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In this paper, based on a layered metastructure, a tunable encoder capable of circular dichroism (CD) and po-
larization conversion (PC) is researched, which contains one common medium, magnetized plasma, and yttrium
iron garnet (YIG). The linear polarization waves (LPWs) are elected as incident waves. The incident angle and
external magnetic field intensity are 6 and Hp. A modulable dielectric layer (MDL), composed of YIG, is
optionally added to the preceding item of the given metastructure, which owns a certain thickness. By adjusting
the proper 0, Hp, and adding the MDL, the CD can be obtained at a certain frequency point, where the right-
handed circular polarization waves (CPWs) and left-handed CPWs have different reflections. Meanwhile, the
LPWs can be converted to CPWs or other polarization waves in a specific frequency band. Furthermore, the 6 and
addition of the MDL are considered as the first and second logic levels, respectively, to form four logic codes,
which can realize the PC from LPWs to CPWs or LPWs within the same specific frequency band. Hence, the
designed encoder has a promising potential in the precise control of PC in the special bandwidth, which can

provide excellent support for the research of tunable and diverse polarization splitters and selectors.

1. Introduction

The polarization forms of electromagnetic waves (EWs) can be
divided into linear polarization waves (LPWs), circular polarization
waves (CPWs), and elliptical polarization waves (EPWs) [1], which are
controlled by the phase and amplitude of the electric field intensity
based on a specific time-varying law [2]. Special polarization forms of
EWs always play a key role in many fields such as privacy protection [3]
and EWs communication [4,5]. Among these fields, CPWs, classified as
right-handed CPWs (RHCPWs), and left-handed CPWs (LHCPWs), can
make a great difference in realizing multipath interference and
decreasing polarization loss [6,7]. Moreover, Given that LPWs have the
characteristics of good directivity, high signal strength, and strong data
transmission efficiency, they are crucial for improving signal quality,
receiving efficiency, and optimizing antenna design [8,9]. Therefore, it
is essential to regulate the polarization forms of EWs, accurately and
conveniently. By converting special controllable parameters to logic
levels, encoders have great potential to reach accurate polarization
conversion (PC) and information propagation.

With the rapid development of society, the digital circuit has been
used in a wide range of applications such as information propagation
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and wireless communication [10,11]. Encoding is one of the important
parts of the digital circuit, which is defined as the process of converting
information from one form or format to another [12]. So, a device with
the related function can be called an encoder. For the electromagnetic
field, the encoder also has become a research hotspot and owned a broad
application [13], Park et al. proposed multiple-bit encodings by
changing the etch parameters of multilayer porous silicon in the optical
reflectivity spectrum [14], whose wavelengths and amplitudes were
controllable. Wang et al. investigated a smart bilayer material based on a
tungsten-doped vanadium dioxide [15], which could realize multilevel
information encryption by information encoding. Li et al. presented an
optical polarization encoder composed of graphene-loaded plasmonic
metasurfaces [16], which was capable of fulfilling all polarization forms
of reflected EWs by adjusting gate voltages and polarization forms of
incident EWs. Rao et al. studied a tunable polarization encoder capable
of PC and circular dichroism (CD) [17], which made use of the tunability
of indium antimonide to realize the conversion from LPWs to all po-
larization forms. Unfortunately, most research about encoding focuses
on electromagnetic propagation or information imaging, ignoring its
potential for PC. These few types of research about polarization
encoding are limited to PC at a special single-frequency point, owning
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Fig. 1. (a) The schematic diagrams of the presented encoder, where Structure 1 is the absence of the MDL, and Structure 2 is the addition of the MDL. (b) the electric
field (E) of the incident EWs, being at 45°to the —y-axis, is decomposed into the components E, and E,, where E, represents the TM waves, and E, denotes the TE one.

huge obstacles in real applications. Therefore, it is essential to propose
tunable encoders, realizing special PCs in a broad frequency range,
which can provide a great possibility in practical application and benefit
information communication [18].

