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Scalable Omnidirectional Dual-Polarized Antenna
Using Cavity and Slot-Dipole Hybrid Structure

Yongjian Zhang and Yue Li , Senior Member, IEEE

Abstract— This article proposes a scalable dual-polarized
antenna using the compact cavity and slot-dipole hybrid structure
for omnidirectional radiation. For the horizontal polarization,
an open-ended cavity is uniformly excited at its TE1/2,0,0 mode
to achieve omnidirectional coverage. Based on this thin cavity,
a hybrid structure with slots and parasitic dipole stub pairs is
designed for vertical polarization, providing an omnidirectional
pattern in the azimuthal plane. The measured results show that
dual-polarized radiations with port isolation higher than 25 dB
and gain variations lower than 2.7 dB are achieved in the band of
2.39–2.49 GHz, covering the frequency band of wireless local area
network (WLAN) system. Moreover, to validate the scalability of
the proposed antenna, a cascaded array is contrived to realize
high-gain omnidirectional radiation. Compared with the existing
works, the proposed omnidirectional dual-polarized antenna has
the advantages of both compact volume and array scalability,
exhibiting promising usage for high-gain router applications.

Index Terms— Antenna array, antenna diversity, antenna min-
imization, cavity antennas, omnidirectional antennas.

I. INTRODUCTION

W ITH the popularity of mobile Internet, the router
becomes a key device in wireless local area net-

work (WLAN) systems to satisfy the demand of connecting
mobile terminals for higher transmission rates and stable
links [1]–[3]. For the wireless router application, antennas are
properly designed to achieve omnidirectional radiation in the
azimuthal plane with the merit of broad user coverage. The
typical designs of router antennas are dipoles or monopoles
with vertical polarization in cylinder profile [4]–[6]. By etch-
ing multiple slots [7] or loading parasitic structures [8], [9],
these dipole or monopole antennas obtain broadband or
multiband characteristics to enhance the channel capacity.
However, compared with the dual-polarized antennas with
polarization diversity, these single-polarized antennas are at
the risk of polarization mismatch. Besides, the antennas on
the routers are expected to have high gain for longer trans-
mission distance and better wall penetration ability. Therefore,
the high-gain omnidirectional dual-polarized (ODP) antenna
arrays are required for WLAN wireless routers.
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For the ODP antenna arrays with high-gain property,
it is essential to select the radiating elements to achieve
orthogonal polarizations. In recent studies, there are three
methods for high-gain ODP antennas design. First, several
directional antennas with dual polarizations are employed
in a circular array to synthesize omnidirectional radiation
patterns [10]–[15]. This method usually occupies large space
for antennas. The second method is arranging an array based
on dual-polarized compact elements. The design in [16]
presents a high-isolated ODP antenna element by locating
two orthogonal slots carved on a column with a total length
of 0.66λ0 at 0.44 GHz. For the array design, such a large
element space leads to large grating lobes. Li et al. [17] and
Liu et al. [18] designed an open slot to achieve horizontal
polarization, reducing the whole height of the antenna in [16].
By carving the horizontal-polarized slots on the cavity with
vertical polarization, Dai et al. [19] and Gong et al. [20]
presented ODP antennas with high isolation and compact
volume. The third method is integrating horizontal and vertical
arrays with omnidirectional radiation. For horizontal-polarized
arrays, feasible designs include dipole-loop [21], [22], slot-
loop [23], and slot arrays [24], [25]. For vertical polarization,
dipoles [26]–[28] and slots [29] are used as omnidirectional
elements. However, it is a challenge to integrate dual single-
polarized omnidirectional antenna arrays within a compact
volume, maintaining a high port isolation between dual
polarizations.

In this work, a cavity and slot-dipole hybrid structure with
array scalability is proposed to integrate dual single-polarized
omnidirectional antennas. A thin cavity is excited uniformly
for horizontal polarization. For vertical polarization, folded
slots and parasitic dipole pairs are designed based on the
thin cavity, providing the omnidirectional radiation pattern.
A prototype of two-element ODP array is fabricated and tested
as an example. The experimental results show that the gains
are higher than 3.8 dBi. Moreover, compared with the current
ODP antenna designs, the proposed antenna is verified with
the ability to be scalable for high-gain array applications.
As shown in Fig. 1, the ODP antenna array based on the
proposed hybrid structure exhibits potentials for high-gain
wireless router systems.

