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Miniaturization of Omnidirectional Cavity Antennas

Using Substrate-Integrated Impedance Surfaces
Yijing He , Yue Li , Liang Zhu , and Pai-Yen Chen

Abstract— This communication presents a compact cavity antenna with
horizontally polarized omnidirectional radiation pattern. The dimension
miniaturization of an omnidirectional resonant cavity is achieved by
loading the capacitive substrate-integrated impedance surface (SIIS).
Specifically, the SIIS is composed of a row of blind vias that are
periodically arranged near the antenna’s radiating aperture, effectively
providing a shunt capacitance that can be controlled by the insertion
depth, period, and diameter of blind vias. The dispersion of the
omnidirectional cavity antenna is theoretically studied and the explicit
design formula is derived. Our results report that loading the capacitive
SIIS can significantly reduce the size of an omnidirectional cavity
antenna (52.4%). As a proof of concept, a prototype was fabricated and
characterized, with a good agreement between the measurement and
simulation results. The results also show that omnidirectional radiation
patterns can be maintained well when the operating frequency is tuned,
with the realized gain slightly fluctuated between 2.7 and 3.2 dBi. The
proposed antenna exhibits potentials in volume-limited omnidirectional
wireless communication systems.

Index Terms— Antenna miniaturization, antenna radiation patterns,
cavity antennas, reconfigurable antennas, substrate-integrated impedance
surfaces (SIISs).

I. INTRODUCTION

Miniaturization is an eternal topic and long-term pursuit in design
and development of antennas, and has been extensively investigated
in modern wireless communication systems over the past
decades [1], [2]. Compact antennas enabling very easy mono-
lithic integration are highly demanded in rapid-deploy, highly com-
pact communication systems, such as satellites, portable hand-held
devices, small base stations, and so on [3]–[6]. To date, many
approaches have been proposed to achieve miniaturization for the
various types of antennas, including slot antennas, cavity antennas,
patch antennas, and so on [7]–[12]. For example, antenna miniatur-
ization can be achieved by using high-permittivity substrates, as the
size reduction is proportional to

√
εr [13], [14], where εr is the

permittivity of dielectric. Shorting plates or pins are also adopted
for the same purpose [15]–[17]. By adding a shorting boundary in
the center of a patch antenna, the antenna dimension can be reduced
by half. Slots-loading technique is another method to miniaturize
the antenna dimension. By loading slots on the surface of the
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planar antenna, the length of current path is increased such that the
resonance frequency can be downshifted [18]–[21]. Metamaterial-
inspired technique is also utilized to miniaturize the antennas. For
instance, metamaterial structures, including split ring resonators
(SRRs) or negative-permeability media, can be loaded on the antenna
to lower the operating frequency [22]–[27]. There are also other
antenna miniaturization techniques, such as fractal apertures or tun-
able antenna loaded with varactor diodes [28], [29]. Capacitive-loaded
technique is applied to novel waveguide topologies such as ridge
substrate-integrated waveguides (SIWs) [30], gap waveguides [31],
also significantly reducing the size of microwave components such
as waveguide antenna array [32].

Omnidirectional antennas play a crucial role in the wireless
communication systems, including base stations, wireless local area
networks, and portable terminals [33]–[36]. Particularly, horizon-
tally polarized omnidirectional antennas are preferred because they
can effectively suppress the diffraction loss, multipath scattering,
echoes, and clutters [37]. Alford loop, zeroth-order loop [38], and
circular dipole array [39]–[42] are used for horizontally polarized
omnidirectional antennas. Another way for horizontally polarized
omnidirectional radiation employs an open resonant cavity [43]–[45].
This approach is with the advantages of small cross-sectional area,
less complex structure, and no need of additional feeding networks.
However, the above open cavity antennas are inherently quarter-
wavelength structures, which makes it difficult to be exploited in
highly compact wireless communication infrastructures due to the
size limitation.