In recent years, EWs have been used more and more widely based on
metamaterial or metastructure, which involve energy conversion and
transmission, physical quantity detection, waveform reshaping, and
other fields [19-24]. Among them, the CD of EWs is impossible to
ignore, where the general definition of CD refers to the difference in the
absorption of LHCPWs and RHCPWs by materials [25]. Essentially, the
CD of EWs is the modulation of RHCPWs and LHCPWs to make their
propagation characteristics different, meaning that the reflection dif-
ference of RHCPWs and LHCPWs, a part of the propagation character-
istics, can become obvious evidence of the absorption difference
between RHCPWs and LHCPWs. The incident LPWs can be considered to
be composed of RHCPWs and LHCPWs. Therefore, the conversion from
LPWs to RHCPWs and LHCPWs with different reflections can be viewed
as the special fulfillment of the CD [26].

In this paper, a tunable encoder with CD at a single frequency point
and PC in a special frequency range is proposed, which constitutes one
common medium, magnetized plasma (MP), and yttrium iron garnet
(YIG). The proposed encoder based on the layered metastructure can
generate electromagnetic band gap and energy localization [27], which
can make different changes in the phases of transverse magnetic (TM)
[28] and transverse electric (TE) waves [28], respectively. Firstly, the
incident angle and external magnetic field intensity are defined as 6 and
Hp in turn. Then, the modulable dielectric layer (MDL) is composed of
YIG with a certain thickness, which can be selectively added to the
preceding item of the given metastructure. Due to the ingenious ar-
rangements for MP and YIG, the Hp, 6, and addition of the MDL can
make a great effect on the phase difference (Ag) between TE and TM
waves, and amplitudes of the electric field intensity, attaining special PC
between incident and reflected EWs. In addition, what can be called CD
is that the RHCPWs and LHCPWs, converted from the same LPWs, have
different propagation characteristics when propagating in the same
structure [29]. Therefore, through investigating the influences of the 6,
Hy, and thickness of the MDL on PC, the CD can be attained at a single
frequency point, where the RHCPWs and LHCPWs can be converted by
LPWs and have different reflections. At the same time, the PC from LPWs
to CPWs and other polarization waves can be fulfilled within a certain
frequency band. Moreover, the 6 of 56°and the addition of the special
MDL are defined as the first and second input logic levels “1”, respec-
tively, while the 0 of 89°and the absence of the MDL are deemed as the

first and second input logic levels “0”, severally. By making the above
logic levels into specific combinations, the conversion from LPWs to
LPWs and CPWs can be selected, expediently and precisely, in the range
of 26.95 to 28.07 GHz. By associating special logic levels of  and MDL
with different PCs in a broad frequency range, the presented encoder not
only owns a broad application value but also has great advantages in
information transmission and storage.