II. TWO-ELEMENT ODP ARRAY DESIGN

A. Antenna Array Configuration

The geometry of the proposed two-element ODP antenna
array is shown in Fig. 2. The detailed dimensions are listed
in Table I. The orange part represents copper, and the gray
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Fig. 1. Application scenarios of the proposed array on the wireless routers.

TABLE I

DETAILED DIMENSIONS (UNIT: mm)

part is the F4BM dielectric (εr = 2.65 and tan δ = 0.002).
The proposed array is cascaded by two antenna elements, each
comprising a half-wavelength-long cavity with one carved
slot and dual parasitic dipole stub pairs. Fig. 2(b) shows the
exploded view of the proposed array. The whole length of the
array is l2 = 125 mm, which is one wavelength at 2.44 GHz.
The thickness of the cavity sidewall is t = 0.5 mm. For vertical
polarization, a pair of folded T-shape slots are carved on the
cavity sidewalls and microstrip fed using a two-way power
divider. Two pairs of parasitic stub are attached symmetrically
on the cavity. For horizontal polarization, another two-way
power divider with two probes located with the spacing s1 is
adopted as the feeding network to uniformly excite the cavity.
One end of each metal probe is connected to the output port
of the power divider and the other end is soldering to the
cavity sidewall. Each two-way power divider is composed
of 50 � microstrip line with the width of w50 and 100 �
microstrip line with the width of w100. At last, two dielectric
substrates with the feeding networks are inserted into the
cavity and attached near the inner surface of cavity sidewalls.
The asymmetry of these two feeding networks has little effect
on the omnidirectional radiation patterns.

B. Horizontally Polarized Omnidirectional Design
The thin cavity for horizontal polarization is plotted in

Fig. 3(a). The one-wavelength-long cavity contains three metal
sidewalls and three open-ended sides. By adjusting the location

Fig. 2. Geometry and dimensions of the proposed two-element ODP antenna.
(a) Perspective view. (b) Exploded view. Feeding networks for (c) horizontal
and (d) vertical polarizations.

of the probes, the cavity operates at its TE1/2,0,0 mode,
i.e., the electric field is with the distribution of a quarter
wavelength along the X-axis and uniform distribution along
the Y -axis and Z -axis. Fig. 3(b) and (c) shows the effect
of the probe arrangement on the electric field of cascaded
cavity. As shown in Fig. 3(b), when fed through only one
port, the thin cavity operates at its TE1/2,0,2 mode with one-
wavelength electric field distribution on the radiating aperture.
Hence, the equivalent magnetic currents are arrayed out-of-
phase along with the radiating aperture, realizing the radiation
with the peak gain out of the azimuthal plane. By exciting
dual feeding ports uniformly, the radiating aperture of the
cascaded thin cavity operates at the zeroth-order mode, i.e.,
uniform electric field distribution along the Z -axis, providing
high aperture efficiency and omnidirectional radiation pattern
in the azimuthal plane for horizontal polarization. It is worth
mentioning that if a higher gain is expected, more thin cavities
can be cascaded in an array, and more ports are required to
uniformly excite the TE1/2,0,0 mode of the longer cavity.

C. Vertically Polarized Omnidirectional Design

Fig. 4(a) shows the operating mechanism of the initial slot
array without the parasitic dipole stubs. Two folded slots
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Fig. 3. Geometry of the open-ended cavity for horizontal polarization.
(a) Proposed open-ended cavity. E-field distributions and radiation patterns
of horizontally polarized cavity with (b) one and (c) two feeding ports.

Fig. 4. Geometry of the slot array without the stubs for vertical polarization.
(a) Equivalent magnetic current on the slot at the half-wavelength mode.
(b) Omnidirectional radiation pattern in the azimuthal plane.

with a total length of nearly a half wavelength at 2.44 GHz
are etched directly on the cavity. When these two slots are
excited with equal amplitude and phase, each slot operates

Fig. 5. Radiation properties of the two-element array for vertical polarization.
(a) Proposed configuration. (b) Radiation patterns in the azimuthal plane
without the stubs or with the stubs of different lengths ld .

at the half-wavelength mode, realizing an equivalent magnetic
current along with the slot and a quasi-omnidirectional pattern
in the azimuthal plane, as shown in Fig. 4(b). However, due
to the unbalanced electric field along with each slot, strong
radiation is realized along the +X-axis, and a high gain
variation of 5.5 dB is achieved in the azimuthal plane.