In this work, we propose a simple but effective method to real-
ize miniaturization of horizontally polarized omnidirectional cavity
antennas. In our approach, the radiating aperture of the cavity antenna
is loaded with the capacitive substrate-integrated impedance surface
(SIIS), which consists of an array of periodically positioned blind
vias. The explicit formulas for the equivalent surface capacitance of
the SIIS as a function of the insertion depth, period, and diameter
of vias (see Fig. 1) have been derived in [46]. By controlling the
insertion depth, the surface capacitance of the SIIS can be config-
ured to tune the resonance frequency of the omnidirectional cavity
antenna without affecting its omnidirectional radiation property. The
SIIS-loading technique not only enables miniaturization of the omni-
directional cavity antennas but also provides a widely tunable fre-
quency (from 4.4 to 2.1 GHz) with a low gain variation. In the
following, numerical and experimental results for the miniatur-
ized horizontally polarized omnidirectional open cavity antenna are
presented.

II. ANTENNA DESIGN AND IMPLEMENTATION

Fig. 1(a)–(c) illustrates the top, lateral, and cross-sectional views
of the proposed miniaturized open cavity antenna, as well as the
key structural parameters, whose optimal values are summarized
in Table I. The antenna consists of a 50 mm × 10 mm × 3 mm
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Fig. 1. (a) Top, (b) longitudinal, and (c) cross-sectional views of the
proposed SIIS-loaded miniaturized omnidirectional cavity antenna, and the
key geometric parameters.

TABLE I

DIMENSIONS OF PROPOSED ANTENNA IN FIG. 2 (UNIT: mm)

SIW-cavity with its radiating edge being loaded with a capaci-
tive SIIS. This low-profile and low-cost open cavity antenna is
based on a single-layer dielectric substrate, F4BM with the relative
permittivity εr = 2.65, loss tangent tanδ = 0.001, and thickness
h = 3.0 mm. The substrate was coated with copper on the top and
bottom sides, and metallic through holes were drilled along the side
wall of the cavity (see Fig. 1). The SIIS is formed by inserting a
row of nonpenetrating blind vias at the antenna’s radiating edge. The
proposed antenna is excited by a 50 � SMA connector, whose inner
coaxial probe and outer conductor are soldered to the antenna’s top
and bottom metallic layers, respectively. The location of the feeding
probe on the y-axis was adjusted to achieve impedance matching
(see Table I). In this work, commercial software Ansoft High-
Frequency Structure Simulator (HFSS) was used to simulate and
optimize the proposed antenna.

In this section, we will introduce the concept of SIIS and its
applications in miniaturizing an omnidirectional open cavity antenna.
The SIIS is composed of a row of blind vias with subwavelength
diameter (D), gap (g), and period (p) (see Fig. 1), embedded in
an open cavity of thickness h. In this scenario, implanted cut wires
and their imaged counterparts mirrored by the top and bottom metal
layers of the cavity effectively form a shunt impedance surface.
After some mathematical manipulations, the surface impedance of the
SIIS can be written as [46]

Zs = 1

jωCs
(1a)

Cs = ε
/

px py

{3[ln (4l/D) − 1]} /4πl3 − c/(px py)3/2 [F] (1b)

where l is the length of blind vias (l = h − g), c is an empirical
fitting parameter, and ε is the permittivity of the dielectric substrate.
From (1), it can be found that the surface capacitance Cs can be
controlled by the insertion depth (g) and other geometric parame-
ters of the SIIS, including the vias diameter (D) and periodicity

Fig. 2. (a) Open cavity antenna loaded with the capacitive SIIS. Electric
field magnitude distributions for the (b) SIIS-loaded open cavity antenna and
the (c) conventional open cavity antenna (without SIIS). Reflection coefficient
(|S11|) versus frequency for (d) SIIS-loaded and (e) conventional open cavity
antenna.

(px = p and py = 2h). The resonance frequency of the antenna
shown in Fig. 1 can be approximately estimated by the cavity
model [47], in which the edge consisting of metallic through holes is
treated as a perfect electrically conducting (PEC) wall and the three
open edges are viewed as perfect magnetically conducting (PMC)
walls. If the feed point is placed in the middle of the SIIS-loaded
open cavity, the transcendental equation can be derived as

jωμ0√
k2 − k2

z

tan

[√
k2 − k2

zW

]
+ 1

jωCs
= 0 (2)

where k = ω
√

εμ0, in which ε and μ0 are the permittivity and
permeability of the dielectric medium inside the cavity, respectively,
W is the width of cavity, and the wavenumber along z-direction kz =
mπ/W(m = 0, 1, 2, . . ..). For the mode with uniformly distributed
electric field along the z-direction, kz ≈ 0 and, if the antenna has a
subwavelength size (W � λ0), (2) becomes

jω (μ0W) + 1

jωCs
= 0. (3)

