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Abstract

A compact and planar broadband circularly polarized (CP) eighth-mode substrate integrated
waveguide (EMSIW) antenna is proposed in this paper. An isosceles right triangular wave-
guide with one electric sidewall (located on one of its catheti) and two magnetic sidewalls
(located on the other two edges of the triangle) is presented to investigate the characteristics
of the EMSIW. The closed-form mode solutions of the electromagnetic field components and
the cut-off frequencies are derived for all propagating modes in this triangular waveguide. The
simulated electromagnetic field distribution is consistent with the analytical results. The res-
onant frequencies of the EMSIW cavity are then determined. A CP antenna consisting of four
EMSIW elements is designed, fabricated, and measured. The measured 3-dB axial ratio band-
width of the antenna is 21.6% from 4.72 to 5.86 GHz. Within this frequency range, the mea-
sured reflection coefficient is below —10dB, and the measured peak gain in circular
polarization at broadside is 6.89 dBic at 5.1 GHz.

Introduction

The demand for compact and planar circularly polarized (CP) antennas is rapidly increasing,
due to their wide application in satellites and wireless communication systems. Microstrip
antennas have attracted great interest for these applications because of their several advantages,
such as low profile, ability to conform to different surfaces, and ease of fabrication. However,
their inherent narrow bandwidth and low-power capacity have been shown to be strong limit-
ing factors for a wider application of this antenna type [1]. Substrate integrated waveguide
(SIW), which has low loss, high-power capacity, and convenient integration into other types
of planar circuits [2-4], is investigated to solve these drawbacks while preserving many
advantages of microstrip antennas.

Because size is a strong limitation for several applications and can lead to increasing manu-
facturing costs, several techniques have been developed to miniaturize SIW. It is demonstrated
that the half-mode substrate integrated waveguide (HMSIW) can be obtained from bisecting
the SIW along its fictitious magnetic wall [5, 6]. Further splitting the HMSIW along its
symmetrical plane, a quarter-mode substrate integrated waveguide (QMSIW) can be achieved
[7-9]. In [8], a QMSIW sub-array antenna with circular polarization, achieved by properly
feeding the antenna through a power distribution network, is presented. The operating
principle is discussed with the aid of an isosceles right triangular cavity with two magnetic
side walls (on its two catheti) and one electric side wall (on its hypotenuse). Moreover, an
eighth-mode substrate integrated waveguide (EMSIW), which is only one-eighth of the ori-
ginal SIW, can be realized by cutting the QMSIW along its fictitious magnetic wall [10-14].
A linearly polarized EMSIW resonator antenna which operates at 2.4 GHz is proposed in
[10], and its resonant characteristics are analyzed using full-wave simulation. The antenna pro-
posed in [11] uses two EMSIW cavities and can generate CP waves with a 3-dB axial ratio
bandwidth of 0.61% and peak gain 0.7 dBic. The research reported in [12] presents a CP
antenna based on an EMSIW sub-array whose array elements and feeding network are con-
nected by means of four coaxial cables, and the height of each coaxial cable is a quarter wave-
length. The 3-dB axial ratio bandwidth of the proposed antenna is 21.53%, but its impedance
bandwidth is only 10.96%. Furthermore, this structure is not suitable for integration applica-
tions due to the non-negligible height of the connecting configuration.

In this paper, a compact and planar EMSIW antenna with broader CP bandwidth is pro-
posed. An equivalent isosceles right triangular waveguide model is used to analyze the char-
acteristics of the EMSIW. Both the electromagnetic field components and the cut-off
frequencies of the triangular waveguide are derived. These analytical expressions provide phys-
ical insight into the antenna operation and useful guidelines for its design. The validity of the
closed-form expressions for the dominant mode are demonstrated by simulation results, which
are carried out using ANSYS HESS. A CP antenna based on the EMSIW is designed, simulated
and fabricated. Experimental measurements demonstrate a wide CP bandwidth of 21.6%.
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Theoretical formulation

The proposed isosceles right triangular waveguide with one elec-
tric wall on one of its catheti (y=0) and two magnetic walls on
the other edges (y=x, x=a) supports the propagation of TE
and TM modes. The cross section of the triangular waveguide
is shown in Fig. 1. The mode functions can be constructed by
proper linear superposition of mode solutions for the correspond-
ing square waveguide [15] depicted in Fig. 1.

