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Wideband Split-Ring Antenna Arrays Based
on Substrate Integrated Waveguide for
Ka-Band Applications

YUNFENG DONG, VITALIY ZHURBENKO, KYRIAKOS KASLIS, JEPPE M. BJØRSTORP,
AND TOM K. JOHANSEN

This paper presents wideband split-ring antenna arrays based on substrate integrated waveguide (SIW) for Ka-band (26.5–
40 GHz) applications. The antenna array is fed by a 2.92 mm coaxial connector (K-connector) and the power is equally
distributed to each split-ring resonator. The designed coplanar waveguide (CPW), SIW, CPW-to-SIW transition, coaxial-
to-CPW transition, two-stage SIW power divider are described in detail. By using a thin Rogers 6002 substrate with silver
epoxy-filled vias, a transition prototype is designed, fabricated, and tested in a back-to-back configuration. A wideband
split-ring resonator is developed as a single element and four possible arrangements of antenna arrays are introduced.
By combining the designed components and routing paths, two full layouts of the antenna arrays with four split-ring
resonators are addressed. As a demonstrator, a 2×2 antenna array prototype in a compact format is designed, fabricated
and tested. The fabricated antenna array achieves a measured directivity of 15.0 dBi with a fractional bandwidth of 23.0%
centered at 30.5 GHz.

Keywords: Antennas and propagation for wireless systems, Passive components and circuits

I. INTRODUCTION

With the ever increasing demand worldwide for high-speed
data transmissions among mobile terminals, the compo-
nents involved in the wireless communication links such
as antennas, amplifiers, power dividers, transmission lines,
and transitions have been under intensive study during the
past decades [1–15]. In order to achieve larger bandwidths
within a limited spectrum, these components are pushed
to operate at higher frequencies which already reach the
ranges of millimeter-wave and terahertz (THz) frequencies.
For example, the existing fifth generation (5G) mobile net-
work occupies Ka-band from 26.5 GHz to 40 GHz [16–19]
while the upcoming sixth generation (6G) mobile network
will operate at frequencies above 100 GHz [20–22]. Under
this circumstance, the challenging requirements of design-
ing antennas for high-speed data transmissions at such high
frequencies are wideband operation with a relatively high
gain and being versatile for circuit integrations.

Split-ring resonator is usually associated with meta-
materials, which are synthesized by including resonant
metallic shapes within a host dielectric [23–27]. Compared
with conventional wideband planar antennas such as dipole
and slot antennas, split-ring resonators can provide a higher
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gain, while the occupation area is within the same level
as the conventional patch antennas. Though most of the
split-ring resonators reported in the literature are designed
for narrow band operation at specific frequencies [28–33],
some studies still show the potential of designing wideband
split-ring resonators for high-speed data transmissions.
According to [15], the designed split-ring resonator based
on a rectangular ring structure achieves a fractional band-
width of 36% centered at 140 GHz and it is implemented as
a wideband transition between rectangular waveguide and
coplanar waveguide. In [34], the split-ring resonators are
placed on top of a dipole antenna for gain enhancement
at Ka-band, while the bandwidth of the dipole antenna is
maintained.

In the recent years, low-cost and high-performance
components used for wireless communication systems
at millimeter-wave and THz frequencies are blooming,
especially for the components based on substrate inte-
grated waveguide (SIW) [35]. As an alternative to con-
ventional air-filled rectangular waveguide, SIW is light-
weighted, compact, and versatile for system integrations
at the expenses of slightly increased dielectric loss and
degraded power-handling capability. The dimensions can
be downscaled by a factor of

√
εr, in which εr represents

the relative permittivity of the dielectric substrate. Com-
pared with conventional planar transmission lines such as
microstrip and coplanar waveguide (CPW), SIW has a self-
shielded structure which makes it an ideal candidate for
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the applications requiring low transmission loss and large
bandwidths. Besides, for communication systems, the elec-
tric fields inside a SIW can be split or combined easily.
Thus, it becomes attractive especially for the components
operating at millimeter-wave frequencies [36]. Compared
with conventional air-filled rectangular waveguides with
predefined dimensions and standardized flanges, SIWs are
normally customized for different applications and dielec-
tric substrates. In addition, integrated circuits at millimeter-
wave frequencies still rely on planar structures due to their
fabrication processes. As a result, transitions from planar
transmission lines as well as rectangular waveguides to
SIWs are necessary and have been extensively investigated
[37–44]. When designing transitions, not only the charac-
teristic impedances but also the propagation modes need to
be matched so that it can provide a large bandwidth and a
low transmission loss at the same time [45].