From (3), it can be observed that the operating frequency of
the omnidirectional cavity antenna can be tailored by employing a
suitable surface capacitance Cs . Intuitively, when Cs is increased
by, for example, increasing the insertion depth of the blind vias
[see (1)], the resonance frequency of the SIIS-loaded open cavity
antenna will be downshifted. Such properties enable realization of
a miniaturized omnidirectional antenna whose operating frequency
can be readily altered by varying the height, diameter, and period
of blind vias. In addition, we will show in Section III that when the
antenna is reconfigured, the impedance matching, radiation efficiency,
and omnidirectional characteristic are almost unaffected.

Fig. 2(a) illustrates an SIIS embedded in an open cavity as a shunt
capacitive element. Fig. 2(b) and (c) presents the comparison of elec-
tric field magnitudes between the SIIS-loaded cavity antenna and the
traditional cavity antenna (without the SIIS). From Fig. 2(b), we find
that significant electric field enhancement happens in the gap region
of the SIIS, implying that geometric/dielectric perturbations in the
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Fig. 3. Simulated reflection coefficients for the proposed miniaturized
antenna (a) with g varying from 2.2 to 0.2 [mm], (b) with p changing
from 2 to 7 [mm], and (c) with D being swept from 0.4 to 1.4 [mm].

gap area could greatly change the equivalent impedance of the SIIS.
Fig. 2(d) and (e) presents the simulated reflection coefficients of the
SIIS-loaded and traditional open cavity antenna, respectively. When
no SIIS is loaded on the radiating edge, the simulated and calculated
resonant frequency is 4.45 and 4.60 GHz, respectively. When the
SIIS with g = 0.5 mm is loaded on the radiating edge, the simulated
operating frequency is considerably downshifted to 2.77 GHz, with
the calculated resonant frequency at 2.81 GHz. As a result, loading
the SIIS can miniaturize the size of an omnidirectional open cavity
antenna. Meanwhile, the calculated and simulated results have a good
agreement, verifying the effectiveness of the proposed theoretical
formulas for the SIIS-loaded open cavity antenna. According to the
perturbation theory [48], [49], strongly localized electric fields found
in the gap region of the SIIS allow us to vary the operating frequency
over a wide range. The capacitive SIIS also downshifts the higher
order resonances of the cavity, as seen in Fig. 2(d).

Fig. 3 reports the simulated reflection coefficients (|S11|) for the
SIIS-loaded open cavity antenna, of which the structural parameters

Fig. 4. Theoretical and simulated resonant frequency points of the proposed
antenna with gap g swept from 2.0 to 0.2 mm (here, p is fixed to 2.5 mm,
D = 0.6 mm).

of the blind vias, including gap g, period p, and diameter D, are
varied. From Fig. 3(a), it can be seen that when g is swept from
2.2 to 0.2 mm, the operating frequency can be reduced from 4.1 to
2.1 GHz. A large frequency tuning ratio of ∼2.1:1 can be achieved
through adjustment of the insertion depth of the blind vias. Good
impedance matching (< −10 dB) is achieved across the whole
tuning range. When operating frequency is reduced, the bandwidth
decreases from 70 (1.7%) to 15 MHz (0.66%), due to smaller size
and higher quality-factor (Q-factor) of the resonant cavity at low
frequencies. This can be understood from Chu–Wheeler’s theory.
Fig. 3(b) reports reflection coefficients for the SIIS-loaded open cavity
antenna with p being varied from 2 to 7 mm; here, g and D are
fixed to 0.5 and 1.5 mm. It is seen that increasing the period of blind
vias [which reduces the surface capacitance of SIIS; see (1)] upshifts
the operating frequency, consistent with (3). Fig. 3(c) is similar to
Fig. 3(b), but varying the diameter D of the blind vias; here, g and
p are fixed to 0.5 and 2.5 mm, respectively. It can be seen that
enlarging the diameter of the blind vias will downshift the operating
frequency. These results are consistent with the theoretical predic-
tions and have validated the miniaturization effect of the proposed
methodology.

