot array antenna based
on different GW-technology. However, most of these slot
array antennas have a bandwidth of less than 20%. Several
approaches for increasing the overall bandwidth of these
entirely metallic GW-based slot array antennas have been
presented. It is suggested in [35] to put additional tuning
pins over the cavity layer to enhance the amplitude and
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FIGURE 4. Prototypes of the fixed beam slot array antenna based on different GW-technology. (a) RGW [30], (b) GGW [31], (c) SIGW [32] and
IMGW [33].

TABLE 2. Performance comparison of existing GW-based slot array antenna for mmWave and THz applications. f is the frequency band, and IBW is the
fractional impedance bandwidth. AR represents the 3 dB Axial Ratio bandwidth for the circularly polarized antenna.

phase of electric fields over the cavity, resulting in a 30%
bandwidth increase. Another remarkably straightforward
way is to change the shape of the slot from rectangular
to 8-shaped, which results in a 28% increase in bandwidth
performance [36]. A UWB slot array antenna based on GW
technology was recently realized as an all-metallic solution.
A double-step double-ridged slot structure over the radiating
element and cavity surrounds the radiating element with a
feeding network accomplished in a combination of RGW
and E-plane GGW is used to construct a UWB GW-based
array antenna with roughly 53% bandwidth [37]. Apart from
the GW-array antenna with UWB performance, there is also

an interest in developing dual-band performance [38], [39].
In [38], an 8 × 8 dual-band array antenna is realized using
circular apertures and excited by two stacked cavities with
varying diameters that operate at two unique frequency bands.
Additionally, [39] proposes using a dual-mode GW-based
coaxial resonator in conjunction with a diplexer to excite a
4 × 4 I-shaped slot array antenna with dual-band capabil-
ities. Furthermore, these GW-based slot array antennas are
expanded to circularly [40], [41], [42], [43] and dual-linearly
polarised array antennas [44], [45]. Table. 2 summarises the
performance comparisons for several published GW-based
slot array antennas.

VOLUME 11, 2023 69383



W. Y. Yong et al.: Overview of Recent Development of the Gap-Waveguide Technology

TABLE 3. Performance comparison of the microstrip antenna feed employing GW-technology for mmWave applications. f is the frequency band and IBW
is the fractional impedance bandwidth. AR represents the 3 dB Axial Ratio bandwidth for the circularly polarized antenna. N/A indicates that the data is
not available.

B. FIXED BEAM MICROSTRIP ANTENNA
Unlike rectangular waveguides, the GW technology can be
co-designed with a microstrip patch antenna. The benefits
of combining the GW-based antenna with the microstrip
antenna are that it may help to decrease feeding losses and
eliminate unnecessary surface waves. Furthermore, it gives
extra design flexibility in terms of antenna implementation
approach, mainly producing compact-size antennas and even
UWB antennas. However, because of dielectric losses, this
comes with the penalty of larger losses. Fig. 5 illustrates
several examples of the fabricated prototypes designed by
combining microstrip antennas and the GW technology.
In [46], a wideband patch antenna fed by an RGW was
employed to realize an 8 × 8 array at 60 GHz, with an
array antenna efficiency better than 75% throughout the
operational bandwidth. In [47], a similar design methodology
is utilized by substituting the RGWwith GGW. Furthermore,
the SIGW is one of the most widely used GW technologies
in developing GW-based microstrip antennas. A significant
number of SIGW microstrip antennas have been constructed
employing various radiating components such as magneto-
electric (ME) dipoles [48], [49], spiral antennas [50], [51]
and metasurface antennas [52]. Furthermore, employing
the tightly coupled array concept, several GW-based array
antennas with UWB performance in either linear or circular
polarisation have been realized [53], [54], [55]. However,
even if the array antenna is developed by combining GW
technology with microstrip antennas results in increased loss
owing to the presence of dielectric substrates, it remains an
intriguing and attractive option when compared to the usual
microstrip array. The use of GW technology in conjunction
with a microstrip antenna may give benefits such as surface
wave suppression and improved radiation efficiency for the
conventional microstrip antennas and increased bandwidth at
a cheaper manufacturing cost for the metalized GW-based
antennas.

C. PHASED ARRAY AND MULTIBEAM ANTENNA
Other significant classes of antenna solutions are phased
array antennas (PAAs) and multibeam array antennas
(MBAs), which may produce a beam in both broadside

FIGURE 5. Prototypes of the microstrip antenna feed by different
GW-technology. (a) RGW [46], (b) GGW [47] and (c) SIGW [50].

and other directions. In 2012, the first GW-based PAA
for automotive radar applications was demonstrated at
76 GHz [58]. The suggested PAA was implemented by
arranging a slot structure with a 45◦ inclination over the
RGW and feeding it with a passive RGW phase shifter.
The PAA developed has a scanning range of ±18◦ and a
minimum gain of 32 dBi. Another GW-based PAA with
1D scanning working at 30 GHz was recently accomplished
employing a 4 × 8 slots array and fed by an RGW-based
true-time delay mechanical phase shifter [59]. The proposed
PAA has a steering angle of up to 25◦. In addition, [60]
presents a proof of concept antenna element produced
utilizing open-ended RGW to increase the bandwidth and
scanning range of the GW-based PAA. Gapwaves AB,
Sweden, has also shown an active PAA for 28 GHz 5G
communication based on GW-technology [61]. To design
an 8 × 8 configuration with 2D scanning, the suggested
active PAA used an I-shaped slot structure as the radiating
element. This suggested GW-PAA in [61] was later upgraded
and optimized to have a better scanning performance and
output EIRP by making the GW-PAA considerably compact
and improving the microwave electronics chain to obtain an
E-plane scanning of±60◦ with an EIRP of 60 dBm, as shown
in [62]. Moreover, a 16×16 GW-PAA with slant polarized is
realized with the 45◦ slant slot for 5G mmWave application
with 2D scanning capability is presented in [63]. It is worth
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noting that all of these GW-PAA are designed employing the
RGW.

