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Abstract

In this paper, the design of a three-layer linear polarization converter based on substrate-integrated waveguide (SIW) technol-
ogy is demonstrated. The transmission-type polarization converter with dual frequency polarization conversion characteristics
is realized by a square-slot sandwiched by two layers of off-center dipole-slot resonator, and its asymmetric transmission (AT)
property can be obtained by rotating the upper and the lower dipole-slot resonator to form an interlaced layout. An excellent
polarization conversion ratio (PCR) can be realized by integrating the traditional transmission-type polarization converter
with an SIW, and its physical mechanism can be explicated by guided wave field theory. Experimental results are presented
and compared with the simulation results, and they demonstrated that ultra-high PCRs of the presented polarization converter
are 0.87 and 0.99 for the measurement at the working frequency of 7.34 GHz and the simulation at the working frequency
of 7.6 GHz, respectively. The designed polarization converter has greatly expanded the application field of SIW technology.

1 Introduction

Metamaterials (MMs), as an artificial material, have largely
been stimulated by the perfect absorber [1, 2, 2], invisibility
cloaking [3, 4] and polarization converter [5-9] due to its
extraordinary electro-magnetic (EM) properties. In practical
applications, it is very important to manipulate the polariza-
tion state of an arbitrary incident wave, mainly because of
its wide potential utilizations including antennas [10-12],
radome [13, 14] and so on [15-18]. Therefore, MMs-based
polarization converters have been studied extensively. Con-
sidering the innate advantages of experimental and com-
mercial utilization, polarization modulation in transmission
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mode is more attractive [19]. Conventional transmission-
type polarizer typically operates in narrow frequency bands
(about 20% fractional bandwidth) and has low efficiency,
but the high performances are usually achieved at the price
of more complex structure [20]. Hence, the implementation
of transmission-type polarizer with simple structure and low
cost has aroused great interests.

More recently, a remarkable progress has been made on
the polarization converter devices in wide band and high
efficiency. In 2013, Grady [21] brought up a cut-wire array
structure that is capable of rotating a linear polarization state
into its orthogonal state in the frequency of 0.8-1.9 THz,
and the multi-layer design of the cut-wire could realize
anomalous refraction in 0.4—1.8 THz. Subsequently, Yijun
Feng and others [22, 23] designed an active chiral MM
which could dynamically control the asymmetric EM wave
transmission at microwave frequencies using planar MM of
deep subwavelength thickness incorporated with active com-
ponents of PIN diodes. In general, the physical mechanisms
of the existing polarizer are restricted to the cross-coupling
between the electric and magnetic, and the efficiency of
polarization conversion is still unsatisfactory.

Substrate-integrated waveguide (SIW) is integrated wave-
guide-like structure realized using two rows of metal pins or
slots embedded in a dielectric substrate that electrically con-
nect two parallel metal plates [24]. SIW structures integrate
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the advantages of traditional transmission line and possess
the advantages of conventional metallic waveguides, such
as high-quality factor and high power handling capability
with self-consistent electrical shielding [25]. Based on the
above considerations, SIW technology is expected to solve
the technical bottleneck of polarization conversion efficiency
improvement. In fact, the idea of SIW technology is derived
from waveguide structures. The polarization converters for
waveguide systems and horn antennas have been extensively
studied [26-30], and their similar advantage lies in high effi-
ciency. Therefore, SIW technology is employed for improv-
ing the efficiency of a polarization conversion, which is also
the main topic in this paper.

In this work, a three-layer high-efficiency polarization
converter based on SIW technology is presented, which
could convert y-polarization incident wave to x-polarized
transmitted wave with an efficiency of nearly 1.0 at the
working frequency of 7.33 GHz. The electromagnetic trans-
mission properties of the proposed structure are analyzed
by the finite-difference time-domain (FDTD) method. To
validate our design, the designed structure is fabricated
using the conventional printed circuit board (PCB) process,
and the tests are performed employing free-space method
in microwave anechoic chamber. The physical mechanism
of the high-efficient cross-polarization conversion for the
proposed structure could be explained according to the
electromagnetic transmission mode of a traditional metal
rectangle waveguide. Besides, based on the surface current
distribution and the characteristic of the electrical field mode
in SIW cavity, the physical mechanism of high-efficiency
transmission can be clarified much further.

