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Abstract—A traveling-wave antenna based on a tapered half-
mode substrate integrated waveguide is introduced in this letter.
It uses a direct transition from a coaxial connector and radiates
from the open side of the waveguide. The antenna exhibits a wide
bandwidth, an omnidirectional radiation pattern, and horizontal
polarization and can be integrated into metallic structures. The
physical principle and design guidelines are summarized. A proto-
type of the proposed antenna has been realized and demonstrated a
wide measured bandwidth extending from 6.7 to 16 GHz, with ra-
diation characteristics corresponding very well with simulations.

Index Terms—Half-mode substrate integrated waveguide
(HMSIW), omnidirectional radiation pattern, wideband antenna.

I. INTRODUCTION

S INCE its introduction in 2006 [1], the half-mode substrate
integrated waveguide (HMSIW) has been intensively in-

vestigated for many applications, especially due to its benefits
at higher microwave frequencies. While preserving the advan-
tages of a substrate integrated waveguide (SIW) such as low
loss, small size, and ease of integration with planar circuits [2],
its geometrical dimension is reduced by half compared to that
of an SIW. Thus, the HMSIW is easy to fabricate and suitable
for millimeter-wave (mm-wave) applications. Several HMSIW
antenna applications have been introduced previously based on
periodic perturbations, such as a leaky-wave antenna (LWA) [3]
or a transverse slot-array antenna [4]. Furthermore, based on
the radiation loss of the HMSIW close to cutoff frequency, a
different concept of uniform LWA has been introduced in [5].
However, as this antenna is designed to work at a specific fre-
quency, i.e., close to cutoff frequency, its bandwidth is accord-
ingly restricted. In all cases, as the power radiates from an array
of slots or a long aperture, the obtained radiation patterns are
highly directive.
The antenna proposed in this letter is designed based on the

same concept, i.e., high radiation loss of the HMSIW close to
cutoff but with a different approach. The cutoff frequency is
varied along the length of the antenna by tapering the HMSIW
width as shown in Fig. 1. The wave is guided along the HMSIW
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Fig. 1. Manufactured HMSIW traveling-wave antennas after connector
assembly. The open sides of the HMSIWs are toward the bottom. Realization
with solid copper walls on top, equivalent structure with copper via holes at
the bottom.

structure until it reaches the position where the cutoff frequency
is close to the operating frequency, i.e., where the radiation
losses from the open side of the guide become significant and the
antenna starts to radiate intensively. Since the antenna is built
from an HMSIW structure, it has a thin body that can be com-
pletely embedded in planar structures (Fig. 1). This relatively
simple geometry can be manufactured at a low cost, as it only re-
quires standard technologies in the fabrication of planar circuits
and SIWs. Yet, the antenna achieves omnidirectional horizon-
tally polarized radiation characteristics over a very wide frac-
tional bandwidth (over 80% demonstrated here).
Despite a relatively large length, this antenna exhibits small

profile and width, which makes it suitable for integration into
metallic structures such as poles, masts, or incorporated into
an aircraft fuselage as a load-bearing antenna. This antenna
can find applications in wireless communication systems re-
quiring omnidirectional radiation with horizontal polarization,
or as diversity counterpart to standard monopole antennas.
Reduced size can also be tailored for the intended application,
as a tradeoff exists between the length of the antenna and the
operation bandwidth.
This letter is structured as follows. First, the feeding mech-

anism realized through a coaxial-to-HMSIW transition is sum-
marized. Then, the physical principle and design guidelines are
explained in detail. Finally, simulation and experimental results
are compared to verify the characteristics of the antenna.

II. COAXIAL-TO-HMSIW TRANSITION

An appropriate feeding section for this antenna is crucial to
achieve satisfactory polarization purity. To this end, the pro-
posed antenna features a direct feed from a coaxial SMA con-
nector. The coaxial cable is connected perpendicularly to the
HMSIW through a capacitive gap. This technique is adapted
toward HMSIW from previous realizations of feeding to SIW
structures [6], [7].
The substrate material selected for antenna fabrication is

Rogers Ultralam 2000 with relative permittivity of
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Fig. 2. (not to scale) (a) PEC-wall antenna configurations. The metal walls are
shown as thicker lines. (b) Via-wall antenna constructed from PEC-wall an-
tenna. (c) Coaxial–HMSIW transition. (d) Electric field plots at three chosen
frequencies.