The theoretical resonant frequency can be calculated from (1)
and (2). Fig. 4 presents the theoretical and simulated results of the
antenna resonance frequency with different gap g. Here, p = 2.5 mm,
D = 0.6 mm, and empirical fitting parameter c is set to be 0.36.
As seen, when parameter g is varied from 2.0 to 1.5, 1.0, 0.5,
and 0.2 mm, respectively, the simulated resonance frequencies have
a good agreement with the theoretical ones, verifying the effective-
ness of the derived theoretical formulas. In addition, in this work,
length L is not the smallest value the proposed antenna can achieve.
We choose length L to be 50 mm to obtain a balanced tradeoff
between the antenna size and performances such as bandwidth and
realized gain. Further miniaturization of the proposed antenna may
be enabled by reducing gap g, and period p, or by increasing
diameter D of the SIIS. As an example, a trial maximum minia-
turization simulation for the proposed approach is performed here.
When L = 20 mm, g = 0.05 mm, p = 2.5 mm, and D = 2.0 mm
for the proposed antenna, the resonant frequency of the proposed
antenna can be reduced to 1.153 GHz, with an electrical size of
0.07λ0 × 0.04λ0 × 0.01λ0 and a miniaturization ratio of 74.0%.
At this time, the miniaturized antenna has a fractional operating
bandwidth of 0.23% (2.6 MHz), a total efficiency of 53%, a realized
gain of −5.8 dBi, and a gain variation of 0.1 dB.
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Fig. 5. (a) Bottom view and (b) perspective view of the fabricated prototype
of the SIIS-loaded open cavity antenna shown in Fig. 1. (c) Simulated and
measured reflection coefficients for the proposed miniaturized antenna with
g = 1.50, 0.77, and 0.45 [mm].

In addition, to make it easier for the readers to understand the
proposed method, the design procedures for the dimensions of the
cavity are summarized as follows.

1) First, design a regular horizontally polarized omnidirectional
open cavity antenna with a dimension of L × W × h. It is
noted that the open cavity antenna operates at TM0,1/2 mode
(i.e., kz = 0, ky = π /2W ). L is antenna length, width W ≈
0.25λg , λg is the guided wavelength at f0, h is the substrate
thickness.

2) Then, insert the SIIS at the radiating edge of the open cavity
with a short distance of s (s is slightly larger than D/2). Struc-
tural parameters including gap g, period p, and diameter D
of the SIIS can be collaboratively designed and optimized to
achieve the target frequency fc . This process can be guided
by (1)–(3).

III. EXPERIMENTAL RESULTS

To validate the proposed miniaturized omnidirectional open cavity
antenna, a prototype fed by a 50 � SMA connector was fabricated
and measured, as shown in Fig. 5(a) and (b). As a proof of concept,
an open cavity antenna with a row of nonmetallic through holes
drilled at the radiating edge was fabricated using standard printed
circuit board (PCB) process. An array of identical metallic wires
with the same radius and length (5 mm) was inserted into these holes.
These blind vias are implemented using identical copper wires made
by the precise wire-cutting process. These copper wires are able to
remain frozen state due to the enough frictional force brought by
the substrate holes. As a principle validation, these copper wires are
manually adjusted, and the precision of insertion depth is ensured
by an accurate Vernier caliper. A copper foil was used to seal up
the metallic bottom part of the cavity. The reflection coefficients
were measured using a vector network analyzer (Agilent E5071B),
and the far-field radiation patterns were measured in the anechoic
chamber. Fig. 5(c) reports the simulated and measured reflection
coefficients (|S11|) of the proposed miniaturized omnidirectional open
cavity antenna. Due to the fabrication error, there exists a small gap
of ∼0.1 mm between metallic wires and the top metallic surface. This
fabrication error has been considered in simulations. The simulated
and measured results are in good agreement. From Fig. 5, it is
evidently seen that the resonant frequency can be tuned from 4.10,
3.65, to 3.35 GHz, when g is adjusted from 1.5, 0.77, to 0.45 mm.
The bandwidth is somewhat reduced from 68 to 60 MHz, when the
operating frequency decreases.