When SIW is used as the transmission line, as one of
the advantages, the power splitting process is simplified
so that the electric fields are easily distributed to each ele-
ment in the antenna array. Different types of antenna arrays
based on SIW for Ka-band applications can be found in
the literature. In [5], a SIW is inserted into a tapered horn
structure forming the so-called tapered slot antenna. The
proposed 1×4 antenna array can provide 9 dBi of gain at
30 GHz. However, the power distribution network is not
involved and the antenna array needs to be fed by four indi-
vidual paths. As is reported in [18], a leaky-wave antenna
together with 18 magnetoelectric dipoles aligning in a line
achieves a gain of 15 dBi at 30 GHz. For feeding the
antenna array, coaxial-to-rectangular waveguide and rect-
angular waveguide-to-SIW transitions are also included in
the design. According to [46], a SIW is inserted perpendic-
ular into a patch from the backside of the substrate forming
a three-dimensional (3-D) microstrip antenna. By imple-
menting an orthogonal SIW power divider, the proposed
2×2 antenna array exhibits a gain of 10 dBi at 30 GHz.
Other designs based on SIWs exhibit promising results by
using slot antennas [47–50], patch antennas [51–53], and
lens antennas [54–56].

The purpose of this paper is to introduce a wideband
split-ring resonator and the corresponding antenna arrays
based on SIW for Ka-band applications. The components
are designed and verified using full-wave electromagnetic
simulations in Ansys Electronics Desktop (EDT, formerly
known as HFSS) while the prototypes are fabricated and
tested. As the fundamental transmission lines involved in
the designs, CPW and SIW based on Rogers 6002 substrate
are presented at the beginning. After that, wideband CPW-
to-SIW and coaxial-to-CPW transitions are explained in
detail. A transition prototype including 2.92 mm coax-
ial connectors (K-connectors) is designed, fabricated, and
tested in a back-to-back configuration. The concept of
designing a two-stage SIW power divider is described so
that the power can be equally distributed to each element
in an antenna array. A wideband split-ring resonator oper-
ating at Ka-band is designed and the possible arrangements
for implementing antenna arrays are introduced afterwards.

As a demonstrator proving the concepts, a 2×2 antenna
array prototype is developed in a compact format by comb-
ing the designed components. The full layout, electric
field distribution, and assembly structure of the antenna
array prototype are illustrated. The fabrication process and
experimental setups in particular the method for character-
izing radiation patterns are explained. The simulation and
measurement results are compared at the end.

II. TRANSMISSION LINES AND
WIDEBAND TRANSITIONS

A) CPW and SIW
For a conventional CPW patterned on the top of a dielec-
tric substrate, the signal trace is aligned in the middle of
two separated ground traces. In this case, the electric fields
mainly exist in the gaps between the signal and ground
traces. However, for a more common and realistic situation,
when a bottom ground plane is added under the dielectric
substrate it forms the so-called conductor-backed coplanar
waveguide (CB-CPW). In particular, for thin dielectric sub-
strates, part of the electric fields are coupled to the bottom
ground plane which might result in unexpected mixed-
mode propagations, radiations, and resonances. The CPW
shown in Fig. 1 is based on a Rogers 6002 substrate with a
thickness of 508 µm. It is designed to achieve a character-
istic impedance of 50 Ω at Ka-band. The dielectric constant
(εr) and dissipation factor (tanδ) of the substrate are 2.94
and 0.0012, respectively. The CPW is patterned on the top
layer while the bottom layer works as the ground plane.
The material of the conductor layers is copper and it has a
thickness of 35 µm. By implementing vias along the CPW,
the electric fields are restricted in a specific region on the
substrate. Thus, the parasitic modes are suppressed and the
bandwidth is enlarged. Instead of hollow plated vias, silver
epoxy is used for filling the holes on the substrate.

Bottom conductor Rogers 6002, th
ickness 508 μm

1.2

0.3 0.7

1.3

1

Vias (silver epoxy)

Unit: mm

Fig. 1. CPW based on Rogers 6002 substrate.

As is illustrated in Fig. 2, a SIW is designed using the
same dielectric substrate. The vias going through the sub-
strate work as the vertical conductor walls which form a
dielectric-filled waveguide structure on the substrate. The
distance between the vias is kept as small as possible in
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order to prevent the electric fields leaking from the gaps.
As the fundamental transmission lines, the CPW and SIW
are involved in designing the transitions, power divider, and
split-ring resonator.

Bottom conductor Rogers 6002, th
ickness 508 μm

4.4

1.2

1

Vias (silver epoxy)

Unit: mm

Fig. 2. SIW based on Rogers 6002 substrate.

B) CPW-to-SIW Transition
In order to feed the antenna array by a coaxial connec-
tor, CPW is chosen to be the intermediate transmission
line between the coaxial and SIW. In this case, as a com-
plete design, both transitions are designed and optimized
for providing a wideband matching at Ka-band. When con-
necting a CPW to a SIW, one of the possible approaches is
to terminate the slots so that the signal and ground traces
of the CPW are merged into the top conductor wall of
the SIW. For achieving a large bandwidth, the propagation
mode must convert from CPW to SIW modes smoothly
at the transition. Besides, the parasitic modes and radi-
ations caused by the mode conversion should be taken
into account and suppressed. Otherwise extra losses might
be introduced. The designed CPW-to-SIW transition is
demonstrated in detail in Fig. 3.

1.4

1.1

1.2

1.2

0.1

0.8

0.2

Unit: mm

40º
140º

1.5

0.6

0.25

1

0.2

Fig. 3. CPW-to-SIW transition.

