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Qingbi Liao, Student Member, IEEE, Eva Rajo-Iglesias, Senior Member, IEEE,
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Abstract—Gap waveguide has recently been proposed as a low-
loss and low-cost technology for millimeter wave components.
The main advantage of the gap waveguide technology is that
the microwave components can be manufactured in two metallic
pieces that are assembled together without electrical contact.
The leakage through a thin airgap between the two pieces is
prevented by a two-dimensional periodic structure offering an
electromagnetic band gap (EBG). This EBG is conventionally
implemented with metallic pins. Here, we propose the use of a
holey glide-symmetric EBG structure to design a 4×4 slot array
antenna that is fed with a TE40 mode. The TE40 excitation is
designed based on a TE10-TE20 mode converter whose perfor-
mance is initially evaluated by radiation pattern measurements.
The final antenna, the 4×4 slot array antenna, was manufactured
in aluminium by computer numerical control (CNC) milling. The
antenna has a rotationally symmetric radiation pattern that could
find application as a reference antenna as well as for 5G point-
to-point communications.

Index Terms—Gap waveguide technology, glide symmetry, fully
metallic antenna, higher modes, TE40 mode, millimeter waves,
slot array, 5G, Ka-band.

I. INTRODUCTION

THE new demands of users in terms of data transfer
in wireless communications cannot be satisfied by the

current 3G and LTE networks. In order to increase the
bandwidth of the next generation of wireless communication
systems, the millimeter frequency band is considered as a
potential candidate [1], [2]. However, according to the Friis
formula, the propagation loss increases with the square of the
carrier frequency. Therefore, high-gain antennas are required
to mitigate the effect of these losses. Implementations of these
antennas include arrays [3]–[5], lenses [6], [7] and leaky wave
antennas [8]–[10] that reduce the complexity of the feeding
networks.

When the carrier frequency is increased, the losses in
dielectrics are prohibitive. Conventional technologies, such as
microstrip and substrate integrated waveguide (SIW), intro-
duce high dielectric losses and have a limited power handling
capability [11]. On the other hand, fully metallic hollow
waveguides are expensive to manufacture because of their
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small physical dimensions. Additionally, it is difficult to inte-
grate components inside these waveguides. The gap waveguide
technology, introduced in [12] is a good compromise, that
provides a simple and low-cost realization for manufacturing
components at the millimeter wave band [13]–[15].

In the gap waveguide technology, the components can
be manufactured in two parts that are assembled together
afterwards without requiring electrical contact between them.
In this technology, we assume that there is an air gap between
these two parts. The wave leakage in this air gap is stopped
by the use of an electromagnetic band gap (EBG) surface.
An EBG surface, also known as high-impedance surface [16],
[17], is a two-dimensional periodic structure that prevents the
wave propagation in all directions within a given frequency
range. In gap waveguide technology, the thin airgap can be
regarded as a parallel-plate waveguide whose height is smaller
than λ/4. One of the waveguide’s surface is tailored with
periodic elements, commonly metallic pins, which provides
a magnetic boundary condition, known as artificial magnetic
conductor (AMC). The second surface is made of metal and
acts as perfect electric conductor (PEC). Therefore, waves
cannot propagate between AMC and PEC if the spacing is
smaller than λ/4 and are confined inside the waveguide [18].

The EBG performance of gap waveguide technology is
conventionally achieved by using periodic metallic pins, as in
[19], [20]. Planar solutions, such as mushroom-type structures,
were later on proposed in [21]. These planar solutions are
integrated in a printed circuit board (PCB) substrate while the
metallic pins are implemented with fully metallic structures.
Metallic pins have low losses but they are less cost-effective
than planar solutions [22]. In [23], a 4×4 slot array antenna
was designed using gap waveguide technology with metallic
pins. In this example, the array was made in a cavity, in
which a coaxial connector excited a higher order mode. Both
mushroom-type [16] and metallic pins [20] EBG structures
have been applied in a wide range of antenna and propagation
fields. A new EBG structure based on glide-symmetric holes
was proposed in [24]. This structure has a number of advan-
tages over mushroom-type and metallic pins EBG structures.
First, they are fully metallic, so they provide low losses as
the pin-type. Second, the manufacturing process of drilling
holes is more robust and less costly than milling metallic
pins; specially, considering that the performance of the holey
glide-symmetric EBG structure is non sensitive to the depth
of the holes [24], [25]. Finally, holey glide-symmetric EBG
structures provide a bandgap wide enough for most of the
common applications [26].
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Holey glide-symmetric EBG structures have been applied
to produce cost-effective flanges [27] and phase shifters [28].
However, no studies have been carried out on holey glide-
symmetric EBG structure for antenna designs. Here, we
propose the first holey glide-symmetric EBG structure used
to design a slot array that is fed making use of a higher
order mode (TE40) excitation. The advantage of the TE40

mode excitation is that the electric separations are not needed
between adjacent waveguides. In terms of manufacturing, the
high order mode excitation avoids using vertical and thin
metallic walls to separate the waveguides.