Furthermore, various GW-based multibeam array antennas
have been suggested. These multibeam array antennas are
often designed to work with the Butler matrix (BM) beam-
forming network, which supports beamforming over 1D- and
2D-scanning spatial directions. For example, a 2×2magneto-
electric dipole (MED) antennas were fed by the SIGW
BM to construct a 30 GHz multibeam array antenna that
supports 2D scanning for 5G applications [64]. In addition,
the SIGW-based BM is also used to feed other antennas
like as semi-log periodic arrays [65] and dielectric resonator
antenna (DRA) [66] in realizing a multibeam array antenna.
These multibeam array antennas are also accomplished by
designing the beamforming network employing RGW [67],
GGW [68], [69], [70], and IMGW [71] to feed various
antenna configurations. In addition to the BM, the Luneburg
Lens is a common alternative beamforming network used to
realize the multi-beam antenna [72], [73]. Recently, several
gap waveguide-based multibeam antennas with V-band
Geodesic Luneburg lenses have been realized [72], [73]. The
utilization of the gap-waveguide based on glide-symmetry
holey EBG structure enabled these geodesic Luneburg Lenses
to be realized as a multi-layers structure, significantly
reducing the fabrication complexity while eliminating the
unwanted radiation leakage between the feed ports and the
multi-layers structure. The proposed solution demonstrates
a broad beam coverage and high radiation efficiency.
Table. 4 shows the performance comparison of several
GW-based PAAs and multibeam array antennas that have
been demonstrated.

D. LEAKY-WAVE ANTENNA
Another type of antenna that has gained substantial interest
in the mmWave and THz band is the leaky-wave antenna
(LWA), which employs a guiding structure that facilitates
wave propagation over the length of the structure, with the
wave radiating continuously along the structure [74]. This
sort of antenna is typically fed from one end, prompting the
wave to flow along the structure’s axis, forming a fan beam
at either the broadside or a conical beam that radiates at a
particular scanning angle concerning the guiding structure’s
axis [74]. The long slots array antenna fed by a quasi-
TEM H-plane horn created employing the RGW is used to
demonstrate the first GW-based LWA [75]. In that work, the
RGW horn provides a uniform co-polarized electric field
along the waveguide structure. The slots are cut over the
top PEC layer of the RGW to leak the radiation; however,
the proposed design resulted in significant grating lobes.
To improve the LWA’s radiation performance, a dielectric
slab and horn-shaped corrugation are mounted on the top
of the radiating slots. In [76], an identical RGW H-plane
horn demonstrated in [75] is used as a launcher for feeding
the metal strip grating (MSG) LWA. This MSG LWA is
created by combining 35 metallic strips with perforated
holes. Furthermore, for E-band applications, a wideband and

high gain LWA is realized by employing the tapered slot
array antenna fed by the SIGW [77]. To improve the gain
performance, a Y-junction power divider feeds two rows of
the LWA, resulting in an additional 3 dB gain performance.

A simple alternative LWAutilizing the GGWwas proposed
for X-band applications and was presented in [78]. The pro-
posed LWA is implemented by correctly identifying theGGW
lengths. Theoretically, the periodic AMC pins in the GW are
intended to inhibit electromagnetic wave leakages. However,
for the developed LWA to radiate, significant leakage of
the EM waves is necessary. To accomplish this, the number
of AMC pins on the lateral sides of the GGW is suitably
chosen. The study recommended employing three rows of
AMC pins over one side of the GGW to avoid EM leakage
and one row of AMC pins over the lateral side of the
GGW to ensure sufficient EM leakage for radiation. This
GGW leakage radiation may then serve as a basic LWA.
Furthermore, to improve radiation performance, the height of
the pins for the one-row lateral sides should be decreased,
which guarantees higher EM wave leaking. The proposed
concept is later employed in numerous LWA designs [79],
[80]. However, instead of AMC pins, glide-symmetry holey
structures are used as AMC structures for these LWAs.
The LWA is dispersive, which means that the direction
of the radiating beam varies with frequency. However, for
some applications, such as point-to-point communication, the
dispersive effects become detrimental. As a result, a holey
metasurface prism is added to the proposed GGW LWA
to mitigate the dispersive effects. This reduces the beam
direction deviation over the frequency to as little as 1◦ [79].
A circularly polarised LWA is also obtained by constructing
a 45◦ inclined hexagonal patch antenna and feeding it with
GGW [81]. Two rows of these CP patches are positioned
above the GGW and are excited by the coupling slots on top
of the GGW. Table. 5 compares the performance of several
published LWAs based on GW technology. It should be noted
that most of these LWAs are accomplished via RGW, GGW,
and SIGW. To the authors’ knowledge, no LWAhas been built
employing IMGW until now.