At the beginning, the slots are extended 1.5 mm and
turned 40◦ away from the signal trace on both sides. Before
the termination, the slots are turned back to their original
direction and the width is reduced gradually from 300 µm
to approximately 50 µm within a distance of 0.6 mm. The
vias have a diameter of 1 mm and their positions are opti-
mized by moving towards to the slots as close as possible.

However, for a realistic design, the minimum center-to-
center distance between the adjacent vias is kept more than
1.2 mm while a distance of 0.2 mm is reserved between the
edges of the vias and the slots. In this way, the electric fields
become more concentrated in the dielectric substrate from
the signal trace to the vias as well as the bottom ground
plane. It promotes the migration of electric fields from the
slots on the top to the dielectric substrate so that a SIW
propagation mode is generated at the end of the transition.

C) Coaxial-to-CPW Transition
As is shown in Fig. 1, for the designed CPW, the widths of
the signal trace and the gap are 1.2 mm and 0.3 mm, respec-
tively, whereas it does not fit the coaxial feed. In addition,
the attached K-connector needs to be fixed to the bottom
metal carrier by screws. Thus, two through holes with a
diameter of 1.5 mm are reserved on the dielectric substrate.
The positions of the through holes are determined by the K-
connector while it turns out to be overlapped with the vias
along the CPW. That means the vias in the overlapped area
need to be rearranged and its performance should also be
investigated. In order to compensate the dimension differ-
ences and convert to a CPW propagation mode smoothly,
as is illustrated in Fig. 4, a coaxial-to-CPW transition is
implemented.

2.6

1

Unit: mm

0.81.45

1.5

1.3

5

0.2

0.2

0.5

Fig. 4. Coaxial-to-CPW transition.

For aligning the K-connector, a tapered structure is
implemented at the beginning of the transition. The widths
of the signal trace and the gap are reduced to 0.8 mm and
0.2 mm, respectively. By taking into account the length of
the pin, the CPW prior to the tapered structure is extended
0.5 mm. The vias on the first row are placed alongside
the tapered structure and they locate 0.7 mm away from
the edge of the dielectric substrate. Besides, the distance
between the vias on the first and second rows is increased
to 2.6 mm so that there is enough space for realizing the
through holes. Once the screws are mounted, the through
holes on the substrate are filled with metal conductor and
can be treated as large vias.

D) Prototype, Fabrication, and Experimental
Results
The designed transition prototype in a back-to-back con-
figuration is shown in Fig. 5. The overall length and width
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of the dielectric substrate are 29.4 mm and 10 mm, respec-
tively. In the simulations, by using wave ports, the electric
fields are excited at the input and output. The reflec-
tions caused by the structural discontinuities between the
K-connectors and the dielectric substrate are also taken
into account. Furthermore, an aluminium carrier, four steel
screws, and an air cavity with radiation boundary condi-
tions on the top of the dielectric substrate are included in
the simulation.

CPW-to-SIWtransition
Coaxial-to-CPWtransition

SIW
CPW

CPW
CPW-to-SIWtransition Coaxial-to-CPWtransition Output

Input

Fig. 5. Transition prototype in a back-to-back configuration.

Fig. 6 illustrates the magnitude of electric field distribu-
tions on the top surface of the designed transition prototype
at 28 GHz and 40 GHz, respectively. A coaxial mode is
excited at the input of the K-connector and propagates to
the dielectric substrate where a CPW mode is generated
at the end of the coaxial-to-CPW transition. After that, the
electric fields are guided along the CPW and concentrate
not only in the gaps between the signal and ground traces
but also in the dielectric substrate between the signal trace
and the bottom ground plane. At the CPW-to-SIW transi-
tion, the propagation mode converts to a SIW mode when
two slots on the top surface move away from each other and
terminate gradually. At both frequencies, the vias behave as
expected and no visible leakage, parasitic mode, or radia-
tion can be observed from the electric field distributions.
However, with increasing frequency, the electric fields tend
to leak into the dielectric substrate especially from the gaps
between the vias on the first and second rows.

3.0E+4
2.8E+4
2.6E+4
2.4E+4
2.2E+4
2.0E+4

E Field [ V/m ]

1.8E+4
1.6E+4
1.4E+4
1.2E+4
1.0E+4
8.0E+3
6.0E+3
4.0E+3
2.0E+3
1.0E-5

28 GHz

40 GHz

Fig. 6. Electric field distributions of the designed transition prototype at 28
GHz and 40 GHz.

In order to prove the concept, the designed transition
prototype in a back-to-back configuration was fabricated
in-house. The Rogers 6002 substrate with top and bottom

copper layers was ordered from a commercial supplier.
The layout was repeated and patterned on the substrate
by using a low-cost printed circuit board (PCB) technol-
ogy which requires a minimum gap or conductor width
of 200 µm for a stable prototyping. During the patterning
process, the positions of the vias as well as through holes
were also marked on the top surface. After that, the sub-
strate was inspected under a microscope for imperfections
and diced into pieces. The holes were drilled on the dielec-
tric substrate by using a spinner with a radius of 500 µm.
Four of them serve as through holes for screws while the
others were filled with silver epoxy (PELCO, Ted Pella).
The dielectric substrate was cleaned by acetone afterwards
for removing the overflowed silver epoxy as well as unex-
pected dusts on the surfaces.