Fig. 3. Scattering parameters for an arrangement of two back-to-back
coaxial–HMSIW transitions, with an HMSIW of length 120 mm in between.

and thickness of mm (60 mil). The transition
and its dimensions optimized by ANSYS HFSS are shown in
Fig. 2(a) with mm, mm, mm,
and mm. Instead of the classical HMSIW structure
with an extended ground plane and substrate extending past
the open side of the guide, the substrate of the antenna is
truncated at the aperture toward the negative -direction to
obtain omnidirectional radiation patterns.
For a wideband matching to the HMSIW, the imaginary part

of the input impedances is decreased through a capacitive gap
in the arrangement shown in the side view [Fig. 2(c)]. This
gap is accurately realized using a thin layer of Rogers TMM10
material (relative permittivity of 9.2) with thickness of

mm (15 mil). This is a relatively large thickness that cor-
responds to a quarter of the substrate thickness and simplifies
themanufacturing process of the transition. Generally, emphasis
has be placed to achieve a final design that is both robust to tol-
erances and simple to manufacture. The transition is first de-
signed with a simplified perfect electric conducting (PEC) wall
for faster simulation times and numerically verified using metal
vias in a final step. The -parameters for two back-to-back tran-
sitions with an HMSIW of 120 mm length in between are shown
in Fig. 3. The simulated reflection coefficients are below
15 dB between 7 and 15 GHz, and the insertion loss decreases

to 1 dB above 9.5 GHz.

III. ANTENNA PRINCIPLE AND DESIGN PROCESS

In this section, the operation principle of the antenna is qual-
itatively explained first. Then, a proposed design process using
simulation software is described in detail followed by the man-
ufacture procedure of the antenna and its coaxial transition.

Fig. 4. Simulation and measurement of reflection coefficient for via-wall
antenna.

A. Operation Principle

The antenna concept is based on the radiation-loss character-
istic of the HMSIW. When the operating frequency is close to
the cutoff frequency, the radiation losses of the HMSIW become
extremely high [8]. At this stage, the open side of the HMSIW
can be considered as a thin open aperture. The proposed an-
tenna exploits this radiation-loss mechanism by tapering the
HMSIW width, i.e., by progressively increasing the cutoff fre-
quency along its length. This feature of varying cutoff frequency
supports the wideband characteristics of the radiator. In other
words, the guided wave will travel along the HMSIW until it
reaches the position where the corresponding cutoff frequency
is close to the operating frequency, as illustrated in Fig. 2(d).
The HMSIW open side starts then to act as a short magnetic
dipole antenna with current distribution of [8]

(1)

at the aperture. Due to the tapering effect, the wavenumbers
and the guide width are functions of the position . In short,

each frequency component will be radiated from a small portion
of the antenna length at different positions along the open side
of the HMSIW.

B. Design Process

The simulation of the antenna with the HMSIW side walls
made as a row of vias is very time-consuming. Therefore, the
design process starts with the side wall realized as PEC wall
with an equivalent width ([9, Eq. (9)]). The main design feature
is the rate at which the HMSIW is tapered. The simulations show
a tradeoff between antenna directivity and reflection coefficient.
A steeper slope results in a higher reflection coefficient but a
smaller directivity. This can be understood intuitively as, in this
case, the tapering is faster, while the antenna only radiates from
a smaller aperture.
The radiation mechanism of the structure also suggests that

the tapering can become more aggressive toward the antenna
thin end to decrease the effective aperture length where the
higher-frequency components are radiated. Therefore, four
different tapering slopes have been introduced along the an-
tenna and optimized using HFSS [Fig. 2(a)]. The simulation
confirmed that a faster tapering toward the end of the an-
tenna can still provide an acceptable reflection coefficient
( dB) while minimizing the directivity. Further-
more, examining the simulated antenna patterns, we observed
that the bandwidth can be extended to higher frequencies, but at
the cost of patterns becoming conical toward the upper plane.
It is suggested that one can optimize the slope of the antenna at
the position corresponding to frequencies of interest to improve
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Fig. 5. Normalized simulated and measured radiation patterns for the via-wall antenna at and 16 GHz. (a) 7 GHz, -plane. (b) 11.5 GHz, -plane.
(c) 16 GHz, -plane. (d) 7 GHz, -plane. (e) 11.5 GHz, -plane. (f) 16 GHz, -plane. (g) 7 GHz, -plane. (h) 11.5 GHz, -plane. (i) 16 GHz, -plane.

the pattern quality while keeping within the acceptable
range.
The practical design starts by choosing and as

the widths of HMSIWs exhibiting cutoff frequencies at
the desired lowest and highest operation frequencies, i.e.,

. Furthermore, as an empirical rule
of thumb, we suggest selecting a starting value of ,
and slightly larger than . Afterwards, the lengths can
be optimized for minimal directivity while keeping below
10 dB.
For an equivalent antenna employing via holes as metallic

wall, the effective width formula [9] is used to calculate the
widths of the via-wall antenna at all relevant positions to

[Fig. 2(a) and (b)]. This provides a good estimation as the
relationship between and can be linearly approximated

due to the small variation of the width along the antenna. Sim-
ulations also show nearly identical behaviors of the designed
PEC wall and real via-wall antenna.