Square waveguide with two magnetic walls and two electric
walls

The cross section (AOCB) of a square waveguide with two mag-
netic walls and two electric walls is shown in Fig. 1. TE and
TM modes in this square waveguide can be obtained by solving
the Helmholtz wave equations [16], subject to the boundary
conditions
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The solutions of H, and E, for the TE,,,, and the TM,,,,, modes
are reduced to
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where a is the width of the square waveguide, as shown in Fig. 1.
A,., and B,,, are arbitrary amplitude constants, and S is the
propagation constant. m and n must be odd integers for both
the TE,,,, and the TM,,,,, modes.

Then the field components can be calculated using [16]

Ni Wang and Xiaowen Xu

Electric Wall
s Magnetic Wall

Cd B
\ w B
N $ﬂ’>\\¥ -
N & 1z
3 ,'\\G ' 1S
N (S =
§| o%;\y | k=l
\ o |
Y &~ 1=
N &

y o

> Maggene Wali

O\ R R A R A T R \\\ A

a X

Fig. 1. Cross section of an isosceles right triangular waveguide (AOB) with two mag-
netic walls and one electric wall in the corresponding square waveguide (AOCB) with
two magnetic walls and two electric walls.
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where u = p11,, and € = gp€, are the permeability and permittivit
of the material inside the waveguide, respectively. k. = +/ B’
is the cut-oft wavenumber, and k = w,/qi€ is the wavenumber of
the dielectric material filling the waveguide.

Isosceles right triangular waveguide with two magnetic walls
and one electric wall at one of its catheti

In the proposed isosceles right triangular waveguide, the mode
functions subject to the boundary conditions can be obtained
using appropriate linear combinations of TE,,,, or TM,,,,, modes
in the discussed square waveguide that have the same cut-off fre-
quencies. The cross section (AOB) of the isosceles right triangular
waveguide with two magnetic walls and one electric wall is shown
in Fig. 1.
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The mode function of H, for the TE,,, mode

where m and n must be odd integers, and m # n. Thus, the TE
mode that has the lowest cut-off frequency is the TE;5 mode.
The field components for the TE,,, modes can be obtained

. mTWX | nmy | ATX | My
X,y) = sin sin —= — sin——sin s 6 from (6) as
Prn(%: ) 2a 2a 2a 2a © ©)
describes possible TE modes in the discussed square waveguide.
Moreover, this mode function can meet the boundary conditions iB
(7) present on the edges of the triangular waveguide, as shown in Hy=- ﬁAmn
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Fig. 3. Magnetic field lines for the TM;; mode in the isosceles right triangular waveguide with two magnetic walls and one

Analytically calculated magnetic field lines. (b) Simulated magnetic field lines.

electric wall on a cathetus. (a)
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and The field components for the TM,,,,, modes can be found using
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Table 1. Cut-off frequencies of the first four propagating modes in the isosceles (13)
triangular waveguide.
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Fig. 4. Simulated electric field distributions for the dominant mode of (a) Square SIW, (b) HMSIW, (c) QMSIW, (d) EMSIW.
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The closed-form expressions of the field components for the
dominant TM,;; mode can be obtained from (12) and (13)

(15)

(16)

Fig. 6. Simulated reflection coefficient of the linearly polarized eighth-

mode substrate integrated waveguide antenna.

Fig. 7. Simulated gain and radiation efficiency of the linearly polarized

eighth-mode substrate integrated waveguide antenna.
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The cut-off frequency of the TM;; mode is

fo= J2¢
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Fig. 8. Simulated radiation patterns of the linearly polarized eighth-mode substrate

integrated waveguide antenna in the cut plane ¢=90° at 5.2 GHz.

Fig. 9. Configuration of the designed circularly

17)
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Figures 2(a) and 3(a) plot the electric and magnetic field lines
for the dominant TM;; mode of the isosceles triangular wave-
guide, respectively. These plots are generated by analytical calcu-
lation using (15) and (16). The field lines obtained from
electromagnetic simulation are shown in Figs 2(b) and 3(b). It
can be seen that the simulated results are similar to the analytical
ones. All propagating modes in this kind of triangular waveguide
can be analytically calculated using the proposed equations. The
first four propagating modes in the isosceles right triangular
waveguide and their corresponding cut-off frequencies are listed
in Table 1. Moreover, the equations can provide physical insight
into the waveguide operation and be used to predict the character-
istics and shapes of all propagating modes.