Fig. 7 demonstrates the assembly structure and the
fabricated transition prototype. The K-connectors (HK-LR-
SR2, Hirose Electric) were fixed to the aluminium carrier
by two steel screws going through the dielectric substrate
from the bottom. In this case, the through holes have to be
drilled accurately so that the pin of the K-connector could
be aligned right to the middle of the CPW. Once the K-
connector is tightly fixed, soldering is unnecessary and the
pin is attached to the conductor layer by mechanical force.

2.92 mm coaxial connector
(K-connector)

Dielectric substrate

Aluminium carrier

Steel screw

Pin

Fig. 7. Assembly structure and fabrication of the designed transition prototype
in a back-to-back configuration.

A vector network analyzer (Anritsu ME7808B) was
used to measure the scattering parameters of the fabricated
transition prototype. Besides, the effects of the cables and
adapters were calibrated out before each measurement. The
measurement results of the designed transition prototype
in a back-to-back configuration are shown in Fig. 8 by the
solid lines. In comparison, the dashed lines represent the
simulation results. From 26 GHz to 40 GHz, the measured
return loss remains better than 11.2 dB and the measured
insertion loss is less than 2.5 dB. When the bandwidth
refers to the frequency band where the return loss is bet-
ter than 10 dB, the fabricated transition prototype exhibits
a bandwidth of at least 14 GHz. At the same time, each
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fabricated transition contributes less than 1.25 dB insertion
loss at Ka-band. Compared with the simulation results, a
reasonable agreement is achieved, while the differences are
mainly caused by the simulation modeling process and fab-
rication tolerance. In particular, the K-connector was only
simulated partially. According to the data sheet provided
by the supplier, when two K-connectors were tested by
using a straight transmission line with a length of 25 mm,
the measured insertion loss is around 2.5 dB at 40 GHz.
Furthermore, the εr and tanδ variations of the dielectric
substrate due to different operating frequencies were not
included in the simulation.

26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Frequency (GHz)

-45

-40
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Fig. 8. Simulation and measurement results of the designed transition proto-
type in a back-to-back configuration.

III. POWER DIVIDER DESIGN
CONSIDERATION

A) Single Stage SIW Power Divider
As an advantage of using SIW, the electric fields can be eas-
ily split and distributed to each element in an antenna array.
Fig. 9 shows the designed single stage SIW power divider
in detail. The input of the power divider is connected to the
output of the CPW-to-SIW transition shown in Fig. 3. The
electric fields propagate inside the SIW and reach the via in
the middle of the power divider which work as a conduc-
tor post splitting the electric fields equally into two ways.
The positions of the vias as well as conductor post are opti-
mized so that the designed SIW power divider exhibits a
wideband matching at Ka-band.

B) Two-Stage SIW Power Divider
Since the power needs to be equally distributed to four
split-ring resonators, three identical SIW power dividers
are cascaded by connecting the outputs of the first stage
SIW power divider to the inputs of the second stage SIW
power dividers. As is shown in Fig. 10, the designed two-
stage SIW power divider has one input and four outputs.
In the simulations, wave ports are used as the excitation
scheme and a SIW mode is excited at the input. The mag-
nitude of electric field distribution at 30 GHz inside the

Unit: mm
4.4

Input from SIW

O
utput to the

second stage
S

IW
 pow

er divider

O
ut

pu
t t

o 
th

e
se

co
nd

 s
ta

ge
S

IW
 p

ow
er

 d
iv

id
er

5

6
1

1.3

1.7

1.7

4.3 4.2 3.6

0.4 0.4 0.7

1.3

0.3

0.5

1.3
1.3

1.25

1.45
1.7 1.7

Fig. 9. Single stage SIW power divider.

designed two-stage SIW power divider is also illustrated
in Fig. 10. The electric fields are excited at the input and
propagate along the SIW until it hits the conductor post.
During the power splitting process, the electric fields are
divided into two ways and later four ways. As a result, four
outputs have the same amplitude and phase.

3.0E+4

2.8E+4

2.6E+4

2.4E+4

2.2E+4
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E Field [ V/m ]
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1.0E+4
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2.0E+3

1.0E-5 30 GHz

First stage SIWpower divider

Second stage SIWpower divider

Second stage SIWpower divider

Output 4

Output 1

Output 2

Output 3

Input

Fig. 10. Layout of the two-stage SIW power divider and its electric field
distribution at 30 GHz.

Fig. 11 shows the simulated scattering parameters of
the designed two-stage SIW power divider. The return loss
is better than 10 dB from 27 GHz to 37 GHz with an
associated insertion loss of 7 dB. It corresponds to a frac-
tional bandwidth of 31.3% centered at 32 GHz. Thus, as a
wideband SIW power divider, it is used for designing the
antenna arrays.