2. Models and theories

As plotted in Fig. 1(a), the given configuration of the encoder owns
two situations, which are divided into Structures 1 and 2 according to
whether the MDL is added or not in the antecedent. The considered
incident EWs are LPWs, whose front view of the electric field E is dis-
played in Fig. 1(b). The E is parallel to the x-y plane, and its direction is
at the angle of 45° to the +x-axis. As a result, the E can be divided into Ey
and E, components in the +x- and —y-axis, which can generate the TE
and TM waves with the same electromagnetic intensity. When the EWs
incident, the incident angle is thought of as 8 to the x-y plane. The given
encoder contains A, B, and C, which stand for common dielectric A, MP,
and YIG, respectively. For the addition of the MDL, it is deemed as D,
comprising YIG with a different thickness from C. With the special ar-
rangements and orders of A, B, C, and D, Structure 1 can be represented
as {(BC)*A(CB)*A(BC)?}, and the {D(BC)?A(CB)*A(BC)?} is on behalf of
Structure 2. The two structures are all based on the transfer matrix
method of layered structure theory [30,31], where the thicknesses of
four media are defined as dp, dp, dc, and dp, respectively. Here, the da,
dg, dc, and dp are determined to be dy = 3 mm, dg = 10 mm, d¢c = 2.05
mm, and dp = 2.59 mm. In addition, to meet the needs of the computing
transfer matrix method, the dielectric constant of A is assigned ey = 7
[17], and the magnetic permeability of A is defined as up =1 [17]. Given
the tunability of Hp for MP and YIG, the value of Hy, is fixed as 8730 Oe,
which is directed along the +y-axis. Moreover, due to the particularities
of MP and YIG, they can be described as anisotropic media, whose
special dielectric or permeability function can be obtained from Refs.
[30,31], respectively. For MP and YIG, the magnetic permeability of MP
and the dielectric constant of YIG are fixed as yg = 1 [30] and ¢c = 15
[31]. Then, by adjusting the external Hp, the MP and YIG can vary the
phases of the TM and TE waves to some extent, respectively. Then, under
the arrangements of (BC)? and (BC)®, and the interposition of A, it is
possible for the proposed encoder to realize special PCs in a certain
frequency band, which can used for the CD at a certain frequency point.
Furthermore, by converting the  and addition of the MDL into certain
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logic levels, and adjusting the Hp to improve the phase difference be-
tween the TE and TM waves, the presented encoder can, accurately and
handily, fulfill particular PCs over a wide frequency range.

To satisfy the computational requirements of the transfer matrix
methods of MP and YIG, the external magnetic field needs to be varied.
The specific formula is as follows [32]:

Bo=fioHo+M ¢

Due to the direction of the external Hp along the +y-axis, the YIG can
be described as an anisotropic medium, whose effective permittivity is a
tensor. The tensor is shown as follows [33]:

ﬁ He O juy
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where a = 0.0002 is the damping constant, j denotes a unit imaginary
number, and o is on behalf of the angular frequency of EWs. Moreover,
wo = 21fy is the resonance frequency [33], where fo = 2.8 x 10° x Hg
and wy = 27fy, stands for the circular frequency [33], where f, = 2.8 x
10% x M. The M, representing saturation magnetization, is fixed as
1780 Gs [33].

In the centimetre-gram-second system, Oe and Gs are the classical
units [34], which are used for the magnetic field intensity and magnetic
induction intensity. For the saturation magnetization M of YIG, the unit
of it is the same as magnetic induction intensity, whose unit should be
Gs. However, the vacuum permeability is defined as the dimensionless
quantity of 1 in the centimetre-gram-second system [35], leading to the
numerical equivalence between Oe and Gs. So, to simplify the calcula-
tion of YIG, the unit of the M; is often chosen as Oe [31], benefiting the
unit unification in the calculation process.

When the EWs incident the medium of MP, the MP can be viewed as
an anisotropic medium on dielectric constant, whose effective dielectric
tensor is described as follows [30]:
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where w, and o are deemed as the plasma frequency, and the cyclotron
frequency of electron [30], respectively, where w, = [(ezne)/(eom)] v 2,
and w.=(eBp/m). Moreover, the n, and v are defined as the plasma
density and collision frequency, where ne = 1 x 10'® m~3 [36], and v is
fixed as v = 0.0001wp. For e, m, and ¢, they represent the electric
quantity, electric quality, and permittivity of the vacuum [30].

Given that the direction of E is along the —y-axis for the TE wave-
s,H = —\/EE can be used to calculate the magnitudes of the electric and

magnetic fields for the TE waves. Then, the forms of the transfer
matrices about A, B, C, and D are listed as follows [30,33]:

cos(kpd,) 1R Kauda)
M, = Mg (4-1)
Jngsin(kads)  €os(Kexda)
et . L
cos(kid;) — A sin(kd;) jnisin(kid;)
L ) 4-2)
J ixHik\ 27+ ixHik
21+ sin(k;,d; cos(kiyd;) + sin(k;,d;
L G inked)  costhud,) + 7 sinksd)

where a represents the media of A and B, and i stands for the media of C
and D. Moreover, the kg, ki, kiz, 71q, and 5; can be attained from Refs.
[30,33].