To decrease the gain variation of vertical-polarized radiation
pattern, a hybrid slot-dipole structure is proposed. Two groups
of symmetrical parasitic stub pairs are attached on the cavity,
as shown in Fig. 5(a). Here, the initial slots are bent to
T-shape for miniaturization, giving little effect on the modes.
The radiation patterns in the azimuthal plane without the
stubs or with the stubs of different lengths ld are shown in
Fig. 5(b). It is observed that the loading of parasitic stub
pairs reduces the gain variation. By optimizing the length of
parasitic stub ld, each stub pair operates at the dipole mode,
enhancing the radiation along the −X-axis and realizing more
omnidirectional radiation. However, as the value of length ld

increases to 25.8 mm, the parasitic stub pairs provide stronger
radiation than the slot array, worsening the gain variation
instead. Hence, the length of each parasitic metal stub is
optimized as ld = 23.8 mm. The gain variation is reduced
to 2.3 dB in the azimuthal plane.

To clarify the operating principle of the parasitic stub pairs
for better omnidirectional radiation pattern, the surface current
distributions on the cavity with stub pairs for dual polarizations
are shown in Fig. 6. As shown in Fig. 6(b), when fed through
Port 2 for vertical polarization, the surface current distribution
is in-phase along with the stub pairs. Therefore, each stub pair
operates at the dipole mode, and all stubs are excited in-phase,
simultaneously enhancing the radiation along the −X-axis and
compensating the gain variation of vertical polarization in
the azimuthal plane. For horizontal polarization fed through
Port 1, as shown in Fig. 6(a), the surface currents are out-
of-phase distributed along with the stub pairs and out-of-
phase between the adjacent stub pairs. In total, the whole
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Fig. 6. Surface current distributions on the cavity with parasitic dipole stub
pairs. (a) Horizontal polarization. (b) Vertical polarization.

current distribution along with the stub pairs realizes field
cancellation in far field. Hence, the symmetrical stub pairs
reduce the gain variation of vertical polarization but do not
affect the omnidirectional radiation of the horizontal polar-
ization. It is worth mentioning that the horizontal-polarized
mode is affected by the parasitic stubs, but almost not by the
horizontal slots. The gap between the parasitic stubs and cavity
produces an equivalent parasitic capacitance. The loading of
this parasitic capacitance enhances the localized electric field
near the radiation apertures of horizontal polarization and
realizes the miniaturization of the cavity antenna. If the length
of the stubs increases, the parasitic capacitance is enlarged
accordingly and the resonant frequency is decreased. The
bandwidth of horizontal-polarized mode is reduced, but still
covering the desired WLAN frequency band.

D. Dual-Polarized Omnidirectional Design

As shown in Fig. 7(c), by integrating the cascaded cavity for
horizontal polarization and the slot-dipole hybrid structure for
vertical polarization, the proposed two-element antenna array
with omnidirectional radiation is built with a compact volume.
Dual two-way power divider feeding networks are aligned on a
dielectric substrate. Two substrates are inserted into the cavity
and attached onto the inner surface of sidewall.

The isolation of a dual-polarized antenna array is a critical
issue for practical applications. We take a simplified antenna
with an open-ended cavity and a horizontal slot as an example
to illustrate the reason for high port isolation, as shown
in Fig. 7(a). When fed by the metal probe for horizontal
polarization, two sidewalls of the metal cavity can be regarded
as being differentially fed. Hence, the cut plane α can be
equivalent to a virtual perfect electric conductor (PEC) plane.
The center point of the horizontal slot is forcibly set to null
electric field, so it is impossible to excite the slot mode. When

Fig. 7. High port isolation of the proposed antenna array. Schematic
of the simplified antenna for (a) horizontal and (b) vertical polarizations.
(c) Proposed two-element ODP array. Surface current distribution when fed
through (d) Port 1 for horizontal polarization or (e) Port 2 for vertical
polarization. The purple arrows depict the main current distribution.