E. HORN ANTENNA
Horn antennas have been widely employed for microwave
applications for the past 70 years as wideband, high gain,
and low loss radiating elements. Typically, conventional horn
antennas are fed via a waveguide, which is normally built
from PEC. However, fabricating these horn antennas could
be complex and challenging, particularly at higher frequen-
cies, because of the compact dimensions, manufacturing
tolerances, and electrical contact requirements. These horn
antennas may be designed employing GW technology too.
Fig. 6 illustrates the evolution of the horn antennas designed
based on the GW technology.

Indeed, among the first proof-of-concept antenna based
on GW technology introduced by Kildal’s group in the year
2014 was created utilizing a horn antenna [82]. However, the
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TABLE 4. Performance comparison of the GW-based Phased-Array and Multibeam Array Antenna. PAA is the phased array antenna and MBA is the
multibeam array antenna. f is the frequency band, and IBW is the fractional impedance bandwidth. LHCP is defined as a left-handed circularly polarized
antenna. N/A indicates that the data is not available.

TABLE 5. Performance comparison of the GW-based Leaky-wave Antenna. f is the frequency band and IBW is the fractional impedance bandwidth. N/A
indicates that the data is not available.

benefits of GW technology in the design of horn antennas
were not fully demonstrated then because it was solely used
to create a low-loss power divider for feeding the array of
conventional horn antennas. Later on, an integrated quasi-
TEM horn based on RGW technology is described [76] as
the launcher for the leaky-wave antenna. The designed RGW
H-plane horn included an AMC pin replacing the traditional
H-plane horn’s PEC side wall. Two benefits resulted from this
design method: the tapering field distribution throughout the
width of the standard H-plane horn is addressed by AMC
pins, and the horn may be manufactured as two distinct
metal plates and cascaded afterward without any electrical
connection issues [76]. The study provided the essential
design concept for a variety of GW-based horn antennas

that were designed employing different GW technologies
such as SIGW [83] and GGW [84], [86]. It is worth noting
that most of these reported works are concentrated in 2D
planar designs. As a result of the limitation of design
flexibility in these 2D planar structures, all of these studies
are reported only for H-plane horns. The work presented
in [85], proposed another designed approach that makes use
of the benefits of the GW technology by constructing a 3D
dual polarisation pyramidal horn antenna fed by 3-D GW
orthomode transducer (OMT) employing SIGW-technology.
The designed 3D pyramidal horn with OMT provides a
bandwidth of around 28% at 31 GHz. Thus, unlike traditional
horn antennas, which require sophisticated manufacturing to
ensure the electrical connection, the GW-based horn antenna
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FIGURE 6. The technological evolution of the gap waveguide based horn antennas. (a) An array of horn antennas fed by IMGW [82];
(b)RGW-based quasi-TEM H-plane horn launcher for leaky-wave antenna [76]; (c) SIGW-based H-plane horn antenna [83]; (d) GGW-based
horn antenna [84]; and (e) 3D dual-polarized GGW-based horn antenna fed by OMT [85].

may be realized by employing a much simpler manner.
The GW-based horn may be constructed by creating layered
structures and cascading these afterward without having to
worry about electrical connections, resulting in substantial
cost savings.

IV. GW-BASED PASSIVE CIRCUIT
Owing to the resemblance between GW structures and
conventional transmission-line structures such as rectangular
waveguides, SIW, or even coplanar waveguides, depending
on the GW technology employed, it has garnered consider-
able interest in realizing various GW-based passive circuits.
Suppose a high Q-factor passive circuit is needed. In that
case, the GGW may be utilized to produce such a passive
circuit since its loss performance is equivalent to that of a
conventional rectangular waveguide.

A. BEAMFORMING CIRCUIT
The beamforming circuit is essential to the design of fixed
beam array, phased array, and multibeam array antennas.
These circuits may be power dividers, couplers, or phase
shifters. The power divider and directional couplers are used
to divide or combine the EM power to the different ports.
Fig. 7 shows several prototypes of the GW-based power
divider or coupler. These power dividers or couplers, like
the GW-based antenna, may be developed based on different
types of the GW [31], [56], [57], [65].

Similarly to the design of the power divider employing
conventional transmission lines, it is critical to provide
adequate isolation between ports and minimal insertion loss

FIGURE 7. Fabricated prototypes of the GW-based power dividers or
couplers. (a) A corporate-feed network formed by GGW power
divider [31], (b) an RGW power divider [57], (c) a SIGW coupler [65] and
(d) a Ccrporate-feed network form by IMGW power divider [56].

across the working bandwidth while designing the GW-based
power divider. Fig. 8 illustrate the T-junction power divider
based on GGW and RGW that is commonly employed in
the design of the GW-based array antenna. As can be seen,
both the GGW and RGW power dividers have an inductive
post, the main purpose of which is to improve the reflection
coefficient from the ports. Furthermore, in the case of GGW,
an extra matching pin is positioned near the power divider’s
T-junction and is utilized for impedance matching over a
wider bandwidth. The height of this tuning pin is critical
to the power divider’s bandwidth performance [31]. In the
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FIGURE 8. Configuration of the T-junction power divider based on GGW
and RGW.