Antenna design and results

The short isosceles right triangular waveguide with two magnetic
walls and one electric wall on a cathetus can be realized by the
EMSIW, whereas the square waveguide with two magnetic walls
and two electric walls shown in Fig. 1 can be realized by the
QMSIW. The concept of the EMSIW starts from the square
SIW. The evolution of the EMSIW from the square SIW is
illustrated in Fig. 4. Figure 4(a) shows the simulated electric
field distributions for the dominant mode in a square SIW.

h
/h

N w
500 7070 1000

polarized eighth-mode substrate integrated wave- [

—-'_I

guide antenna. (a) Three-dimensional model. (b) L
Radiator on the top layer. (c) Ground plane
layer. (d) Power divider on the bottom layer.

(©)
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When the square SIW is cut along its fictitious magnetic wall AA’,
a HMSIW is obtained, as shown in Fig. 4(b). Further bisecting the
HMSIW along the fictitious magnetic wall OC, a QMSIW is rea-
lized, as shown in Fig. 4(c). In Fig. 4(d), an EMSIW is achieved by
dividing the QMSIW along its fictitious magnetic wall OB.

A metallic via-hole array in the EMSIW that connects its top
and bottom plates can be regarded as an electric wall, while its
two open sides are equivalent to the magnetic walls [17, 18].
Because the height of EMSIW cavity is much smaller than its
width, the resonant frequencies can be calculated using (14), and
the dominant resonant mode of the EMSIW cavity is TM;;o mode.

A linearly polarized antenna is designed with the aid of the
equations derived from the theoretical analysis of the EMSIW.
The geometry and parameters are shown in Fig. 5. A substrate
Rogers RO4003 with dielectric constant &,=3.55, loss tangent
tand = 0.0027, and thickness s = 0.813 mm is chosen for the

antenna design. The diameter of the via hole d is 0.5 mm, and
the spacing between the centers of adjacent via holes s is 1 mm.
The distance between the center of the via holes and the cathetus
of the right triangular patch v is 0.5 mm. The length of the catheti
of the right triangular patch is @ = 10.83 mm. A coaxial probe with
a diameter D = 1.26 mm is used to feed the antenna at the location
l; =5.09 mm, }, = 1.68 mm. This feeding probe is realized using an
Sub-Miniature A (SMA) connector. The simulated reflection coeffi-
cient of the designed linearly polarized EMSIW antenna is shown in
Fig. 6. The simulated resonant frequency is 5.2 GHz, corresponding
to the TM;;p mode. The curves of simulated gain at broadside
direction and radiation efficiency of the antenna as a function of
frequency are illustrated in Fig. 7. The simulated gain at 5.2 GHz
is 3.53 dBi, and the radiation efficiency is 67.65% at the same fre-
quency. Figure 8 shows the simulated normalized radiation patterns
of this antenna in the cut plane ¢ =90° at 5.2 GHz.
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Fig. 10. Simulated reflection coefficients for different values of gap spa-
cing g of the circularly polarized eighth-mode substrate integrated wave-
guide antenna.

Fig. 11. Simulated axial ratios for different values of gap spacing g of the
circularly polarized eighth-mode substrate integrated waveguide antenna.
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To achieve circular polarization, an antenna consisting of four
linearly polarized EMSIW antennas and fed by a 90° power div-
ider is proposed. The configuration of this antenna is obtained
by sequentially rotating the linearly polarized EMSIW antenna,
as shown in Fig. 9. The dimensions of each element of the CP
antenna are the same as those of the previously designed linearly
polarized antenna, which is shown in Fig. 5. Due to the array of
metallic via holes on each of the triangular patches, the effect of
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Fig. 12. Simulated electric current distribution on the
patch of the circularly polarized eighth-mode substrate
integrated waveguide antenna at different phases of
5.2 GHz. (a) Phase=30°. (b) Phase=120°. (c) Phase=
210°. (d) Phase =300°.