A solution to this problem was proposed in [29] with a
4×4 slot array antenna design in SIW technology at Ka-band,
where its feeding network is a power divider and metallic vias
are placed between the rows of the slot array, that is, still walls
were employed. On the other hand, higher order modes, such
as TE20, have been used to feed leaky wave antennas with
advantages as compactness and simplified geometry [30], [31].
Furthermore, the higher mode TE40 excitation avoids the use
of phase shifters when designing antenna arrays. Differently
to this work, here we make use of a feeding network based on
mode converters that excites the TE40 mode, and consequently
avoiding the electric separation between waveguides.

The paper is organized as follows, in Section II, a feeding
network is designed to generate a TE40 mode based on a
TE10 to TE20 mode converter which is verified experimentally.
A 4×4 slot array antenna is presented in Section III, whilst
the complete design including the feeding structure and holey
glide-symmetric EBG is described in Section IV. Section V
shows the experimental results of the antenna. Finally, the
main conclusions are summarized in Section VI.

II. TE40 WAVEGUIDE FEEDING DESIGN

Prior to the design of the antenna, a TE40 mode must be
excited. To produce this mode, we created a transition from
a coaxial port to two TE20 modes and combined two TE20

modes in phase to be the TE40 mode.

A. Coaxial to TE20 mode converter

As a first step, we start by producing a TE20 in a waveguide.
It is well-known that a TE10 can be excited with a coaxial
connector. Therefore, our goal is to transform this TE10 into
a TE20 in gap waveguide technology. A similar approach was
followed in [32], where a dual-bend and tri-bend rectangular
waveguide mode converters were designed for transforming a
TE20 to TE10 with a conversion efficiency larger than 95% for
8 to 12 GHz.

Here, we will implement a dual-bend mode converter in gap
waveguide technology at 28 GHz, based on glide-symmetric
holes. A glide-symmetric periodic structure is well defined in
[33], that is, a half period translation is implemented along a
reflection plane. A two-dimensional glide-symmetric structure
is proposed in [6]. As it is shown in Fig. 1, the unit cell
of a glide-symmetric holey EBG is described. The reflection
plane is xy plane. The period is p, and the top plate is shifted
p/2 on both x and y directions. The holes are drilled on top
and bottom plates. When the dimensions are g = 0.01 mm;

Fig. 1: Holey glide-symmetric EBG unit cell, where p is the
period, r and d are the radius and the depth of the hole, and
g is the airgap between the two parallel plates.

Fig. 2: Dispersion diagram of a glide-symmetric unit cell with
dimensions: g = 0.01 mm; p = 4.50 mm, r = 1.65 mm and
d = 2.75 mm.

p = 4.50 mm, r = 1.65 mm and d = 2.75 mm, a band gap
is produced in the irreducible Brillouin zone from 20 GHz to
69 GHz as illustrated in Fig. 2 with the dispersion diagram.
This bandgap covers our band of interest at 28 GHz.

Therefore, this unit cell can be used to avoid the leakage in
a gap waveguide mode converter. In Fig. 3, the S parameters
show the mode conversion rate of the converter. The red solid
line S2(2)1(1) is the transmission coefficient indicating the
amount of energy of the TE10 mode that is transformed to the
TE20 mode from port 1 to port 2. The conversion efficiency
is above 95% from 25 to 31 GHz.

To verify the TE20 mode, an antenna was built based on
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Fig. 3: S parameters of the mode converter using glide-
symmetric gap waveguide technology. In the legend, the
numbers inside the brackets indicate the modes, i.e. 1 for TE10

and 2 for TE20. The inset shows the electric field distribution
at 28 GHz.