case of RGW, a quarter-wavelength ridge is used to enhance
matching [30]. These parameters may be tuned to provide
a GW-based power divider with wideband and excellent
isolation. Apart from the design rules mentioned above, one
should note that the bandwidth performance of a GW-based
power divider is highly dependent on the GW types. Since
the GGW’s working mode is identical to a standard metallic
waveguide, the bandwidth performance is often substantially
narrower than other GW. If wideband or even UWB
performance is needed, a GW-based power divider developed
employing RGW, SIGW, or IMGW should be considered.
This is primarily because they operate in quasi-TEM mode,
and their cut-off frequencies are primarily determined by
the operational bandwidth of the AMC pins, which are
often broadband. This also becomes clear by inspecting
Tables. 2 and 3, where array antennas based on GGW often
have substantially narrower bandwidth than array antennas
based on RGW, SIGW, and IMGW. In general, themajority of
power dividers evenly split the input power to the output port.
An unequal power divider based on GW technology, on the
other hand, can be implemented instead [87]. These unequal
power dividers are typically employed to lower the side lobes
level of the array antenna [52], [88]. Furthermore, the GW
technology has been used to design several other forms of
power dividers or couplers, such as the Gysel power divider,
rat-race couplers, and 3 dB hybrid couplers [65], [89], [90],
[91], [92], [93].

Another essential microwave component for beamforming
is the phase shifter. RGW was used to construct the first
GW-based phased shifter at 76 GHz [58]. The suggested
phase shifter features a phase shift of more than 180 degrees
and an insertion loss of less than 1.5 dB. Another GGW-based
phase shifter was created by putting a small layer of
substrates into the GGW to achieve a 90-degree phase
shift [94]. A similar design method is used in building a
V-band phase shifter [95]. However, instead of employing
a thin substrate layer to achieve the phase shift, the work
proposes to create the phase shift by carefully arranging the
metallic pins [95]. Moreover, a wideband phased shifter is
realized using the RGW with a wideband performance [96]
Other reconfigurable phase shifters, either by mechanical

tuning [59], [97] or using liquid crystal [98], have recently
been suggested.

Furthermore, numerous butler matrix (BM) beamforming
networks have been constructed by integrating this GW-based
coupler and phase shifter [64], [65], [67], [68], [70], [71],
[99], [100]. Fig. 9 illustrates several fabricated prototypes
of the BM beamforming networks, which are designed
employing different GW-technology. The first GW-based
BM was suggested in 2018 utilizing SIGW-technology [64].
In this study, a 4 × 4 BM operating at 30 GHz with
approximately 20% operational bandwidth was developed for
use in a 5G small cell base station. Four 90-degree GW-
based hybrid couplers were used in the BM. Moreover, a BM
with better loss performance was built for monopulse radar
applications at 94 GHz utilizing GGW. They have an IL of
around 0.8 dB. Subsequently, several BM realized employing
IMGW [71] and RGW [67] were presented. Furthermore,
an alternative lens-based beamforming network based on
GW technology was quantitatively investigated [101], [102].
Recently, these lens-based beamforming networks have
been realized and experimentally verified [72], [73], [103].
Fig. 10 illustrate several prototypes of the GW-based lens-
types beamforming structure for both fixed and multi-beam
antennas.

B. FILTERS AND DIPLEXERS
The filter is another essential passive circuit that has piqued
the interest of researchers owing to the increasing demand for
wireless communication applications. Fig. 11 shows several
filter topologies developed by employing various versions
of the GW technology. These GW-based filter architectures
may be created using traditional microstrip filters, such
as parallel-coupled [104] and end-coupled [105] filters
for IMGW and SIGW-based filters, or metallic waveguide
filters, such as coupled-resonator filters [106] for SIGW,
RGW, and GGW. The IMGW was used to construct the
first GW-based filter; this filter utilized the conventional
microstrip parallel-coupled technique and placed it between
the metallic AMC pins and the PEC metallic plate for
Ku-band application [104]. A fourth-order bandpass filter for
V-band applications was created employing a similar design
approach [105]. However, the end-coupled mechanism is
used in the filter design instead of the parallel-coupled
design. Moreover, numerous filters have been developed
employing SIGW [107], [108], [109], [110]. However, these
IMGW and SIGW filters often have higher insertion loss
due to the presence of the dielectric substrate. To achieve
the lower loss in GW-based filters, the GGW and RGW
are often used [106], [111], [112], [113], [114], [115].
These GW-based filters have been realized for various
frequency bands spanning from X-band to D-band [115].
Furthermore, to make the GW-based filter more compact,
it was recommended to develop the filter employing the
slow-wave GW [116], [117]. In [116], a slow wave SIGW
filter is accomplished with a size reduction of up to
62% compared to a SIGW filter developed employing the
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FIGURE 9. Manufactured prototype of the Butler Matrix (BM) beamforming network based on different versions of the GW technology.
(a) SIGW BM [65], (b) GGW-based BM [99], (c) IMGW BM [71] and (d) RGW BM [67].

FIGURE 10. Manufactured Luneburg Lens beamforming network prototype based on GW technology. (a) 1D-Multibeam Antenna based on
Luneburg Lens [72], (b) Fixed-beam Luneburg Lens Antenna [103] and (c)2D-Multibeam Antenna based on Luneburg Lens Antenna [73].

conventional technique. A constructed GGW-based filter
using the likewise slow-wave idea exhibits miniaturization up
to 57.1% [117]. Alternately, the miniaturization of the GGW
filter can also be achieved by filter employing horizontally
polarised GGW [118]. In addition, multi-layer GGW-based
filters may be implemented utilizing the direct coupled
approach to reduce the size of the filters [119], [120].