2 Physical principle of operation

At first, design method of the imbedded SIW will be dis-
cussed in detail. Since the surface current could only flow
along the metal cylinder in z-direction, the cavity only sup-
ports TM, o modes (m=0,1,2,3...,n=0,1,2,3...). Further-
more, the appropriate high-order electric field mode should
be selected to excite resonance in the cavity. Therefore,
based on the Eq. (1) [31, 32], SIW cavity’s resonance fre-
quency f and the geometrical parameters can be accurately
confirmed.

coVm? +n? N D?
ofe | 093P )

where W is the cavity length, ¢ is the speed of light in vac-
uum, and ¢, is the relative permittivity of the substrate, and
the P and D are the period and diameter of the metal cylin-
ders which could be determined by Eq. 2:
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Based on this physical theory, the preset parameters of the
SIW can be obtained according to the technical requirements
of polarization converter.

3 Design and analysis

The geometry of the presented SIW-based polarization
converter is illustrated in Fig. 1. It consists of three layers
of slotted metal integrated with SIW and is sandwiched
by two dielectric layers having the same thickness (that is,
t1 =12=1.6 mm), and the period of the unit cell p was set
as 20 mm. Figure 1b depicts the front view of the upper
slotted metal patch layer, the side length of the slotted
metal patch is marked as W; the length and width of the
x-direction slot (its long axis is in x axis) are /1 and /2.
The middle layer metal is the square ring patch and its
geometrical parameters are /3 and /2. The middle layer
metal is square ring patch and its geometrical parameters
are [3 and /4 as shown in Fig. lc. The parameters of the
lower slotted metal are identical to the upper layer, but
the slot is y-direction to convert the incident wave, just
as shown in Fig. 1d. The optimized key parameters are as
follows: W=18.4 mm, a=4.5 mm, /[1=12 mm, [2=1 mm,

y'r ¥ T
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Fig. 1 Schematic diagrams of the designed SIW-based polarization
converter. a Perspective view of the expended structure, b front view
of the structure (marked as M1), ¢ the middle layer metal (marked as
M2) and d the bottom layer meal (marked as M3)
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[3=12 mm, /[4=10 mm and the metal is copper with con-
ductivity =5.96 x 10’ Sm~! which was fabricated on a
Teflon substrate with a permittivity =2.1 and a dielectric
loss tangent of 0.0002. The commercial software CST
Microwave Studio [33] and frequency domain solver were
employed to simulate the transmission performance of the
converter with unit cell boundary condition imposed in the
x-y directions and Floquet port in z-direction.
Considering of the polarization of the incident EM
waves, we define E,; and E; to represent the direction of
electric field polarization along the x- axis and the y-axis,
respectively, just as shown in Fig. 1(a). Therefore, the
transmission of y-to-y, y-to-x, x-to-y and x-to-x rolariza—

tion conversions can be defined as: 7, = Eyl/Eyi‘,

txy = Ext/Eyi|7 tyx = ’Eyt/Exi and Iix = |Ext/Exi|7 respec-
tively, where 7, and 7, are called the co-polarization
transmission, and 7, and 7., are called cross-polarization
transmission. In these equations, E denotes the electric
field, while the subscripts i and ¢ represent the incidence
and transmission of electromagnetic waves.