Fig. 4: Glide-symmetric gap waveguide mode converter, in-
cluding feeding and flare for radiation testing purposes. The
airgap between top and bottom layer is considered to be 0.01
mm. The angle of the bending part θ is 54.5°.

the mode converter. A conventional waveguide transition was
employed to excite the TE10 mode and a horizontal flare in the
H-plane was introduced at the end of the structure to enhance
the radiation. The entire configuration is illustrated in Fig.
4, including the holey glide-symmetric EBG structure and all
the physical dimensions of the designed mode converter. Fig.
5 shows the manufactured prototype of the mode converter
antenna for measurement. Fig. 6 shows the comparison be-
tween simulated and measured realized gains, with a good
agreement. A minimum in the radiation pattern is located at
φ = 0°, which is the expected shape from the TE20 mode
radiation.

B. TE40 excitation

The next step of design is to combine two TE20 modes with
same phases to produce a TE40 mode. In this design, we will
assume a thicker air gap between layers of 0.1 mm to work
in a worse scenario as, in practice, there is no control on the

Fig. 5: Manufactured prototype of the TE10-TE20 mode con-
verter antenna. The antenna is made in aluminium by CNC
milling.

Fig. 6: Radiation pattern of the mode converter antenna at 28
GHz.

size of the resulting gap after screwing the two pieces together.
Additionally, this gap will be irregular, having bumps that will
depend on the manufacturing technique. This roughness will
affect the amount of leakage, being the parallel plate the worst
case. The airgap affects the bandgap bandwidth of the holey
glide-symmetric EBG as reported in [24], the increase of the
gap reduces the bandgap bandwidth. In Fig. 7, the dispersion
diagram of the new unit cell is illustrated. A bandgap from 20
to 36 GHz is achieved, still covering our frequency of interest
that is 28 GHz. This thicker airgap will lead to a stronger
leakage that cannot be constrained by only one row of unit
cells, as in the previous section. Thus, we used two rows of
unit cells to prevent the leakage. In Fig. 8, the transmission
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Fig. 7: Dispersion diagram of a glide-symmetric unit cell with
dimensions: g = 0.1 mm; p = 7.46 mm, r = 2.82 mm and
d = 1.80 mm.

Fig. 8: S parameters of one row and two rows of holey glide-
symmetric unit cells in Fig. 7 with a 0.1 mm airgap.

and reflection coefficients of one row and two rows of unit
cells with same dimensions as in Fig. 7 are represented. At
port 1, the TEM mode is excited. From Fig. 8, it is observed
that the S21 of two rows is around 13 dB lower than in the
case of one single row. Even, when the airgap is 0.1 mm,
with one row, the transmission is below -9 dB at 28 GHz.
Fig. 8 also indicates that the leakage through the thin airgap
is effectively stopped by implementing holey glide-symmetric
EBG structures.

A TE40 mode can be excited by combining two mode
converters together, since the TE40 mode has the same electric
field distribution as two in-phase TE20 modes. Due to space
limitations, the two output branches of the mode converters
are placed together while the two input branches have some
space in between. They are mirroring each other rather than

Fig. 9: S parameters of coaxial-to-TE40 converter. The inset
shows the air cavity of the feeding with EBG structure. Here,
there is no slot array on the top surface. Port 1 corresponds to
the coaxial connector and port 2 to an ideal waveguide port
where a TE40 mode is generated.

translated. Because of this, the input ports should be fed with
a π phase difference to generate the TE40 mode. Port 1 is a
coaxial connector inserted into the waveguide, which is not
placed at the center but at the point where a phase difference
π is formed at 28 GHz between the two branches. To generate
the phase difference, the coaxial connector is inserted quarter
of the wavelength away from the center line. As the position
is dependent on frequency, this type of feeding limits the
bandwidth. The coaxial connector is a 2.92 mm type from
CMPTER.

In Fig. 9, the S parameters of the TE40 feeding structure
are plotted. The blue inset is the air cavity of the TE40

mode feeding with the holey glide-symmetric EBG structure.
Note that, the slot array has not been implemented on the
top surface so the TE40 mode conversion efficiency can be
simulated. The solid lines are the S parameters of the structure
when the EBG surface is implemented along the curvature,
and the dashed lines are the S parameters when the EBG
structure is absent. At 28 GHz, the difference of the S2(4)1(1)

curves is 2.04 dB. It is concluded that the mode conversion
efficiency is larger when the EBG structure is implemented.
This is expected because the EBG structure prevents the
electromagnetic wave from escaping through the airgap. From
Fig. 9, when the EBG structure is implemented, the TE10 to
TE40 mode conversion efficiency is above 95% from 27.3 to
29 GHz with the exception of small decay around 27.6 GHz
where the conversion rate is still larger than 90%.