the horizontal slot is excited for vertical polarization, two
cavity sidewalls can be regarded as being fed in common
mode. The plane α can be equivalent to a virtual perfect
magnetic conductor (PMC) plane, as shown in Fig. 7(b),
so the TE1/2,0,0 mode is unfeasible to be excited in this thin
cavity. Therefore, high port isolation is finally achieved in
such a compact structure. Fig. 7(d) shows the surface current
distribution in the expanded view when the thin cavity is fed
through Port 1 for horizontal polarization. The surface currents
(denoted by the purple dash arrows) are out-of-phase on each
stub pair, and the total currents are distributed horizontally.
The surface current distribution for vertical polarization is
shown in Fig. 7(e). When the hybrid slot-dipole array is fed
through Port 2, the surface currents are concentrated on the
edges of the slots and parasitic stubs. Besides, the surface
currents are out-of-phase on two arms of each slot element and
distributed in-phase along with the stubs. Hence, the current
distributions of dual polarizations are algebraically orthogonal,
leading to a high port isolation within such a compact volume.

III. MEASUREMENT OF TWO-ELEMENT ARRAY

The left inset of Fig. 8 shows the photograph of fabricated
array prototype. The proposed two-element array consists of
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Fig. 8. Measured and simulated S-parameters of the proposed two-element
array. The left inset is the fabrication photograph.

an all-metal cascaded cavity product by a computer numer-
ical control (CNC) technique and two dielectric substrates
product by the printed circuit board (PCB) process. The
thickness of the cavity sidewall is chosen as t = 0.5 mm
to ensure sufficient stiffness of the whole thin structure. Both
two-way power divider feeding networks are fabricated on the
dielectric substrate F4BM (εr = 2.65 and tan δ = 0.002).
To connect these structures together, five fixing polycarbonate
screws are arranged in the proper place of the cavity. The
simulated and measured results show that the screws have
little effect on the modes of the proposed two-element ODP
array.

The S-parameters of the proposed array in measured and
simulated results agree well, as shown in Fig. 8. The measured
impedance bandwidths of horizontal and vertical polarization
are 2.39–2.49 and 2.36–2.53 GHz, respectively, covering the
WLAN band (gray area). The measured transmission coef-
ficient (S21) is lower than −25 dB in the desired band,
indicating that high isolation is achieved within such a compact
volume due to the orthogonal modes of dual polarizations for
azimuthally omnidirectional radiation.

Fig. 9 shows the radiation performances in the simulated and
measured results at 2.44 GHz. As shown in Fig. 9(a), a gain
variation of 2.5 dB is achieved when fed through Port 1 for
horizontal polarization. In addition, the proposed antenna array
with dipole stubs obtains the vertical-polarized gain variation
of 2.7 dB in the XOY plane, which is with a 2.8 dB decrease
than that without the parasitic stubs, as shown in Fig. 9(c). The
cross-polarization level is lower than −15 dB in the azimuthal
plane, and the measured radiation patterns in the XOZ plane
also agree well with the simulated ones. As shown in Fig. 9(d),
the null in the XOZ plane is along the 320◦ direction, not the
z-axis direction. This is because the current near the upper
edge of the cavity also radiates and realizes the offset of
the gain null. The deterioration of the pattern roundness in
the measurement mainly contributes to the handmade fabrica-
tion errors, which can be solved by adhesive and integrated
installation.

Fig. 9. Measured and simulated radiation patterns of the proposed antenna
array at 2.44 GHz. Radiation patterns in the XOY and XOZ planes for (a) and
(b) horizontal polarization and (c) and (d) vertical polarization.

Fig. 10. Total efficiencies and realized gains of the two-element array in
the measured and simulated results when fed through Port 1 for horizontal
polarization or Port 2 for vertical polarization.

The total efficiencies and peak realized gains are shown in
Fig. 10. As seen, the proposed two-element ODP antenna array
using cavity and slot-dipole hybrid structure achieves a total
efficiency more than 83% and a peak realized gain of 4.2 dBi
for horizontal polarization. Due to the uniform electric field on
the radiating aperture of the thin cavity, the aperture efficiency
is improved, achieving high peak realized gain for horizontal
polarization. Besides, a total efficiency higher than 89% and
a peak realized gain of 3.8 dBi are obtained by exciting the
proposed array through Port 2 for vertical polarization.
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TABLE II

COMPARISONS OF THE PROPOSED TWO-ELEMENT ODP ARRAY WITH
OTHER ROUTER ANTENNA DESIGN IN THE LITERATURE

To highlight the merits of the proposed ODP antenna array,
Table II presents a comparison with the other antenna designs
for router applications in terms of several performances such
as cross-sectional area, polarization, gain variation in the
azimuthal plane, and operating bandwidth. The cross-sectional
area is defined as the minimum side area of the omnidirectional
antenna when the antenna is in normal placement attitude
when used. On the one hand, compared with other array
designs, the proposed two-element antenna array achieves
ODP radiation in a highly compact structure with the antenna
thickness of only 0.06λ0. On the other hand, the proposed
antenna occupies a similar space as other antennas with
only single polarization but provides dual polarizations with
omnidirectional radiation.