In Fig. 2, we illustrate the simulated transmission coef-
ficients in the polarization converter for the x-polarization
and y-polarization incidence waves under normal inci-
dence. Considering the inherent polarization sensitivity of
this designed structure, both the co-polarization transmis-
sion 7y, and the cross-polarization transmission 7, are zero
for the x-polarization incidence waves. Therefore, nearly
all the x-polarized incident wave is blocked in this band-
width. For the y-polarization incidence waves, it can be
seen that only cross-polarization transmission coefficient
t,, has three resonance peaks at 7.34 GHz, 10.79 GHz and
11.79 GHz with polarization efficiency over 0.8, which
means that in these three frequencies, most of the incident
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Fig.2 Transmission properties of the proposed polarization converter

y-polarized wave is converted into x-polarized transmitted
electromagnetic wave. Meanwhile, another co-polarization
transmission coefficient lyy is almost zero.

The polarization conversion ratio (PCR) is defined as

A lal)

3

Based on the power transmission properties of the
designed transmission-type polarization converter, its PCR
at the resonant frequency of 7.34 GHz is near 1. Next, we
will focus on the physical mechanisms of achieving perfect
polarization conversion at the key frequency of 7.34 GHz.

In particular, the cross-polarization transmission coef-
ficient is near 1 at the resonance frequency of 7.34 GHz,
which means that the SIW technology is introduced to obtain
nearly perfect polarization conversion. Based on the physi-
cal theory discussed in Sect. 2, on the basis of Eq. (2), the
P and D are chosen as 1 mm and 0.8 mm for exciting the
high-order electric field effectively in this paper. Moreo-
ver, according to Eq. 1, high-order electric field TM,,, and
TM,,, are selected, the resonance frequency f can be calcu-
lated as about 7.3 GHz. Therefore, the first resonance fre-
quency 7.34 GHz as shown in Fig. 2 coincides well with the
calculated one by Eq. (1), which could prove that electric
field conversion could be achieved due to the coupling of
high-order electric field.

To further investigate the coupling effect in the SIW cav-
ity, the high-order electric field distributions at the reso-
nant frequency of 7.34 GHz are proposed, just as shown in
Fig. 3a, b. Obviously, as seen in Fig. 3, we can find that the
three-layer structure could form two isolated cavities, TM,,
can be excited by the y-polarized incident wave in the upper
cavity and, subsequently, TM,, would convert into TM,,
mode by the perturbations of the x-direction slot on the bot-
tom metal layer. Thus, due to the coupling of the high-mode
electric field, the y-polarized incident wave could be rotated
90°, and y—x polarization conversion can be achieved.

To further clarify the specific changing process of elec-
tric field in x- and y-directions, we discuss the electric field
distributions at different positions in the wave transmitted
direction (that is, in — z direction). Just as shown in Fig. 4,
the evolution of the electric fields in the SIW cavity can be
clearly observed. For the electric field polarized along the
y-direction (that is, y-polarized wave), the electric field dis-
tributions are distributed merely in the transverse slot in all
the six samples as shown in Fig. 4a—f. Furthermore, when
the wave propagates in the structure, the y-component of
electric field gradually diminishes as shown in Fig. 4a—f,
on the contrary, the x-component progressively increases
as shown in Fig. 4g—m. The above analysis shows that a
large fraction of incident energy of the y-polarized light gets

2 2 2
PCR = < . o |ryy’ +ryy
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Fig.3 Vertical view of the electric field distributions for the presented SIW-based polarization converter at the resonant frequency of 7.34 GHz.

a TM,,, mode and b TM,, mode

converted into the x-polarized radiation after transmitting
through the three layers slot-structures integrated with SIW
cavity.

Next, the physical mechanism of the cross polarization
conversion is discussed for the SIW-based polarizer based
on the Fabry—Pérot cavity theory [35]. For convenience,
the three layers of the proposed polarization converter were
marked as M1, M2 and M3, respectively, just as shown in
Fig. 1. In our design, the three-layer structures can form
two isolated Fabry—Pérot-like resonant cavities: the first
Fabry—Pérot-like resonant cavity constituted the layer M1
and M2, and the second Fabry—Pérot-like resonant cavity
constituted the layer M2 and M3. The electric field distribu-
tions of the two resonant cavities are shown in Fig. 5a, b.
The incident wave can be either u-polarized or v-polarized
and the resonant frequency of 7.34 GHz is considered.