III. WAVEGUIDE-FED 4×4 SLOT ARRAY

In this section, a 4×4 slot array antenna excited by a TE40

mode is designed. The slot array is as shown in Fig. 10, and it
is made of four 1×4 Chebyshev subarrays. The parameters of
one Chebyshev subarray are listed in TABLE I. The spacing
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Fig. 10: Wireframe drawing of a 4×4 slot array antenna and
cross section of one 1×4 Chebyshev subarray. The thickness
of the radiating slots is 0.5 mm and the slot corner’s radius is
0.5 mm.

between two slots on the longitudinal direction is s; the width
and length of a slot are w and l; v1 and v2 are the offsets from
the center of the slots to the center line of the waveguide. To
make easy the manufacturing, the corners of the slots have
been rounded with a radius of 0.5 mm. The different offsets v1
and v2 ensure the radiating electric fields have the Chebyshev
polynomial distribution. The further the slot is shifted from
the center line, the larger the interruption to the electric field
is, and thus the produced radiation is higher [34]. In the cross
section of the 1×4 subarray represented in Fig. 10, the electric
field amplitudes of the slots from left to right are 0.890, 1, 1,
and 0.890 in the normalized form.

TABLE I: Parameters of the 1× 4 Chebyshev subarray.

Parameters s w l v1 v2
Value [mm] 8.14 1.71 5.10 1.07 0.95

Because the single Chebyshev subarray is fed with an
equivalent TE10 mode, the TE40 mode excitation can be
employed to feed four subarrays. The broadside radiation of
an array can be realized by feeding in phase with a spacing
half of the guided wavelength. The distance between two
neighboring maxima of the TE40 mode electric field in the
transverse direction is half of the cutoff wavelength, but their
phases have a π difference. If the TE40 mode were used to feed
four identical Chebyshev subarrays, the waves would radiate
to an endfire direction. To maintain a broadside radiation, the
array must consist of four subarrays that are mirroring to its
neighbors. For example, in Fig. 10, the subarray in the blue
dash box is fed with a π difference with respect to the subarray
in the red dash box. As these two subarrays are mirroring to
each other, their final phase difference is zero or 2π, and the
radiation pattern will be broadside. Same applies to each pair

of subarrays.

IV. TE40 SLOT ARRAY ANTENNA AND PROTOTYPE

In Fig. 11a, the simulation model and the manufactured
prototype of the complete TE40 slot array antenna are shown.
The 4×4 slot array is drilled on the surface of the top plate. To
ensure that the thickness of the slots is 0.5 mm, the thickness
of the radiating region is reduced to 0.5 mm. The other region
of the top plate is at least 1.5 mm to ensure that the surface
will not bend mechanically. With gap waveguide technology,
this slot array antenna is easily made by CNC milling in two
pieces, and combined together afterwards. The employed metal
is aluminum. The prototype is then measured in an anechoic
chamber. A WR-28 standard gain horn (SGH) antenna with a
nominal gain of 20 dBi is used as the reference antenna.

(a) Wireframe drawing.

(b) Manufactured prototype made in aluminium.

Fig. 11: Wireframe drawing and manufactured prototype of
the TE40 slot array antenna. The coaxial feeding uses a 2.92
mm connector from CMPTER.

V. EXPERIMENTAL RESULTS

In this section, we compare the results between simulation
and measurement of the glide-symmetric gap waveguide TE40

slot array antenna. Note that, we have used a different gap size
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Fig. 12: S parameters of the glide-symmetric gap waveguide
TE40 slot array antenna.

in the TE40 slot array antenna compared to the mode converter
antenna. As mentioned, in the assembling the gap size can not
be controlled. In the mode converter case, where the gap size is
0.01 mm, we proved that the electromagnetic wave leakage can
be prevented by only one row of the glide-symmetric structure.
In the TE40 slot array antenna case, we considered a larger air
gap size 0.1 mm, because the glide-symmetric unit cell will
have a wider EBG bandwidth when the gap is smaller. This
makes sure that, if the air gap is smaller, the EBG surface can
still stop the leakage.

A. S parameters and electric fields

In Fig. 12, the reflection coefficients S11 of the TE40 slot
array antenna are plotted. The solid curve is the S11 from the
simulation and is below -15 dB in the range of 28 to 29 GHz.
From the measurement, the dashed line, the S11 is smaller
than -15 dB from 26.6 to 29.3 GHz. The differences between
simulations and measurements are probably due to some
aspects related to the manufacturing, such as surface roughness
and airgap height. Following the design, the radiation patterns
were measured at 28 and 29 GHz. The measured reflection
coefficient is near to -20 dB in this frequency range.