In addition, a GW-based bandpass frequency selective surface
filtering radome has been demonstrated in [121]. The user of
the GW in the FSS radome design has greatly enhanced the
filtering response of the FSS, especially at the rejection band.

Furthermore, the GW-based filter design concept may be
extended to diplexers. An X-band diplexer is constructed
utilizing two GGW fourth-order Chebyshev filters, one for
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FIGURE 11. Photograph of the fabricated GW-based filters. (a) IMGW parallel-coupled filter [104], (b) GGW coupled-resonator filter [106],
(c) SIGW end-coupled filter [107] and (d) GGW iris-window filter [115].

transmission and one for reception [122]. The suggested
diplexer has a bandstop attenuation of more than 20 dB and
an insertion loss of roughly 1.5 dB in the passband frequency.
This concept has been further developed for several frequency
bands such as Ku-band [123], Ka-band [124], and E-band
diplexer [125]. Moreover, a Ka-band diplexer has been real-
ized employing the IMGWfilter [126]. The proposed diplexer
demonstrates an insertion loss of around 2 dB in the passband
and attenuation of more than 20 dB in the stopband. Table 6
shows the performance comparison of several GW-based
filters and diplexers that have been demonstrated. Fig. 12
illustrates a prototype Ka-band diplexer realized utilizing
the GGW and integrated with the array antenna. Based on
these findings, we may conclude that GW technology is a
promising solution for developing high-quality-factor filters
and diplexers.

V. GAP WAVEGUIDE FOR PACKAGING AND
INTEGRATION
Packaging is another important facet of mmWave and THz
technologies since various components such as RF circuits,
analog, digital, and power supply circuits will be packaged
in a single module. Conventionally, most active MMICs are
put on a dielectric substrate and interconnected to other
electric circuits, such as power and digital control, through
microstrip lines and connecting vias. Metallic box lids are
often utilized to shield high-speed electronic circuitry from
the hostile environment. However, because of the cavities
formed between the circuit and the lids, this metallic lid
risks forming undesired resonances, resulting in a significant
degradation in circuit performance [127].

FIGURE 12. Photograph of the Ka-band GGW-diplexer integrated with the
array antenna [124].

The use of GW for mmWave and terahertz packaging has
sparked considerable interest in electromagnetic packaging,
which can potentially address the issues above. It was
numerically and experimentally proven in [128] and [129]
that by packing a microstrip line over the GW (creating an
IMGW), the cavity mode generated between the conventional
metallic lid and the high-speed interconnected circuit may
be effectively suppressed. An EMC radiation emission
measurement of a working high-speed circuit package by
the GW is used to validate the proposed design principle
further [130]. From the measurement findings, the measured
electric field of the high-speed circuit packaged with the
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TABLE 6. Performance comparison of the GW-based filters and diplexers. f is the frequency band, and IBW is the fractional impedance bandwidth. IL and
RL denote the insertion loss and the return loss, respectively.

traditional metallic lid is more than 100 dBuV/m from
6.8 − 13.2 GHz and drops to less than 90 dBuV/m when
packaged with the GW. Furthermore, GW technology may
provide excellent isolation performance between RF circuits
when these RF circuits are placed in the same GW module.
It was proved in [131] that when two separate RF chains
consisting of power amplifier modules are packaged in a
single GW module, the isolation between them is more than
60 dB.

Another critical aspect of the GW-packaging technology
is its compatibility with conventional transmission lines
such as microstrip, coplanar waveguide (CPW), SIW, and
hollow waveguide. The primary reason is that MMICs are
often mounted above the substrate, with their inputs and
outputs implemented employing a 50� microstrip or CPW
transmission line. On the other hand, several components and
devices working in the mmWave and THz bands have been
created utilizing SIW andWG technologies. For example, the
standardized rectangular waveguide in the mmWave band is
often used to realize several different measuring equipment.
A seamless transition from GW to these transmission lines
is critical to ensure that GW technology is compatible with
other traditional transmission lines. Numerous studies have
shown a good transition between various GW technologies
and traditional transmission lines operating at different
frequencies [132], [133], [134], [135]. The coupling approach
is proposed in [132], to produce a wideband and low-loss
transition between a microstrip line and an RGW. Because
the RGW’s dominant mode is the quasi-TEM mode, which
is identical to the dominant mode of the microstrip line,
the coupling between RGW and the microstrip line may be
accomplished by tapering down the width of the ridge for

RGW to the width of the microstrip line. Over the range of
25 to 40 GHz, this results in a transition with S11 ≤ −15 dB
and insertion loss of ≈ 0.5 dB. This coupling approach is
subsequently utilized in [133] to create a transition between a
microstrip line and a GGW. However, the transition design
should be more sophisticated since the GGW’s operating
mode differs from that of the microstrip line. A quarter-
wavelength depth resonant cavity was employed to link
energy from the microstrip line to the GGW in the proposed
transition. The results show a smooth transition for S11 ≤

−13 dB from 55 − 71 GHz and an insertion loss of
roughly 0.45 dB. An alternative approach based on the
Chebyshev transformer is presented in [134] to realize the
transition between themicrostrip line to theGGW forW-band
applications. Furthermore, in the case of SIGW and IMGW,
no special transition is required since the dominant operating
mode of these GW is a quasi-TEM mode and can be
implemented employing the microstrip line. However, the
transition fromSIGWor IMGW ismainly aimed at producing
the smooth transition with wideband impedance matching
for 50� termination like the conventional microstrip line
design [82], [136]. On the other hand, various GW-based
antennas [30], [31] have demonstrated the transition from
GW to the conventional rectangular waveguide. Similarly
to the previous GW-microstrip line transition design, the
coupling method is considered in most of the transition
designs from GW to the waveguide. For example, a probe
realized employing a ridge is used to couple the energy from
a standard rectangular waveguide to the RGW [30] and the
GGW [31].