IV. SIW ANTENNA ARRAYS

A) Split-Ring Resonator
As is shown in Fig. 12, the split-ring resonator is designed
as a single element operating at Ka-band. It is realized by
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Fig. 11. Simulation results of the two-stage SIW power divider.

etching two circular slots on the top conductor wall of the
SIW. The annular ring is developed and connects to a cir-
cular patch in the middle. The distance between the vias is
kept as small as possible for preventing wave leakage. At
the same time, their positions are optimized for maximizing
the bandwidth at Ka-band. Compared with a conventional
rectangular patch antenna, the occupation area and gain of
the split-ring resonator are within the same level while it
provides a larger bandwidth. In addition, the split-ring res-
onator is versatile for integrating with other components
and compatible with different types of transmission lines
such as microstrip, CPW, and SIW. When the split-ring
resonator is integrated with a SIW, it can provide a mod-
erate power-handling capability which is an advantage in
particular for communication systems at millimeter-wave
frequencies. Fig. 12 also illustrates the magnitude of elec-
tric field distribution of the designed split-ring resonator at
30 GHz. The electric fields are guided to the split-ring res-
onator by a SIW and radiated into free space. On the top
surface of the dielectric substrate, strong radiations can be
observed at the annular ring, circular patch, and slots. Due
to the vias around the split-ring resonator, the electric fields
are restricted mainly inside the SIW and resonator so that
the wave leakage from the edges remains at a low level.
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Fig. 12. Layout of the split-ring resonator and its electric field distribution at
30 GHz.

Fig. 13 shows the simulated radiation pattern of the
designed split-ring resonator at 30 GHz. The half-power
beamwidths are 56◦ and 106◦ on the xz-plane (ϕ=0◦) and
yz-plane (ϕ=90◦), respectively. In the simulations, a wave
port is used as the excitation scheme and a SIW mode is

excited at the input of the split-ring resonator. For sim-
ulating radiation characteristics, a large air cavity with
radiation boundary conditions is added around the split-
ring resonator reaching the antenna far-field region.
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Fig. 13. Radiation pattern (directivity) of the split-ring resonator at 30 GHz.

The simulated return loss and gain of the designed split-
ring resonator are shown in Fig. 14. The return loss remains
better than 10 dB from 27.5 GHz to 33.5 GHz, which cor-
responds to a fractional bandwidth of 19.7% centered at
30.5 GHz. In the direction perpendicular to the split-ring
resonator (ϕ=0◦, θ=0◦), a maximum gain of 7.7 dBi is
realized at 31.5 GHz. Besides, the gain variation is still
less than 3 dB from 28.8 GHz to 33.6 GHz. As a sin-
gle element, the designed split-ring resonator achieves not
only a large bandwidth but also a sufficient gain and in-
band gain uniformity, which makes it suitable for wireless
communication systems at Ka-band.
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Fig. 14. Return loss and gain of the split-ring resonator.

B) Antenna Array Consideration
When being implemented into an antenna array, the
designed split-ring resonator, SIW power divider, coaxial-
to-CPW and CPW-to-SIW transitions are combined into a
full layout. In this case, as a complete design, the devel-
oped antenna array can be connected directly to the existing
components or communication systems through a coax-
ial connector. In general, depending on the applications,
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Fig. 15. Possible arrangements of four split-ring resonators. (a) 1×4 antenna array (line), (b) 1×4 antenna array (offset), (c) 2×2 antenna array (symmetry), (d)
2×2 antenna array (cross).

antenna arrays are optimized for a higher gain or a spe-
cific radiation pattern by adjusting the amplitude and phase
of the electric fields, arrangement and distance between
the adjacent elements. Fig. 15 demonstrates four possible
arrangements for implementing antenna arrays with four
split-ring resonators. Fig. 15(a) illustrates the arrangement
of a basic 1×4 antenna array, where the split-ring res-
onators locate next to each other aligning in a line. Four
inputs have the same amplitude and phase. In compari-
son, a 1×4 antenna array with offset split-ring resonators
is shown in Fig. 15(b). The distance between the adjacent
elements is further reduced while the amplitude and phase
of the inputs are kept unchanged. When the antenna array
is arranged in a 2×2 format, as is shown in Fig. 15(c), the
split-ring resonators are symmetrically aligned. In order to
have the main lobe towards the direction perpendicular to
the antenna array, four inputs are divided into two groups
with the same amplitude and a phase difference of 180◦.
Another possible arrangement is illustrated in Fig. 15(d).
The split-ring resonators are aligned in a cross format.
Though four inputs have the same amplitude, a phase dif-
ference of 90◦ is applied to the adjacent elements.