Fig. 13. Photographs of the fabricated CP EMSIW
antenna. (a) Radiator on the top layer. (b) Power div-
ider on the bottom layer.

(ragiize=me
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the mutual coupling between each element is very small. The
simulated reflection coefficients and axial ratios for different
gaps g between each cell versus frequency are plotted in Figs 10
and 11, respectively. In order to achieve good radiation perform-
ance while miniaturizing the antenna, a spacing g = 0.5 mm
between each triangular patch is chosen. Feed-clearance disks of
diameter G = 2.31 mm are etched on the ground plane around
the feeding probes of diameter D = 1.26 mm for both the linearly

(a) (b)
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polarized antenna and the CP antenna. A Wilkinson power div-
ider network [19], which provides signals with 90° phase differ-
ence each other and equal power division at its output ports is
used to feed the triangular patches, as illustrated in Fig. 9(d).
The power divider is composed of 50 and 70.7 ) microstrip
lines and three 100 ) isolation resistors. The widths of the 50
and 70.7€) microstrip lines are 1.86 and 1.01 mm, respectively.
Two layers of Rogers RO4003 substrate with the same thickness
h =0.813mm are used to design the CP antenna. The size of
the upper layer substrate is 52 x 55 mm?, while the size of the
lower layer substrate is 60 x 55 mm?. The four isosceles right tri-
angular patches are located on the top of the upper layer, and the
power divider network is placed on the bottom of the lower layer.
The ground plane of dimensions 60 x 55 mm? is placed between
the two substrates.

The simulated electric current distributions on the triangular
patches of the designed CP antenna at 5.2 GHz at different phases
are shown in Fig. 12. It can be observed that there are two orthog-
onal current distributions with equal magnitude and 90° phase dif-
ference each other, and the electric current rotates in a clockwise
direction, which generates a left-handed (LH) CP radiation. The
simulated maximum electric field in the CP EMSIW antenna is
0.47 MV/m for an incident power of 1 W from 4.5 to 6 GHz.
The breakdown threshold of the dielectric substrate is 31.2 MV/
m, so the power capacity [20] of this antenna designed using
Rogers RO4003 substrate with a thickness of 0.813 mm is 4.41 kW.

The proposed CP antenna is fabricated with the same dimen-
sions illustrated in Fig. 9. Photographs of the fabricated CP
EMSIW antenna are shown in Fig. 13. The simulated and mea-
sured reflection coefficients of the designed CP antenna are

Reflection Coefficient (dB)
R
(4]
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Fig. 14. Simulated and measured reflection coefficients of the circularly
polarized eighth-mode substrate integrated waveguide antenna.
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Fig. 15. Simulated and measured axial ratios of the circularly polarized
eighth-mode substrate integrated waveguide antenna.
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plotted in Fig. 14. It can be observed that the simulated curve is
slightly shifted with respect to the measured one. This can be
attributed to the tolerances of both the fabrication process and
the material properties of the substrate. The measured reflection
coefficient from 4.5 to 6 GHz is below —10 dB.

Figure 15 shows the simulated and measured axial ratios of the
proposed CP antenna at broadside direction. The measured 3-dB
axial ratio bandwidth is 21.6% achieved from 4.72 to 5.86 GHz.
The simulated and measured LHCP gains at broadside are plotted
in Fig. 16, and the simulated and measured radiation efficiencies
are shown in Fig. 17. The measured maximum gain and radiation
efficiency are 6.89 dBic and 44.57% at 5.1 GHz, respectively.
Figures 16 and 17 also show that the values of measured gain
and radiation efficiency at 5.2 GHz are 3.46 dBic and 25.22%,
respectively. The discrepancies observed between the measured

10

-30

Fig. 16. Simulated and measured gains at broadside of the circularly
polarized eighth-mode substrate integrated waveguide antenna.
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and simulated results can be attributed to losses from the SMA
connector, conductive and dielectric losses from the materials
that are employed for the designed antenna, and uncertainties
related to the fabrication process and material tolerances.