Furthermore, to demonstrate the benefit of employing GW
technology for packaging, some studies have shown the
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FIGURE 13. Photograph of the compact front-end for full-duplex E-band
backhauling communication design and packaged employing
GW-technology [139].

complete integration and packaging of active and passive
RF components that are designed with other transmission
lines employing GW technology. In [137] and [138], a power
amplifier module is packaged utilizing RGW and wire
bonding, eliminating the need for a substrate. Moreover,
as shown in Fig. 13, a compact integrated full duplex RFFE
for point-to-point backhaul links operating in the E-band has
been created utilizing GW-technology [139]. GW technology
combined numerous active and passive components in
this study. The array antenna is initially built utilizing
RGW as the first three metallic layers, and a GGW-based
diplexer is afterward incorporated in the structure’s layer
4. Additionally, layer 4 had a transition design to couple
the energy from the microstrip line, which included an
active transceiver module positioned underneath layer 4.
Therefore, the proposed integrated RFFE module presented
in [139], has demonstrated the mechanical flexibility and
enormous potential of GW technology in system integration
and packaging of high complexity. A similar integration and
packaging concept is later used in [61], [62], and [63] to
realize a high-performance active GW-PAA for mmWave 5G
applications.

VI. FABRICATION TECHNOLOGIES FOR GAP WAVEGUIDE
DEVICES
The manufacturing methodologies of GW-based structures
are commonly categorized into two categories according
to how the AMC pins are constructed. The first type
is SIGW, which has a relatively simple manufacturing
method that is equivalent to the fabrication process of a
conventional microstrip technology. Another category is GW
which is made entirely of metal. Due to the intricate pattern
and physical dimensions of the AMC pins structure, the
production process for the all-metallic GW is much more
complicated, particularly when the operating frequencies are

increased. This section overviews the current manufacturing
techniques used to produce the all-metallic GW. Table. 7
shows four manufacturing technologies that are commonly
employed for the fabrication of GW-based components.
These manufacturing technologies include computer numer-
ical control (CNC) milling technology, die-sink electric
discharge machining (EDM), 3D-printing technique, and
chemical metallic etching.

The CNCmilling technology is one of the most commonly
used manufacturing technologies that is currently used for
the production of GW-based components [25], [26], [140].
In this manufacturing process, computerized controls and
rotating multi-point cutting tools are used to gradually
eliminate undesirable metallic parts from the metallic block
and generate a pattern that meets the design’s specifications.
This CNC machining technology is a mature fabrication
technology that could provide high manufacturing accuracy
at both mmWave and sub-THz frequencies. Nevertheless,
this CNCmilling technique is relatively time-consuming, and
for large-scale manufacturing required by the industry, this
CNC milling can be very costly. This manufacturing cost
is especially critical as the frequency increased to sub-THz,
which required higher fabrication accuracy.

Alternatively, die-sink electric discharge machining
(EDM) is suggested as a preferable option for large-scale
production [30], [141]. In EDM, a desired pattern is produced
by removing material using high-energy electrical discharges
between two conductive materials (a workpiece and an
electrode) separated by a dielectric fluid [142], [143].
The electrode is made up of the negative of the desired
design, and the high-intensity sparks cause this pattern
to produce a footprint on the workpiece’s surface [142].
Due to their high electrical and thermal conductivity and
melting temperature, graphite or copper alloys are commonly
used for the electrode [142], [143]. Thermal and electrical
conductivities of the workpiece are the most important
variables that influence the manufacturability and quality of
the final product when utilizing the EDM process because
they determine how thematerial heats up and vaporizes [142].
Although EDM manufacturing is preferable for large-
scale manufacturing, it is not as widely available as CNC
milling. Furthermore, the implementation of production at
sub-THz GW components necessitated additional research.
To the authors’ knowledge, no works for sub-THz GW
components produced utilizing EDM technology have been
presented.

In recent years, 3D printing for antenna and microwave
component fabrication has received an enormous amount
of attention as an alternative and adaptable manufacturing
technique for high-frequency applications [144], [145]. The
primary advantages of this approach are that it enables
low-cost prototyping and the manufacture of complex 3D
objects. There are two kinds of 3-D printing technology,
i.e., metal-based and polymer-based with metallic plating.
The majority of currently reported 3D-printed GW-based
devices are created using polymer-based 3D printing, with
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FIGURE 14. Photograph of the D-band multi-layer rectangular waveguide
realized employing GW concept fabricated employing chemical metallic
etching [147].

the metallic layer being coated afterward [99], [100], [114],
[140], [146]. Although 3D-printing has provided substantial
manufacturing flexibility and sufficient accuracy for the
fabrication of GW-based components operated at mmWave
band, the surface roughness of the 3D-printed remains the
most critical issue [142], [146]. This high surface roughness
causes a produced GW antenna to become exceedingly
lossy [142]. Furthermore, the use of 3D printing for
manufacturing for the manufacture of GW-components is
still in the research stage; its practicability for large-scale
production is still unclear and requires additional research.