The radiation patterns of the corresponding antenna
arrays with four split-ring resonators at 30 GHz are sim-
ulated and shown in Fig. 16. In the simulations, wave
ports are used as the excitation scheme and an air cav-
ity with radiation boundary conditions is added around the
dielectric substrate. Four inputs have the same amplitude,
while the phase is adjusted according to each arrange-
ment so that the maximum radiation can be achieved in
the direction perpendicular to the antenna array. The simu-
lated maximum directivities for the possible arrangements
and the corresponding half-power beamwidths at 30 GHz
are listed in Table 1. Furthermore, the return losses and in-
band directivities of the corresponding antenna arrays with
four split-ring resonators are also investigated and shown
in Fig. 17. Due to the vias going through the dielectric

substrate, the elements in the antenna arrays are almost
independent from each other so that the return loss of the
single element is not affected and a large bandwidth can
be achieved when being implemented into antenna arrays.
As for the directivity, the maximum values mainly depend
on the arrangement of split-ring resonators. In comparison
with the single element, similar variations and in-band uni-
formity can be observed.

Table 1. Simulated maximum directivities (D0) and half-power
beamwidths (HPBW) of the antenna arrays with four split-ring

resonators at 30 GHz

Arrangement D0 HPBWϕ=0◦ HPBWϕ=90◦

1×4, line 13.3 dBi 52◦ 10◦

1×4, offset 12.9 dBi 34◦ 11◦

2×2, symmetry 13.5 dBi 21◦ 19◦

2×2, cross 9.3 dBi 24◦ 24◦

As is shown in Fig. 18, when combining the designed
components and routing paths, two full layouts of the
antenna arrays with four split-ring resonators are addressed
by following the arrangements illustrated in Fig. 15(a) and
Fig. 15(c), respectively. In order to realized the correspond-
ing arrangements, SIW extensions and turning structures
are implemented at the outputs of each SIW power divider.
The electric fields are fed to the dielectric substrate though
a coaxial input and equally distributed to each split-ring
resonator. For the layout shown in Fig. 18(a), four rout-
ing paths of the antenna array are designed to be identical
so that the electric fields at the split-ring resonators could
have the same amplitude and phase. The overall length and
width of the layout are 90 mm and 70 mm, respectively.
In another case, for the layout shown in Fig. 18(b), four
routing paths of the antenna array are divided into two
groups having different path lengths. The two routing paths
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Fig. 16. Simulated radiation patterns (directivity) of the antenna arrays with
four split-ring resonators at 30 GHz.
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Fig. 17. Simulated return losses and directivities (ϕ=0◦, θ=0◦) of the antenna
arrays with four split-ring resonators.

on the right of the dielectric substrate are designed to be
2.9 mm longer than the others. Thus, a phase difference
of 180◦ could be achieved at 30 GHz among the split-ring
resonators. Due to the increased complexity and physical
length of the routing paths, the layout occupies a larger area
which leads to a length of 75 mm and a width of 120 mm. In
general, when an antenna array consists of a large number
of elements, the routing paths might become complicated
and require advanced integration methods. Furthermore,
Fig. 18(c) and Fig. 18(d) illustrate the magnitude of elec-
tric field distributions at 30 GHz. While being fed by a
K-connector, the propagation mode is converted to a SIW
mode at the beginning. Due to the power dividers and the
losses caused by the routing paths, the magnitude reduces

to less than a quarter when the electric fields reach the
split-ring resonators.

C) Antenna Array Prototype and Fabrication
For proving the concepts and validating the designs, an
antenna array prototype is developed by combing the
coaxial-to-CPW transition, CPW-to-SIW transition, two-
stage SIW power divider, and split-ring resonators. Fig. 19
shows the full layout of the designed 2×2 antenna array
prototype in a compact format, where the split-ring res-
onators are directly connected to the outputs of the two-
stage SIW power divider. In this case, compared with the
SIW antenna arrays shown in Fig. 18, the overall length
and width of the layout are reduced to 63 mm and 45 mm,
respectively. However, as a trade-off, the distances between
the adjacent split-ring resonators (dx and dy) are more than
a half wavelength at 30 GHz. Since the designed antenna
arrays can be easily rearranged and optimized for a specific
application, the prototype is merely used as a demonstra-
tor at the expense of having grating lobes in the radiation
pattern. In the simulations, for accuracy improvement, the
K-connector is also included and a coaxial mode is excited
at the input using a wave port. The magnitude of electric
field distribution of the designed 2×2 antenna array proto-
type at 30 GHz is also illustrated in Fig. 19. The electric
fields are guided through the transitions at the beginning
and the propagation mode converts to a SIW mode. After
that, the electric fields are equally distributed to each split-
ring resonator and radiated into free space. In addition, a
weak wave leakage can be observed on the dielectric sub-
strate due to the gaps between the adjacent vias especially
on the edges of the split-ring resonators.

The fabricated 2×2 antenna array prototype and its
assembly structure are shown in Fig. 20. The chosen dielec-
tric substrate and coaxial connector have been previously
verified at Ka-band by the fabricated transition prototype.
The layout was firstly patterned on a Rogers 6002 sub-
strate using a low-cost PCB process. After that, the holes
were drilled on the dielectric substrate and filled with silver
epoxy. For not affecting the radiation pattern of the antenna
array, six Teflon screws were used for fixing the dielectric
substrate to the bottom aluminium carrier. The K-connector
was attached to the dielectric substrate at the last step. Two
steel screws were used and fixed from the backside of the
aluminium carrier. The pin of the K-connector was aligned
to the middle of the CPW. When being inspected under a
microscope, imperfections were observed at the edges of
the slots between the signal and ground traces.