Considering the magnetic field of the TM waves is directed along the
+ y-axis, the magnitudes of the electric and magnetic fields for the TM
waves can be calculated by H = \/%E Then, the calculation methods of

the transfer matrices are written as follows [30,33]:

o5 (kgdy) —Jsin(kedy)
M, = Mg (5-1)
L _j"lgSin(kgzdg) cos(kgdy)
[ koxtqa . J Kex€q2, 2,
cos(kg,dy) + ﬁsm(qudq) —[1+ (k—) Jsin(kg,d,)
qz¢ql ﬂq qz€q1
My = o
—jngsin(kedy) cos(kgzdy) — quqz sin(kgzdy)
L qz<ql

(5-2)

where g is on behalf of the media of A, C, and D, and q is substituted by
the medium of B. Furthermore, the equations of kg, kgx, kgz, 115, and g
can be calculated from Refs.[30,33].

Through the derivations of the above transfer matrices of A, B, C, and
D, the transfer matrix of the proposed encoder can be demonstrated as
follows [30,33]. For Structure 1, its entire transfer matrix can be
described as:

M; = (MpMc)*Ma(McMg)° My (MpMc)?

My, My, (6-1)
M» M,

For Structure 2, its transfer matrix can be demonstrated as:

M, = Mp(MgMc)*Ma(McMz)*Ma(MgMc)?
M, My, (6-2)
My Mo,

The reflection coefficients about the given encoder can be written as
the following [30,33]. For the TE waves, it can be deemed as:
(M1 — noMiz)ne + (Ma1 — 7oMa2)

. 1)
7 (Miy — 6Mi2)ng — (M — 7gMaz)

For the TM cases, its reflection coefficient can be indicated as:
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Fig. 2. (a) Relationship between the real part of urg and Ho; (b) relationship between the imaginary part of yrg and Ho.
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Fig. 3. (a) Influence of the Ho on the real part of eqy; (b) influence of the Hp on the imaginary part of ery.
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The r=|r|e/” is on behalf of the complicated reflection coefficient,
whose ¢ stands for the phase of the reflected EWs [28]. Therefore, the
reflectivities of the TE and TM waves can be deemed as Rtg= |rTE|2, and
RTM:|rTM|2. Moreover, g1 and ¢y can be used to describe the phases
of the TE and TM waves. To illustrate the PCs of EWs, accurately, it is
non-negligible to calculate the axial ratio (AR) [37], whose formula is
indicated as:

S

where a=|Rrg|*+|Rtm|* + 2|R1e|* |[Rrm|%cos(2A¢), whose Ag is calcu-
lated as A¢p = @rm-@TE- The polarization forms are regulated by the
amplitude and Ag of EWs. When the Ap meets Ap = 180°+180°t (t =0,
1, 2, 3...), the EWs are considered as LPWs [17]. If the EWs meet the
needs of CPWs, their Ap must satisfy + 90°+360°t(t =0, 1, 2, 3...), and
AR is less than 3 dB [17]. For the CPWs, A¢ = 90° represents RHCPWs,
and Agp = -90° denotes LHCPWs [17]. The EWs can be defined as
elliptical polarization waves when the EWs do not meet the above needs
of other polarization waves [17].

=

IRez|* + |Rmul* + Va

(€))
IRes” + [Renl* — Va

3. Analysis and discussion

Owing to the Hp tunability of the MP and YIG, the magnetic
permeability of YIG and the dielectric constant of MP can be regulated to
a certain extent by the Hp [30,31], which can be used for adjusting the