From Fig. 5a, b, the incident EM wave comes into the
first Fabry—Pérot-like resonant cavity and travels back and
front in between M1 and M2. The polarization of the trans-
mission wave is thereby rotated by 135° due to the multiple
polarization couplings. Subsequently, the polarization of the
transmission wave is further rotated by about 135° when
it penetrates through the second Fabry—Pérot-like resonant
cavity. As a consequence, the y-polarized incident wave is
efficiently transmitted to x-polarized wave. Considering that
the designed structure is sensitive to polarization, the trans-
mission of co-polarization and cross-polarization is zero for
the case of the x-polarized incidence. Due to SIW cavity
resonance effect, the efficiency of the transmission polariza-
tion conversion has been greatly improved at the resonance

@ Springer

frequency of 7.34 GHz. In the next discussion, we will focus
on the case of SIW cavity resonance.

4 Experimental results

To experimentally verify the performance of the proposed
SIW-based polarization converter, we fabricated the structure
with the dimension 200 mm X200 mm as shown in Fig. 6,
containing 10X 10 unit cells. The overall structural image,
vertical view and top view of the experimental sample are
shown in Fig. 6a—c, respectively. The method we have adopted
is the traditional printed circuit board (PCB) techniques. The
measurements were performed using an Agilent N5230A vec-
tor network analyzer and two broadband horn antennas [36],
and the image of the experimental setup is shown in Fig. 6d.
Figure 7 shows the cross-polarization transmission coef-
ficients of the proposed SIW-based polarization converter for
the y-polarization incidence waves, the solid and dash-dotted
line are simulated and measured results, respectively. For com-
parison, the simulation result shown in Fig. 2 is also presented
again. From Fig. 7, we can observe that the measured cross-
polarization transmission 7, is in good agreement with the
simulation. The simulated and measured results demonstrate
that the linear y-polarization wave can be completely con-
verted to its cross-polarization at the resonant frequency, and
then transmitted. The tiny discrepancy is caused by the fabri-
cation error and the un-negligible loss in the Teflon substrate.
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Fig.4 Electric field distribu-
tions at different positions in —z
direction, a—f y-polarized wave,
h-m x-polarized wave

Fig.5 a Electric field distribu-
tion for the first Fabry—Pérot-
like resonance cavity; b electric
field distribution for the second
Fabry—Pérot-like resonance
cavity
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Fig.6 Photograph of the fab-
rication SIW-based polarizer.
a Overall structural diagram
of the experimental sample,

b vertical view of the experi-
mental sample, ¢ top view of
the experimental sample and d
image of the utilized experi-
mental setup
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S txy for simulation
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Fig.7 Cross-polarization transmission characteristics of the proposed
SIW-based polarizer, solid line for simulation, and dash-dotted line
for experiment

5 Conclusions

In conclusion, the three-layer transmission polarization
converter based on the SIW technology has been put for-
ward and proved both numerically and experimentally.
The proposed SIW-based polarizer can accomplish perfect
polarization conversion with near 1 of polarization conver-
sion efficiency at the resonance frequency of 7.34 GHz.

@ Springer

For verifying our design, we fabricated the SIW-base
polarizer with 10 X 10 basic elements. By comparing the
measurement and the simulations, it proves that the novel
transmission polarizer with high-efficiency polarization
conversion can be realized by integrating with the SIW
cavity. The electric field distributions in the resonance
cavities are discussed for revealing the underlying physical
mechanisms of the high-efficiency polarization conversion,
and higher-order modes (such as TM 5y, TM,,) in the SIW
cavity play an important role in improving the polarization
conversion efficiency. Furthermore, the specific changing
process of electric field in x- and y-directions is analyzed
in detail, which is intuitively characterized by the process
of converting a linearly polarized wave into its orthogonal
polarized ones. The transmission polarization converter
is expected to be employed in many applications such as
asymmetric radome.
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