D) Experimental Results
At the beginning, the return loss of the fabricated 2×2
antenna array prototype was measured at Ka-band using a
vector network analyzer (Anritsu ME7808B). The effects
of the cables and adapters were calibrated out prior to
the measurement. The solid line in Fig. 21 represents the
measured return loss of the fabricated 2×2 antenna array
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Fig. 18. Designed SIW antenna arrays with four split-ring resonators. (a) full layout of the 1×4 antenna array (line) with routing paths, (b) full layout of the
2×2 antenna array (symmetry) with routing paths, (c) electric field distribution of the 1×4 antenna array (line) with routing paths at 30 GHz, (d) electric field
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prototype. In comparison, the simulation result is shown by
the dashed line and a good agreement is achieved. The mea-
sured return loss remains better than 10 dB from 27 GHz
to 34 GHz, which corresponds to a fractional bandwidth
of 23.0% centered at 30.5 GHz. In addition, the fabricated
2×2 antenna array prototype exhibits another possibility of
operating from 36 GHz to 37.4 GHz.

For the next step, the radiation patterns of the fabri-
cated 2×2 antenna array prototype were measured in the

2.92 mm coaxial connector
(K-connector)

Dielectric substrate

Aluminium carrier

Steel screw

Teflon screw

Pin

Fig. 20. Assembly structure and fabricated 2×2 antenna array prototype.

DTU-ESA Spherical Near-Field Antenna Test Facility by
employing the spherical near-field antenna measurement
technique. Being intended for the determination of antenna
characteristics in the range from 500 MHz to 40 GHz, the
test facility is operated in cooperation between the Techni-
cal University of Denmark (DTU) and the European Space
Agency (ESA). According to the method introduced in
[57], the antenna under test (AUT) needs to be mounted
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Fig. 21. Simulated and measured return loss of the designed 2×2 antenna
array prototype.

on a tower that can rotate along two axes (θ-axis and ϕ-
axis). Besides, a probe is implemented at a finite distance
away so that the AUT can be scanned at specific points on
a sphere with a predetermined radius. As a part of the mea-
surement procedure, the calibration is carried out in the test
facility before measuring the AUT in which the radiation
characteristics of the probe is acquired. After that, the radi-
ation pattern of the AUT can be derived by solely using the
sample points measured during the spherical scan. There-
fore, it becomes possible to achieve the far-field behavior
of the AUT by measuring its near-field characteristics in
a closed and controlled environment. Fig. 22 demonstrates
the DTU-ESA Spherical Near-Field Antenna Test Facility
for measuring the radiation pattern of the fabricated 2×2
antenna array prototype.

φ

θ

Fig. 22. DTU-ESA Spherical Near-Field Antenna Test Facility for measur-
ing the radiation pattern (directivity) of the fabricated 2×2 antenna array
prototype.

During the spherical measurement process, the co-
polarization and cross-polarization directivity components
were achieved separately while the total directivity of the
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Fig. 23. Simulated and measured radiation patterns (directivity) of the
designed 2×2 antenna array prototype at 30 GHz.
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Fig. 24. Measured co-polarization and cross-polarization directivity compo-
nents of the designed 2×2 antenna array prototype at 30 GHz.

fabricated 2×2 antenna array prototype was calculated
accordingly. The solid lines in Fig. 23 illustrate the mea-
sured directivities at 30 GHz on the xz-plane (ϕ=0◦) and
yz-plane (ϕ=90◦), respectively. In comparison, the dashed
lines represent the simulated directivities. The measure-
ment results coincide with the simulation results. However,
minor differences can be observed in the radiation pat-
terns since the frame for mounting the AUT on the antenna
tower and the coaxial cable connecting to the AUT were
not included in the simulation. The fabricated 2×2 antenna
array prototype achieves a measured maximum directivity
of 15.0 dBi at 30 GHz when ϕ=0◦ and θ=8◦. The measured
co-polarization and cross-polarization directivity compo-
nents at 30 GHz on the xz-plane (ϕ=0◦) and yz-plane
(ϕ=90◦) are shown in Fig. 24 as a supplement. In addi-
tion, the simulated and measured grating lobe levels in the
radiation patterns are listed in Table 2.