phases of the TE and TM waves. For the MP and YIG, the Hp can only be
applied to change the urg of YIG and ery of MP. Therefore, as shown in
Fig. 2(a) and (b), if the frequency of EWs remains unchanged, with the
Hp increasing from 7000 Oe to 8500 Oe at intervals of 500 Oe, the real
part of putg of YIG will reduce, while the imaginary part of prg will
elevate. When the Ho reaches 9000 Oe, the real and imaginary parts of
ute will mutate. Moreover, the real part and imaginary part of urg are
not very different in numerical terms, where the effect of the imaginary
part of utg can not be ignored. By adjusting the Hp, YIG can be changed
to the mu-negative materials or mu-near-zero materials [38,39]. Also,
the relationship between the Hp and ety of MP can be displayed in Fig. 3
(a) and (b). As the Hp aggrandizes from 7000 Oe to 8500 Oe at intervals
of 500 Oe, the real part and imaginary part of the ey almost have a
similar trend to those of the ug. In addition, the real part of the e also
has a mutation if the Hp approaches 9000 Oe. However, the real part of
em is always smaller than 1 or even less than 0, and the imaginary part
of ery is almost equal to 0, where the MP can be considered as the
epsilon-near-zero or epsilon-negative materials [38,39]. Hence, it is not
ideal to employ the Hp to effectively alter the phases of the TE and TM
waves for the given encoder, which is in favor of realizing the polari-
zation encoding and CDs.

The thicknesses of A, B, C, and D are set as the above. The initial Hp is
defined as 8730 Oe and the original 6 is thought of as 56°. Since the
proposed encoder is determined by the logic levels of the  and MDL, it is
decisive to discuss the effects of the 6 and thickness of the MDL for the
Ag between the TE and TM waves, which can be used to determine
proper logic levels to fulfill the special PC in a special frequency range.
Furthermore, due to the Hp making a certain difference in the Ag of the
TE and TM waves, the Hp plays a crucial role in determining the
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from 0° to 90°.

360

——0=10°
—0=73°

2704
180 -
90

£-30.09 GHz —]

Ap=90°

-90 -

-180 1
=270 -
-360 T T

Ap=-90°

(@)

0=10°
4 0=73°

3

==
4
/

21 ~

AR (dB)

- TE waves at §=10°

| = =TM waves at =10°
0444 TE waves at #=73°
—"120
0.2 \ TM waves at =73
0.0+ T T T T T
28.0 28.5 29.0 29.5 30.0 30.5 31.0
Frequency (GHz)

Fig. 5. (a) The A¢p with the 6 being 8° and 45°; (b) the AR when the 0 keeps 8° and 45°; (c) the R of the TE and TM waves under the § = 8° and 6 = 46°.

polarization forms of the reflected EWs. Therefore, the 6, Hp, and MDL
will be discussed by fitting the corresponding three-dimensional graphs,
which is useful to determine the proper logic levels corresponding to
achieving certain PCs.

For the convenience of researching the relationship between the 6
and PCs of EWs, the presented encoder is at the situation of Structure 1.
The Egs. (7-1), (7-2), and (8) for calculating the axial ratio and phase of
EWs are given above. Ap = ¢rm-@1E Stands for the phase difference
between the TE and TM waves. Firstly, the three-dimensional diagrams
of the R and Ag for the TE and TM waves are plotted in Fig. 4. As
indicated in Fig. 4(a), when the 6 is located in the range from 0° to 90°,

the reflective frequency band of the TE and TM waves will appear,
whose R is greater than 0.99. For the TE waves, the frequency of the
reflective band almost covers the rough range of 27.0 GHz to 29.5 GHz,
where the R is not affected by the 6 except at individual frequency
points. For the TM waves, their reflected frequency band remains stable,
whose range is 26.5-29.5 GHz when the 0 is at the about range of 60° to
90°. So, it is convenient to find the coincident reflection frequency bands
for the TE and TM waves, meaning the TE and TM waves have similar
amplitudes beneficial to satisfy the condition that the AR is less than 3
dB [40,41]. Then, by adjusting the proper Ag, the special CPWs can be
attained. As shown in Fig. 4(b), the A wrapped in black dotted lines is



C.-Q. Wu et al.