The simulated electric fields at 28 GHz of the TE40 slot
array antenna are shown in Fig. 14. To illustrate the importance
of implementing EBG structures, the same antenna model with
a thin airgap 0.1 mm but without the holey glide-symmetric
EBG structure is simulated. The electric field of the antenna
without EBG is plotted in Fig. 14a. Comparing with the
electric field of the antenna with EBG, shown in Fig. 14b,
the electromagnetic waves propagate through the thin airgap
and lead to energy waste. This result is consistent with the S
parameters of the TE40 excitation in Fig. 9. By implementing
the EBG structure, the wave leakage is well prevented and
thus the efficiency is improved. If the EBG is not included,
the radiation pattern will not be significantly affected, however,
the total efficiency of the antenna is reduced by 0.54 dB. The

Fig. 13: Total efficiency of the slot array antenna.

feeding network is enhanced as the conversion efficiency is
improved by implementing EBG structures. As the antenna is
fully-metallic and the leakage is prevented, the total efficiency
is up to 78% at 28 GHz as shown in Fig. 13.

B. Radiation pattern

The radiation patterns of this antenna are shown in Fig.
15 at 28 GHz. Both simulation and measurement results at
these two frequencies perform rotationally symmetric main
beams, as expected from the 4×4 two-dimensional slot array
whose spacings of the slots are around half the wavelength.
The radiation patterns of simulation and measurement match
well at φ = 0° and 90° cutting planes, though small variations
are observed in the measurements. The discrepancies might
come from the fact that the 0.5 mm radiating region is
not mechanically flat. Also, it is possible that during the
measurement, the antenna’s phase center was slightly shifted
from the rotating center.

In the simulation, the 3 dB beamwidths in the φ = 0°
cutting plane are 18.4° at 28 GHz and 18.2° at 29 GHz. In
measurements, they are 21° at 28 GHz and 18.5° at 29 GHz
in the same plane. The measured 3 dB beamwidths have ±1°
error, which is in the order of the angular spacing error in
the measurement. From Fig. 15, the variation of the 3 dB
beamwidths at different cutting planes is smaller than 0.5°.
Both the simulation and measurement results prove that this
TE40 slot array antenna generates a rotationally symmetric
radiation pattern.

TABLE II: Measured realized peak gain at different frequen-
cies.

Frequency [GHz] 26 27 28 29 30
Gain [dB] 16.21 19.63 18.84 17.8 14.18

VI. CONCLUSION

In this paper, we proposed a 4×4 slot array antenna with a
good efficiency and a rotationally symmetric radiation pattern



7

(a) TE40 array antenna without EBG structure.

(b) TE40 array antenna with EBG structure.

Fig. 14: Electric field distribution at 28 GHz of the TE40 slot
array antenna with and without holey glide-symmetric EBG
structure.

aiming at 28 GHz (Ka-band). Our design is cost-effective
since it is manufactured in two layers using gap waveguide
technology, which avoids unwanted electromagnetic leakage
when assembling the pieces. Gap waveguide is implemented
with a holey glide-symmetric EBG structure that is a cost-
effective and robust solution. To reduce the unnecessary
spacing between the rows of the array, a higher order mode
excitation TE40 is designed based on a TE10 to TE20 mode
converter. The TE40 slot array antenna has a rotationally
symmetric radiation pattern, which is desirable for reference
antennas, as well as for point-to-point communications. As the
prototype is made of aluminium, and its leakage is constrained
by EBG structures, the antenna has low losses.

Our TE40 slot array antenna is the first antenna design made
with gap waveguide technology implemented with a holey
glide-symmetric EBG. The feeding network of the slot array
antenna combining two mode converters is an advanced and
innovative method, which prevents the drilling of thin and
vertical metallic walls as a separation between waveguides.
The design of the feeding network shrinks the size and reduces
the cost, and it is the first time that a design of a slot array

(a) Simulation.

(b) Measurement.

Fig. 15: Normalized radiation patterns of the glide-symmetric
gap waveguide TE40 slot array antenna at 28 GHz.

fed with a mode converter is presented.
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APPENDIX A
MEASUERED ANTENNA RADIATION PATTERNS

Fig. 16: Normalized radiation patterns of the glide-symmetric
gap waveguide TE40 slot array antenna at 27 GHz from the
measurement.

Fig. 17: Normalized radiation patterns of the glide-symmetric
gap waveguide TE40 slot array antenna at 29 GHz from the
measurement.
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