The simulated and measured normalized radiation patterns of
the antenna at three different frequencies in the operating band in
cut planes ¢ =0° (xz-plane) and ¢ =90° (yz-plane) are illustrated
in Figs 18-20. Figure 18 shows the normalized radiation patterns
at 5 GHz. At this frequency, the measured LHCP gain of the antenna
at broadside direction is 2.54 dBic. The normalized radiation pat-
terns at 5.1 and 5.2 GHz are plotted in Figs 19 and 20, respectively.
The discrepancies between the measured and simulated radiation
patterns can be attributed to the tolerances of the material properties
of the substrate, fabrication process, and the additional radiation
from the cables used in the measurement [21, 22]. The measured

Simulation 1
= = Measurement

45 46 47 48 49 5

51 52 53 54 55 56 57 58 59 6
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%)

Radiation Efficiency (

Simulation
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Fig. 17. Simulated and measured radiation efficiencies of the circularly
polarized eighth-mode substrate integrated waveguide antenna.
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LHCP Simulation
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RHCP Simulation
== == RHCP Measurement

= = RHCP Measurement

LHCP,Simulation

= = LHCP Measurement Fig. 18. Simulated and measured radiation patterns of

RECP. Simuation the circularly polarized eighth-mode substrate inte-

grated waveguide antenna at 5GHz. (a) Cut plane

(b) ¢=0° (b) Cut plane ¢=90°.

LHCP, Simulation
= = LHCP Measurement

RHCP, Simulation
= = RHCP Measurement

= = LHCP Measurement

LHCP,Simulation

RHCP Simulation Fig. 19. Simulated and measured radiation patterns of

- = RHCP.Measurament the circularly polarized eighth-mode substrate inte-

grated waveguide antenna at 5.1 GHz. (a) Cut plane
¢=0° (b) Cut plane ¢=90°.

LHCP, Simulation
= = LHCP Measurement

RHCP, Simulation
= = RHCP ,Measurement

(a)

front-to-back ratio of the proposed CP EMSIW antenna is 15.84 dB
at 5 GHz, 27.76 dB at 5.1 GHz, and 18.91 dB at 5.2 GHz.

A comparison between the proposed CP EMSIW antenna and
previously reported antennas is presented in Table 2. The radiator

LHCP Simulation

= = LHCP Measurement

RHCP, Simulation Fig. 20. Simulated and measured radiation patterns of

= = RHCP Measurement the circularly polarized eighth-mode substrate inte-

grated waveguide antenna at 5.2 GHz. (a) Cut plane
¢=0° (b) Cut plane ¢=90°.

area is calculated relative to the free space wavelength 4, at the
corresponding operating frequencies. It can be seen that the
designed planar CP EMSIW antenna is able to present a larger
bandwidth with a higher gain using a smaller radiator.
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Table 2. Performance comparison between the proposed antenna and previously reported antennas.

Antenna Technique Type Frequency (GHz) 3-dB ARBW (%) 10-dB RLBW (%) Radiator area (A3) Gain (dBic)
[3] SIW Planar 10.1 0.8 2.8 0.312 6.3

[4] SIW Planar 28 1.8 6.3 0.332 5.9

18] QMSIW Planar 5.2 5.8 8.37 0.214 5.58
[11] EMSIW Planar 1.645 0.61 1.82 0.056 0.7

[12] EMSIW Non-planar 5.2 21.53 10.96 0.106 6.61
This work EMSIW Planar 5.1 21.6 >28.57 0.074 6.89

ARBW, Axial ratio bandwidth; RLBW, Return loss bandwidth; 2,, Free space wavelength.

Conclusion

A model of the isosceles right triangular waveguide with one
electric and two magnetic walls and its corresponding square
waveguide are proposed to analyze the properties of the
EMSIW. Closed-form expressions for the electromagnetic field
components and cut-off frequencies, which can be applied to ana-
lyze all propagating modes in this triangular waveguide, are
derived. The analytically calculated electromagnetic field distribu-
tion in the EMSIW for its dominant mode is in very good agree-
ment with the simulated results. A broadband compact planar CP
antenna based on the EMSIW is designed. The measured 3-dB
axial ratio bandwidth is 21.6%, and the reflection coefficient
within the operating frequency range is below —10dB. The
measured peak LHCP gain at broadside is 6.89 dBic at 5.1 GHz.
Both the simulated and the experimental results indicate that
the designed antenna can achieve a good radiation performance
using a compact radiator.
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