(a)

Frequency (GHz)
~ ~
2 *
h ]

27.0

26.5 © . A
7000 7500 8000 8500 9000 8500 8000 7500 7000

H, (O¢) H, (O¢)

Materials & Design 250 (2025) 113636

Ag (°)

360

270

180

920

Frequency (GHz)

2000

7500

8000
H, (O¢)

8500

Fig. 6. (a) Influences of the Hp on the R under the TE and TM waves, with Hy shifting from 7000 Oe to 9000 Oe; (b) the relationship between the Hp and Ag, where

the Hy is altered from 7000 Oe to 9000 Oe.

about 90°, which means the EWs represent the RHCPWs when the AR is
not more than 3 dB. Furthermore, the corresponding Ag = 180° satisfies
the needs of LPWs, which is surrounded by modena dotted lines. In the
above discussion, the 6 plays a decisive role in realizing the certain PC in
a certain frequency range, which is conducive to realizing the polari-
zation encoding and CDs.

Through the above research about the effects of the 6 on the R and
Ag, it is a handy and low-cost way to utilize the 6 to attain the CD at a
certain frequency, and the PC from LPWs to RHCPWs or other polari-
zation waves in a special frequency band. Firstly, the Hyp = 8730 Oe, and
the presented configuration is Structure 1. When the frequency is at

30.09 GHz, as displayed in Fig. 5(a) and (b), when the § = 10°, the Ap =
-90°, and AR is less than 3 dB, meaning the realization of converting
LPWs to LHCPWs. However, when the @ converts from 10° to 73°, the
conversion between the LPWs and RHCPWs can be fulfilled at 30.09
GHz, where the Ag is 90° (AR less than 3 dB). Meanwhile, in Fig. 5(c),
the R of TE waves under the § = 10° has distinct differences from one
under the 6 = 73°, indicating the RHCPWs and LHCPWs outputs have
different reflection characteristics and the CD can be effectively ob-
tained. In addition, when the 6 = 73°, the polarization form of EWs is
RHCPWs in the coverage of tangerine with the frequency range being
28.00 GHz ~ 30.09 GHz, while the range of the Ap and AR, covered by
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Fig. 7. (a) The A with the Hp being 8450 Oe and 9100 Oe; (b) the AR when the Hyp keeps 8450 Oe and 9100 Oe; (c) the R of the TE and TM waves under the Hp =

8450 Oe and Hp = 9100 Oe.
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tangerine, can not concurrently meet the demands of CPWs when the 0 is
shifted to 10°. Hence, the designed encoder can effectively obtain the
Functions of the CD and PC from LPWs to RHCPWs or other polarization
waves at the same time with the variation of 6.

The configuration of the given encoder still keeps Structure 1, and
the 6 is fixed at 56°. As plotted in Fig. 6(a), with the Hp changing from
7000 Oe to 9000 Oe, the TE and TM waves will own broad reflected
frequency bands, whose R are not less than 0.99. As the Hp increases
from 7000 Oe to 9000 Oe, the main frequency band of reflection under
TE waves begins to increase to the maximum, ranging from 26.5-29.5
GHz, and then decreases to the coverage of 27.5-29.5 GHz. For TM
waves, their reflective frequency bands are divided into two main parts,
whose bandwidths have opposite trends with the Hp increasing from
7000 Oe to 9000 Oe. So, it is easy to find the overlapping frequency
bands of reflection, which can be employed to attain a stable and broad
frequency band of AR less than 3 dB [40,41]. Moreover, the Hy is useful
to alter the A to some degrees, which is implied in Fig. 6(b). With the
Hy increasing from 7000 Oe to 9000 Oe, the A will change to a certain
extent, whose range is roughly from —270° to 323°. The Ag is most
focused on —90° to 0°, where the Ap = —90° is encircled by red dashed
lines. Therefore, when the AR is less than 3 dB, the Ag can be adjusted by
the Hp to realize the conversions from LPWs to LHCPWs. Furthermore,
the Ap = 0°, covered by black dashed lines, meaning the polarization
form of EWs is LPWs. Therefore, choosing a proper Hy is beneficial to the
realization of a certain PC.