C. Manufacture

The antenna with via sidewalls is fabricated with copper
rivets of diameter mm and spacing of mm.
For the transition, first a larger hole is drilled to accomodate
the coaxial transition [Fig. 2(a)]. At this position, a copper
pad is soldered to the bottom of the substrate [Fig. 2(c)].
The capacitive gap made of Rogers TMM10 with the copper
removed from the upper side is then inserted at the bottom of
the transition, and the SMA coaxial connector consisting of
a metallic probe surrounded by a Teflon isolator is soldered
at the top of the substrate. All air gaps should be avoided for
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lowest reflections at the transition. This manufacture process
was found to be convenient and robust.

IV. SIMULATED AND EXPERIMENTAL RESULTS

This section demonstrates and compares the simulation and
experimental results of the antenna bandwidth and radiation
characteristics.

A. Reflection Coefficient and Bandwidth
Fig. 4 shows the correspondence between simulation and

measurement for the via-wall antenna. The antenna demon-
strates a very large bandwidth of for

dB. The lowest operation frequency of 6.7 GHz is
mainly controlled by the feeding structure’s dimensions—more
specifically, the parameters , and —whereas the
highest frequency of operation is set by the progressive tapering
of the antenna provided it is within the frequency range given
by the feed.

B. Radiation Pattern

The radiation patterns in the -, -, and -planes at three
chosen frequencies are shown in Fig. 5. At 7 GHz, the pattern
resembles that of a small magnetic dipole. This is reasonable
as the antenna only radiates for a short part of the open side of
HMSIW. At higher frequencies, the radiation pattern becomes
slightly conical in the upper plane , and some ripples ap-
pear. This can be explained as follows: Before the wave reaches
the position at which the operating frequency becomes cutoff
frequency, a very small part of the energy is radiated as it is
guided along the HMSIW aperture. The higher the frequency,
the longer the wave travels along the HMSIW, and the more rip-
ples are generated in the pattern. However, most of the power
still radiates around the cutoff frequency position, so the level
of the ripples remains within an reasonable range [ dB at

GHz and dB at GHz shown in Fig. 5(e),
(h), (f), and (i)]. An analogy for that is a long magnetic dipole
with nonuniform current distribution, i.e., starting with low cur-
rent magnitude and ending with much larger magnitude over a
short portion. Another possible reason is that the reflected wave
also creates a standing wave that contributes to the ripples. It is
also worth mentioning that the amplitude of the ripples becomes
smaller as frequency increases.
The omnidirectional broadside pattern can be observed in

the -plane transverse to the HMSIW axis at low frequencies
[Fig. 5(a) and (b)]. As the operating frequency increases, the
pattern becomes slightly conical with a maximum in the upper
plane. Therefore, the pattern for -plane becomes
less nondirectional [Fig. 5(c)]. However, HFSS simulations
show that the pattern is still nondirectional at angle around
the peak gain depending on operating frequency. This can also
be partly observed from the patterns for - and -planes
[Fig. 5(f) and (i)].
Fig. 6 shows the realized maximum gain and directivity of the

antenna. The simulated antenna directivity is less than 7 dB for
the whole bandwidth and less than 6 dB above 14 GHz due to
the faster tapering. Simulated results show only 1 dB difference
between the realized gain and directivity, which means about
80% of efficiency for the whole bandwidth. The measured gain
is in acceptable agreement with the simulated realized gain in
most of the operating bandwidth, with slight deviations that can

Fig. 6. Simulated and measured realized maximum gains compared with max-
imum directivity.

be explained by uncertainties in the reference data for the abso-
lute gain measurements and the fact that the peak gain is only
measured along the three principal Cartesian planes.

V. CONCLUSION

A traveling-wave HMSIW antenna has been proposed in
this letter. The HMSIW changes from guided mode to radia-
tion mode along its propagation axis by tapering its width to
progressively increase its cutoff frequency along its length.
While maintaining the advantages of HMSIW structure such
as large power-handling capability, small transverse size, low
profile, low cost, and easy fabrication, the antenna attains very
wide bandwidth with omnidirectional pattern and horizontal
polarization. The HMSIW antenna is long in terms of wave-
length, but thin and planar, and could be easily integrated into
metallic structures, such as poles or airplane fuselages. The
scaling for mm-wave applications appears also promising, e.g.,
for integration into sides of portable devices.
Using the presented principle, the shape of the antenna can be

optimized to enhance the antenna performance and reduce the
size, or it can be tailored for specific applications, e.g., achieving
a narrow bandwidth with a short-dipole-like pattern.
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