As a demonstrator, the 2×2 antenna array prototype suc-
cessfully proves the concepts, the simulation methods, the
designed components including the transitions, SIW power
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Table 2. Simulated and measured grating lobe levels of the designed 2×2 antenna array prototype at 30 GHz

Cross section Lobe no.∗ Dmeas θmeas Dsim θsim Lobe no.? Dmeas θmeas Dsim θsim

P1,xz 15.0 dBi 8◦ 13.8 dBi 8◦ T1,xz 13.5 dBi -7◦ 13.0 dBi -7◦

xz-plane (ϕ=0◦) P2,xz 11.8 dBi 24◦ 12.0 dBi 22◦ T2,xz 9.0 dBi -25◦ 10.4 dBi -23◦

P3,xz 8.0 dBi 45◦ 6.2 dBi 40◦ T3,xz 9.0 dBi -46◦ 6.0 dBi -42◦

P1,yz 1.3 dBi 8◦ -1.5 dBi 7◦ T1,yz 2.4 dBi -6◦ -1.6 dBi -7◦

yz-plane (ϕ=90◦) P2,yz 8.1 dBi 27◦ 9.3 dBi 29◦ T2,yz 8.1 dBi -26◦ 9.4 dBi -29◦

P3,yz 5.8 dBi 58◦ 8.0 dBi 45◦ T3,yz 5.1 dBi -55◦ 8.4 dBi -58◦

∗Pn refers to the nth lobe in the radiation pattern when θ ranges from 0◦ to 180◦.
?Tn refers to the nth lobe in the radiation pattern when θ ranges from 0◦ to -180◦.

Table 3. Comparison between this work and published SIW antenna arrays at Ka-band

Reference Gain/Directivity∗ Bandwidth? Arrangement Element type Substrate Transition† Power distribution

[5]
9.6 dBi

(32 GHz)
13 GHz

(47.3%, 27.5 GHz)
1×4 Tapered slot Rogers 5880 CPW-to-SIW

Individual
CPW feed

[18]
16.5 dBi

(28.5 GHz)
5.6 GHz

(18.5%, 30.2 GHz)
1×18

Magnetoelectric
dipole

Rogers 5880
Coaxial-to-RW

RW-to-SIW
Leak-wave SIW

[46]
11.4 dBi
(31 GHz)

6.5 GHz
(21.6%, 31.5 GHz)

2×2 H-shape patch
Rogers 5880
Rogers 6002

Coaxial-to-CPW
CPW-to-SIW

Orthogonal SIW
power divider

This work
15.0 dBi
(30 GHz)

7 GHz
(23.0%, 30.5 GHz)

2×2
Split-ring
resonator

Rogers 6002
Coaxial-to-CPW

CPW-to-SIW
Two-stage SIW
power divider

∗The value refers to the maximum gain or directivity that is achieved at the specified frequency.
?The bandwidth refers to the width of the frequency band where the return loss is better than 10 dB.
†RW is the abbreviation of rectangular waveguide.

divider, and split-ring resonator. However, since the vari-
ations of εr and tanδ were not taken into account in the
simulations, a 1.2 dBi difference can be observed for the
maximum directicity at 30 GHz. For a specific applica-
tion, the components can be easily rearranged to a different
format. When the antenna array is integrated on a PCB
board, FR4 is normally used as the dielectric substrate.
In this case, it should also be possible to optimize the
designs while keep their performances. In Table 3, this
work is compared with other SIW antenna arrays published
in the literature for Ka-band applications. The designed
2×2 antenna array is noticeable when taking into account
the bandwidth and directivity at the same time. In addition,
it provides a compact and complete solution with a K-
connector feed which can be directly applied to the existing
wireless communication systems at Ka-band.

V. CONCLUSION

In this work, wideband split-ring antenna arrays based on
SIW for Ka-band applications have been presented. The
concepts of designing CPW, SIW, coaxial-to-CPW transi-
tion, and CPW-to-SIW transition were explained and the
effect of adding silver epoxy-filled vias was discussed. The
CPW and SIW were designed based on a thin Rogers 6002
substrate and simulated using Ansys Electronics Desktop.
The designed coaxial-to-CPW and CPW-to-SIW transi-
tions were described in detail and a transition prototype
was fabricated in a back-to-back configuration. The mea-
sured returns loss is better than 11.2 dB from 26 GHz
to 40 GHz and each fabricated transition contributes less

than 1.25 dB insertion loss. In order to distribute the
power equally to four split-ring resonators, a two-stage
SIW power divider was implemented. The simulated return
loss is better than 10 dB from 27 GHz to 37 GHz. The
split-ring resonator was designed and its dimensions were
illustrated. As a single element, the designed split-ring res-
onator achieves a simulated fractional bandwidth of 19.7%
centered at 30.5 GHz. It can also provide a simulated
gain of 7.7 dBi at 31.5 GHz and a sufficient in-band gain
uniformity at the same time. In addition, four possible
arrangements of the split-ring resonators were introduced
and their radiation patterns were compared. Two full lay-
outs of the antenna arrays were addressed by combining
the designed components and routing paths. As a demon-
strator, a 2×2 antenna array prototype in a compact format
was developed. The antenna array prototype was fabri-
cated using a low-cost PCB technology. The return loss was
measured using a VNA and the radiation pattern was char-
acterized in the DTU-ESA Spherical Near-Field Antenna
Test Facility. The fabricated antenna array achieves a mea-
sured directivity of 15.0 dBi at 30 GHz with a fractional
bandwidth of 23.0% centered at 30.5 GHz. Therefore, it
proves the concepts while the designed antenna array can
be rearranged to a different format for a specific application
at Ka-band.
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