Considering the uniform field along with the aperture of
cascaded cavity and slot-dipole hybrid structure for dual
polarizations, we define the absolute realized gain over the
length of aperture (GOL) to evaluate the aperture efficiency of
omnidirectional antennas. Compared with the current designs,
the proposed ODP antenna realizes high GOL values of 2.6
and 2.4 for dual polarizations. The antenna in [16] achieves a
higher GOL value, but the large profile in the design leads to
large grating lobes for array design. Moreover, the proposed
antenna is with the merits of both compact volume and array
scalability to obtain high-gain performance. By using a longer
cavity uniformly excited by the proper number of feeding
ports and carving more slot elements with parasitic dipole
stub pairs, higher gains are provided by the similar design
approach.

IV. EIGHT-ELEMENT ODP ARRAY DESIGN

For high-gain motivation, the ODP antenna is expected to be
both compact and scalable for array design. Works [10]–[15]
designed the ODP elements by concentrically arranging sev-
eral directional antennas for omnidirectional radiation pattern.
By positioning these elements in arrays, the performances
of high gain and high isolation are achieved but with large
dimensions. A novel ODP element is designed within a
column with the length of 0.66λ0 [16]. For array design,
the large element spacing will introduce large grating lobes.
Gong et al. [20] proposed a triband dual-polarized element.

Fig. 11. Peak gains of the arrays with different numbers of the antenna
elements.

The intricate feeding networks in this design lead to a chal-
lenge to obtain high isolation for compact array design.

The proposed compact ODP antenna array has the merits of
compact volume and array scalability, suitable for high-gain
router applications. To validate, the cascaded arrays containing
the different number of the antenna elements are designed and
simulated, as shown in Fig. 11. Each element is composed of
a half-wavelength-long cavity and a slot with dual parasitic
dipole pairs. The array with four antenna elements achieves
the peak gains of 7.1 and 6.6 dBi for horizontal and vertical
polarizations, respectively. When the element number reaches
eight, the peak gains are 10.0 and 9.5 dBi. In short, as the
number of elements increases, the cascaded compact array
provides ODP radiation with higher peak gains.

As an example, a high-gain antenna array with eight antenna
elements is designed, as shown in Fig. 12. Similar to the
previous two-element array design, the whole eight-element
array consists of a quad-wavelength-long cavity and two
dielectric substrates inserted into the cavity and attached onto
the sidewalls. Eight folded slots bent in T-shape are etched on
the cascaded cavity, and eight pairs of stub are parasitically
attached. Eight metal probes are uniformly distributed in the
cavity with spacing of s′

1 = 62.5 mm, and the distance between
the adjacent slot elements is chosen as s′

2 = 50.5 mm or
s′

3 = 74.5 mm. The length of each parasitic metal stub l ′d
is optimized as 25 mm. The other dimensions, such as the
length of carved slots and the width of all-metal cavity, remain
the same compared to the proposed two-element array design.
When fed for horizontal polarization, the cascaded cavity is
uniformly excited at its TE1/2,0,0 mode for omnidirectional
radiation. The vertical-polarized radiation is realized based on
the slot-dipole hybrid structure.

Fig. 13 shows the simulated S-parameters of the eight-
element array. It is shown that the proposed array also covers
the desired bandwidth of WLAN, with a port isolation higher
than 25 dB obtained within such a compact structure. Fig. 14
shows the radiation performance of the eight-element antenna
array at the center frequency of 2.44 GHz. An omnidirectional
pattern with a peak gain of 10.0 dBi and a gain variation
of 1.7 dB in the azimuthal plane is achieved for horizontal
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Fig. 12. Geometry configuration and dimensions of eight-element antenna
array. (a) Perspective view. (b) Exploded view.