When the magnetization of YIG reaches saturation, all magnetic di-
poles in YIG will be directed with the applied magnetic field. If the
magnetization is lower than M, The loss of YIG is large and the radio
frequency interaction is weakened. So, the magnetization of YIG is al-
ways assumed in a saturated state to ensure the normal working of YIG
[42]. More importantly, when the magnetization reaches saturation, the
value of it will not be changed by the increase of the Hp. Hence, the high
Hp is mainly employed in adjusting the resonance frequency and does
not affect the M; and the circular frequency in YIG [33].

For the realization of the applied magnetic field, the gradient mag-
netic field is an ideal way. Firstly, a magnetic material must be posi-
tioned in a loop and an electric current is added to the coil. The
energized coil generates a magnetic field, which magnetizes the mag-
netic material, which in turn generates a magnetic field. When gradient
magnetic field coils are used, a spatial linear magnetic field can be
generated, and it can be found experimentally and theoretically in Ref.
[43]. Moreover, the spatial linear magnetic field can be adjusted to
reach the demanded value, including the high magnetic field [44].
Given that the realization conditions of the gradient magnetic field are
not very harsh, the way can be utilized as the magnetic field source for
the designed encoder with a small size.

As the Hg can be changed, the u1g of YIG can be adjusted to alter the

Ag and AR of EWs, which can be applied to achieve certain PCs and CDs.
Structure 2 is chosen, and @ is fixed as 17°. As presented in Fig. 7(a) and
(b), when the Hp = 8450 Oe and frequency of EWs is 28.802 GHz, the
conversion between LPWs and LHCPWs can be attained, with the Ag
being —90°, and AR less than 3 dB. When the Hp is switched from 8450
Oe to 9100 Oe, the LPWs can convert to RHCPWs at 28.802 GHz with the
Ag being 90°, and AR smaller than 3 dB. However, in Fig. 7(c), under TE
waves, the R of Hp = 8450 Oe is equal to the one of Hy = 9100 Oe while
the R of Hy = 8450 Oe under TM waves has an obvious difference from
the one of Ho = 9100 Oe under TM waves. The result shows the
reflection characteristics of LHCPWs output are different from the ones
of RHCPWs output, meaning the CD at 28.802 GHz can be realized.
Moreover, in the range of 28.802 GHz-29.261 GHz covered by
tangerine, the EWs can not satisfy the demands of CPWs with the
bandwidth of 0.495 GHz when the Hp is 8450 Oe. With the Hp switching
from 8450 Oe to 9100 Oe, in the coverage of tangerine, the PC from
LPWs to RHCPWs can be attained in the range of 28.802 GHz-29.261
GHz. Hence, it is convenient and accurate to achieve the CD and PCs
from LPWs to RHCPWs or other polarization waves for the proposed
encoder by changing the Hop.

Owning the tunability of Hp, YIG is a classical material and has a
wide range of applications, where the thicknesses of these typical YIG-
based experimental devices often reach mm, pm, and nm [45-47].
Owing to that the proposed encoder is working at GHz, the thicknesses
of the dielectric media A, B, C, and D need to reach mm or cm, which are
supposed to be similar to the wavelength of the working EWs. Hence, the
values of the da, dg, dc, and dp are reasonable.