Fig. 6. Simulated and measured realized gain and efficiency of the proposed
miniaturized antenna with g = 1.50, 0.77, and 0.45 [mm].

Fig. 7. Simulated gain and gain variation (E-plane) for the proposed
miniaturized antenna with different values of g.

Fig. 6 reports the simulated and measured realized gain and total
efficiency of the proposed antenna. When g decreases from 1.50 to
0.45 mm, the realized gain is also slightly reduced from 3.2 to
2.7 dBi. As seen, the simulated and measured antenna efficiencies are
higher than 92% and 88%, respectively, for all cases. The simulated
and measured maximum antenna efficiencies reach 94% and 92%,
respectively. The slight differences of less than 4% between the
simulated and measured antenna efficiency are within the reasonable
range. The high efficiency may be attributed to the nonresonant nature
of the SIIS. Fig. 7 illustrates the relationship of the simulated realized
gain and the (E-plane) gain variation versus g. When the operating
frequency is downshifted by decreasing g from 2.4 to 0.2 mm,
the realized gain drops gradually from 3.7 to 0.24 dBi, owing to
reduced electrical size of the aperture. The E-plane gain variation also
decreases from 2.1 to 0.4 dB. Although adjusting the insertion depth
of the blind vias can change the operating frequency, it, however, does
not deteriorate the omnidirectional radiation pattern. Fig. 8 reports the
co-polarization and cross-polarization radiation patterns on E-plane
(xy plane) and H-plane (xz plane) for the proposed antenna operating
at 3.35, 3.65, and 4.10 GHz. Both measured and simulated results
show that the proposed SIIS-loaded antenna exhibits omnidirectional
radiation patterns. The simulated gain variations are less than 1.5 dB
and the measured ones are less than 2.6, 3.0, and 3.7 dB for 3.35,
3.65, and 4.10 GHz, respectively. The minor discrepancies between
the simulated and experimental results could be due to the errors in
testing environments.

It is known that LC circuits or other matching networks are often
used to tune the antenna resonant frequency. Actually, the proposed
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Fig. 8. Simulated and measured normalized radiation patterns of the proposed
miniaturized antenna on the xoy and xoz planes at (a) and (b) 3.35, (c) and
(d) 3.65, and (e) and (f) 4.10 GHz.

TABLE II

COMPARISONS BETWEEN PROPOSED DESIGN AND REPORTED WORKS

miniaturized antenna also forms an equivalent LC circuit. Differently,
the equivalent capacitance of SIIS is homogenously distributed on the
radiating edge, while LC lumped elements or networks are usually
loaded on single location. This unique feature brings the proposed
antenna an equivalent capacitance with larger value, as a result,
a widely tunable performance and a larger miniaturization ratio.
In addition, by the virtue of the periodic condition and metasur-
face theory, the equivalent capacitance of SIIS can be theoretically
described using approximately analytical formulas, which have a
good agreement with full-wave simulations. On the other hand,
the proposed antenna may have more fabrication complexity, which
can be improved in the future.

IV. CONCLUSION

In this work, we have proposed an effective approach to realize
the miniaturized omnidirectional open cavity antenna. By placing a
capacitive SIIS in adjacent to the radiating aperture, the resonance
frequency of an open cavity antenna can be tuned over a wide range,
whereas its omnidirectional radiation property is well maintained.
A prototype has been fabricated and fully characterized to validate
the proposed antenna. The measurement results are in agreement
with numerical results, showing a realized gain of 2.7–3.2 dBi,
an omnidirectional gain variation of 2.6–3.7 dB, a high radiation
efficiency more than 88%, and a simulated miniaturization ratio
of 52.4%. To highlight the advantages of the proposed antenna
over other horizontally polarized omnidirectional antennas, Table II
compares the size and performance of the proposed antenna and
the existing ones. From this table, it is evident that the proposed
antenna has the most compact cross section and a moderately high
radiation efficiency (which can be attributed to the nonresonant nature
of the SIIS [46]). Therefore, the proposed miniaturized antenna may
pave a facile and promising avenue for building highly compact
omnidirectional wireless communication and sensing systems.
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