Fig. 13. S-parameters of the eight-element array based on the proposed array
design.

polarization, as shown in Fig. 14(a). In addition, Fig. 14(c)
shows that the vertical-polarized radiation realizes the peak
gain of 9.5 dBi and the gain variation of 2.4 dB. In Fig. 14(d),
there is a strong endfire radiation along the z-axis. There are
four two-element subarrays in the eight-element array. The
radiation pattern in the XOZ plane of the two-element subarray
is shown in Fig. 14(e). The gain null is not along the z-axis
because the current near the upper edge of the cavity also

Fig. 14. Radiation patterns of the eight-element ODP array at 2.44 GHz.
Radiation patterns in the XOY and XOZ planes for (a) and (b) horizontal
and (c) and (d) vertical polarizations. Radiation patterns of (e) two-element
subarray and (f) array factor.

radiates and realizes the offset of the gain null. The spacing
between the adjacent two-element subarrays is one wavelength
at the center frequency. Then, the radiation pattern of the array
factor is plotted in Fig. 14(f). It is observed that a strong
lobe appears along the z-axis. Hence, the radiation pattern of
the whole eight-element array is obtained by multiplying the
two-element pattern and the array factor pattern. Therefore,
a strong endfire radiation is realized in the XOZ plane. In a
whole, the ODP radiation with high peak gains and low
gain variations in the azimuthal plane for both polarizations
are obtained, verifying the array scalability of the proposed
design.

In practical applications, as shown in Fig. 15, the proposed
eight-element antenna array is located above a corner of the
metal ground. The rectangular ground is with the dimen-
sions of L × W (W is assumed to be 0.6 × L), and the
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Fig. 15. Radiation properties of the proposed eight-element array with the
metal ground. Radiation patterns in the XOY plane for horizontal polarization
with different values of (a) D and (c) L . Radiation patterns in the XOY plane
for vertical polarization with different values of (b) D and (d) L .

distance between the proposed array and metal ground is D.
As seen from Fig. 15, the antenna array maintains stable
modes of dual polarizations with omnidirectional radiation
patterns, leading to a wide prospect for the usage in the router
systems.

V. CONCLUSION

In this article, a scalable ODP antenna array is proposed
using a cavity and slot-dipole hybrid structure. A cascaded
cavity is fed uniformly by the proper number of feeding
ports for high aperture efficiency and horizontal-polarized
omnidirectional radiation. Meanwhile, a folded slot array with
parasitic dipole stub pairs is loaded on the thin cavity for
vertical polarization. The result shows that omnidirectional
radiations are achieved with high peak gain and the gain vari-
ation lower than 2.7 dB for both polarizations. The two- and
eight-element arrays based on the proposed array design are
performed, providing high-gain ODP radiation in the desired
band of 2.39–2.49 GHz. With the merits of compact volume,
high isolation, and array scalability, the proposed antenna array
exhibits promising potentials for high-gain wireless router
applications.
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Hawai‘i at Mānoa, Honolulu, HI, USA, in 2012. Since January 2016, he has
been with Tsinghua University, where he is currently an Assistant Professor.
He has authored or coauthored over 170 journal papers and 50 international
conference papers and holds 25 granted Chinese patents. His current research
interests include metamaterials, plasmonics, electromagnetics, nanocircuits,
mobile and handset antennas, multiple-input and multiple-output (MIMO) and
diversity antennas, and millimeter-wave antennas and arrays.

Dr. Li was a recipient of the Issac Koga Gold Medal from the URSI
General Assembly in 2017, the Second Prize of Science and Technology
Award of the China Institute of Communications in 2017, and the Young
Scientist Awards from the conferences of Progress In Electromagnetics
Research Symposium (PIERS) in 2019, International Applied Computational
Electromagnetics Society Symposium (ACES) in 2018, Atlantic Radio Science
Conference (AT-RASC) in 2018, Asia–Pacific Radio Science Conference (AP-
RASC) in 2016, International Symposium on Electromagnetic Theory (EMTS)
in 2016, and URSI General Assembly and Scientific Symposium (GASS) in
2014. He is serving as an Associate Editor for IEEE TRANSACTIONS ON
ANTENNAS AND PROPAGATION, IEEE ANTENNAS AND WIRELESS PROPA-
GATION LETTERS, Microwave and Optical Technology Letters, and Computer
Applications in Engineering Education and is serving on the Editorial Board
of Scientific Reports, Sensors (MDPI), and Electronics (MDPI).

Authorized licensed use limited to: Yue Li. Downloaded on June 15,2022 at 00:59:04 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