Recently, chemical metallic etching has been proposed as a
method for producing GW-based filters [147], [148]. Fig. 14
illustrates the GW-based filter fabricated using chemical
metallic etching. This chemical metallic etching is similar to
the traditional PCB manufacturing. However, only metallic
layers are present. In addition, it is a mature manufacturing
technology that allows the production of GW-based devices
at a large scale at a low cost. The metallic layer thickness
selection is crucial for this manufacturing method, which
typically requires very thin metallic layers. As a result, the
AMC structure can be achieved with a relatively thin metallic
sheet. Due to this requirement of the thin metallic layer,
this manufacturing technique could only work to fabricate
the prototype above 70 GHz with acceptable fabrication
tolerances [148]. On the other hand, this manufacturing
approach is best suited for the sub-THz band ( ≥ 100 GHz),
and the AMC structure could be easily realized using thin
metallic plates [147].

VII. GW-TECHNOLOGY TOWARD THE INDUSTRIAL
APPLICATIONS
With the technology evolving and promising demonstra-
tions in several applications, GW technology has gained
significant industrial interest. One substantial proof is the
expansion of Gapwaves AB, Sweden, a spin-off company
based on GW technology founded by the GW inventor,
Per-Simon Kildal. In general, the patent of the GW trans-
mission line concept is held by Gapwaves AB [149]. Thus
most of the commercialized products are mainly coming
from them. This section examines some of the product

FIGURE 15. Gap waveguide flange commercialized by Gapwaves AB,
Sweden.

innovations based on GW-technology principles that have
been disclosed by Gapwaves AB, Sweden, as well as other
companies.

As discussed in previous sections, the GW-technology
enables the creation of a wide range of devices. Other
waveguide technologies, including standard metallic and
substrate-integrated waveguides, may theoretically be used to
create similar devices. One of the industry’s major problems
is the large-scale testing of waveguide components. Typically,
waveguide-based technology testing requires connecting the
devices’ input to the output of the waveguide flange. A proper
electrical connection is essential in waveguide-based (either
conventional waveguide or SIW) devices to guarantee the
products are tested reliably and to avoid unwanted passive
intermodulation; this generally necessitates a considerable
labor expense only to ensure the connector is securely
connected to the input of thewaveguide devices. One frequent
strategy utilized in the SIW is to have a lossy transition from
the SIW to the CPW line, verified with a standard connector.
Gapwaves AB has developed a better and more reliable
solution for dealing with the production test of waveguide
devices known as GW-flange adapters, as shown in Fig. 15.
This flange adapter may be mounted over the connection
output linked to the vector network analyzer (VNA), and the
input of the WG-based goods to be tested can be positioned
directly on top of it. This is because GW technology
promises to eliminate the requirement for electrical contact
for waveguide input/output adapters, allowing items to be
tested fast and reliablywithout the need for screws.Moreover,
as indicated earlier, this GW-flange could eliminate the
unwanted passive intermodulation caused by the non-perfect
electrical connection. This resulted in substantial labor
cost savings and time savings for large-scale production
testing. To this end, the flange adapter operating at different
frequencies ranging from K- to W-band are commercialized
by Gapwave AB. Gapwaves AB has also filed multiple
patents for GW-based phased array antennas and low-loss
filters [150], [151]. These phased array antennas are primarily
intended for usage in mmWave 5G and automobile radar
applications as illustrated in Fig. 16.
Besides Gapwaves AB, other companies such as Tele-

fonaktiebolaget LM Ericsson (SE), and Nidec Corporation
(JP) have shown a significant interest in the GW-technology.
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TABLE 7. Comparison of different fabrication technology for fully metallic gap waveguide components at large-scale industrial production. CNC is
computer numerical control milling, and EDM is die-sink electric discharge machining.

FIGURE 16. Millimeter-wave gap-waveguide phased array antenna for 5G
communication commercialized by Gapwaves AB, Sweden [61], [63].

Numerous patents have been submitted by Telefonaktiebo-
laget LM Ericsson (SE), as an extension of the GW-
technology idea. For example, they have suggested the glide
symmetry meta-cell as a substitute for the AMC pin often
utilized in GW as an alternate technique in designing AMC
structures [152]. This idea was further expanded with the
filing of a patent for the design of a flange connection to
eliminate leakage in a waveguide [153] and the design of
a leaky-wave antenna [154] based on the glide-symmetric
principle. Nidec Corporation (JP), on the other hand, has
integrated numerous electromagnetic wave transmission
technologies, such as open waveguide, with GW-technology
to construct multiple 3D array antenna and phased array slot
antenna [155], [156], [157]. Metasum AB (SE) recently also
filed a patent for a new type of transmission line, the so-called
Multilayer Waveguide (MLW), based on the notion of GW-
technology, to make GW-technology substantially simpler to
manufacture [158]. Moreover, Huawei Technologies (CN) is
also looking into how the GW technology can be combined
with the conventional waveguide to improve the microwave
devices’ performance [159]. Samsung Electronics (KR) has
also filed a patent on a different approach to implementing
the ridge GW by realizing the AMC pin utilizing the
substrate-integrated mushroom structure in conjunction with
an all-metallic ridge [160].

On the other hand, another intriguing aspect of GW
technology is its unique packaging potential for electronic
devices. This has also drawn significant attention from the
industry. Several industries have investigated the possibility
of employing GW technology for packaging electronics
circuits developedwith other conventional transmission lines.
For example, Telefonaktiebolaget LMEricsson (SE) has filed
a patent based on the transitions from multiple traditional

transmission line technologies to GW technology and vice
versa [161]. Furthermore, Veoneer US, Inc has filed many
patents employing GW-technology for the packaging of
the automotive radar sensor [162], [163], [164]. Moreover,
Huber and Suhner AG (CH) has also filed a patent on
designing an adaptor structure based on GW technology to
have a good transition from the PCB circuit to the antenna
structures [165].

Most of the above patents are related to wireless communi-
cation and the automotive industries. Aside from the patents
discussed in this section, several collaborative publishing
initiatives involving academia and industry were discussed
in our previous session and will not be discussed further
here.

VIII. CONCLUSION AND REMARKS
The state-of-the-art in gap waveguide (GW) technology
is given in this article. First, the fundamental notion of
GW technology is presented. Moreover, various GW-based
antennas, such as slot array antennas, microstrip antennas,
phased array antennas, leaky-wave antennas, and horn
antennas, are summarised with highlights on the choices of
GW types and their performance evaluations. This article
also reviews and compares several GW-based passive cir-
cuits, such as beamforming networks, filters, and diplexers.
Furthermore, packaging and high-density integration are
essential parts of the establishment and implementation
of mass-producible, cost-effective, and high-performance
commercial products. Furthermore, the employment of GW
technology for packaging may aid in resolving electromag-
netic compatibility (EMC) concerns, particularly radiation
emission and immunity problems. Additionally, reliable and
cost-effective production technology is critical for bringing
GW technology to market. This article discusses numerous
frequently used manufacturing technologies to fabricate GW
devices. Finally, we review and update current industrial
interests and developments in GW technology by reviewing
patents submitted by the industry.

Based on an assessment of current mmWave and sub-THz
research related to the development of GW technology, the
following future results are predicted.

1) GW-based phased array transceiver with grating
lobes-free 2D-scanning capabilities. The phased
array antenna is the key technology holder for
Non-Line-of-Sight (NLoS) communications. Although
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various phased array antennas have been constructed
employing GW technology, most of these designs
have remained 1D-scanning compatible. In [61],
the 2D-beam scanning GW-phased array antenna is
presented for the 5G mmWave band. However, the
suggested phased array antenna is incompatible with
applications that demand a wide scanning field of view
over the H-plane. As a result, additional research is
needed to develop the GW-based phased array antenna
with 2D scanning.

2) Evaluation of the functionality of the GW-based
devices in harsh environments. In general, fully
metallic GW, such as GGW and RGW, offer superior
compatibility in harsh environments. To this purpose,
however, most of these GW-based devices remained
evaluated and verified in a familiar environment.
Although some work has been done to analyze the
devices packed employing GW technology to function
in the harsh electromagnetic environment, additional
research is needed to investigate the operation of
GW-based devices in other environmental variables,
such as cryogenic conditions. This is critical for broad-
ening the applicability of GW technology, particularly
for space-based communication systems.

3) Gap-waveguide-based tunable or reconfigurable
devices. Recently, a reconfigurable GW-based phased
shifters were presented [59], [97], [98]. The reconfig-
urability is achieved by mechanical tuning [59], [97] or
by embedding the GW with liquid crystal [98]. These
studies provide a new avenue to investigate the inven-
tion of more complicated GW-based devices such as
frequency reconfigurable filters or reconfigurable array
antennas. Furthermore, additional research should be
conducted to construct GW-based devices with other
novel materials, such as graphene materials, that can
enable reconfigurability capabilities.

4) Design of a novel artificial magnetic conductor
(AMC) for GW. Traditionally, the AMC structure
used for the GW is either 3D pins forming a bed of
nails or a bed of nails. Although GW technology has
overcome the manufacturing challenges of traditional
hollow waveguides, manufacturing these 3D AMC
pins remains complicated and may be quite expensive.
Even though the glide-symmetric holey structures
have decreased manufacturing complexity, the size
of the AMC structures has increased by at least
2.5 times owing to the need for at least two rows
of holes structures [23]. This enormous hole size has
limited various uses, particularly antenna design. Given
the suggested multi-metallic-layer air-filled waveguide
in [147], a novel innovation of the AMC structure with
a compact size and fabricable through the chemical
metallic etching method is required for large-scale and
cost-effective production. With the recent evolution of
microwave photonics, new research opportunities have
emerged to investigate the possibility of integrating

GW-based devices with photonic circuits or packaging
photonic circuits with GW.

5) Evaluation of the manufacturing accuracy for dif-
ferent fabrication technologies of Gap Waveguide.
Numerous fabrication technology for the realization of
the GW components have been presented. However,
there is a need to study and compare the accuracy
and their fabrication boundary, especially at higher
frequencies such as the THz band.
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