The presented encoder can be converted from Structure 1 to Struc-
ture 2 when the special MDL is added in the previous term of Structure 1.
The value of @ is considered as 56°, and the Hp is set as 8730 Oe.
Thinking that the MDL can be used as the logic levels for the special PCs,
the dp of the MDL can play an indispensable role in researching the AR
and Ag. As demonstrated in Fig. 8(a), when the dp, is in the range from 0
mm to 5 mm, The R of the TE waves are greater than 0.99 in the fre-
quency range from 26.9 GHz to 29.5 GHz. For TM waves, with the dp
changing from 0 mm to 5 mm, their reflective frequency band remains
stable within the frequency coverage from 26.5 GHz to 28.7 GHz.
Therefore, it is handy to attain an overlapping frequency band of the R,
greater than 0.99, under the TE and TM waves, which can make sure the
amplitudes of the TE and TM waves are closer [40,41]. In addition, the
effect of the dp on the Ay is demonstrated in Fig. 8(b). If the AR is less
than 3 dB, the Ap = -270°, surrounded by the orange dotted lines, in-
dicates the EWs are on behalf of the RHCPWs. Through the addition of
the MDL with a proper dp, it is convenient to ensure the amplitudes of
the TE and TM waves are closer, which is beneficial to attain CPWs
within a wide frequency band. Hence, the MDL with a unique thickness
can be defined as logic levels to find the proper Ag and AR, meeting the
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Fig. 9. (a) The Ag with the logic code being “107; (b) the AR when the logic code is “10”; (c) the R of the TE and TM waves, whose logic code is “107; (d) the Agp with
the logic code being “11”; (e) the AR when the logic code is “117; (f) the R of the TE and TM waves, whose logic code is “117; (g) the A¢, with the logic code being
“007; (h) the AR when the logic code is “00”; (i) the R of the TE and TM waves, whose logic code is “00”; (j) the A¢, with the logic code being “01”; (k) the AR when
the logic code is “017; (o) the R of the TE and TM waves, whose logic code is “01”.

needs of CPWs.

Through the above discussions about the 6, Hp, and dp, the 6; = 56°,
and @ = 89° can be defined as the logic level “1”, and logic level “0”,
respectively, which are specified as the first input. For the MDL, the dp, is
fixed at 2.59 mm. In addition, the logic levels “1”, and “0” are denoted as
the addition and absence of the MDL, severally, which are defined as the
second inputs. For the improvement of the Ag, the Hp will be set as 8730
Oe. The effects of the combinations of the logic codes on the PCs will be
studied.

The controllable PC and CPWs separation are of great importance,

Table 1
The relationship between the logic codes and the polarization outputs.

The incident The MDL The logic The form of polarization
angle code output

1(6,) 0 (absence) 10 LHCPWs

1 (61) 1 (addition) 11 RHCPWs

0 (62) 0 (absence) 01 LPWs

0 (62) 1 (addition) 00 LPWs

where the PCs can be elected by controlling the logic inputs, accurately
and conveniently. The proposed encoder can be tuned by the § and MDL
to realize the specific polarization outputs. When the logic code is “10”
with the 6 being 56°, and the MDL being absent, as shown in Fig. 9(a)-
(c), the conversion from LPWs to LHCPWs can be realized in the fre-
quency range of 26.95 GHz-28.07 GHz, whose Ag is —90°, and AR is less
than 3 dB. The bandwidth is 1.12 GHz. When the 6 = 56° and the MDL is
added, meaning the logic code switches to “11”, as indicated in Fig. 9(d)-
(f), the Ap =-270° and AR keeps smaller than 3 dB in the range of 26.95
GHz-28.07 GHz, indicating the polarization form meets the RHCPWs
with the bandwidth of 1.12 GHz. If the 0 is altered to 89° and the MDL is
absent, the logic code shifts to “00”. The concrete Ap and AR are dis-
played in Fig. 9(g)-(i). In the range of 26.95 GHZ-28.07 GHz, the Agp
keeps 180° and the AR is all bigger than 10 dB, where the polarization
form switches smoothly to LPWs. When the logic code is “01”, the 6 =
89°, and the MDL is added, in Fig. 9(j), the Ap keeps —180° from 26.95
GHz to 28.07 GHz. Moreover, the AR is always keeping more than 10 dB
in Fig. 9(k). Therefore, the polarization form greatly meets the LPWs
when the logic code keeps “01¢“. Through the above combinations
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Fig.10. the periodic number of (BC) is 4 in Structure 1 and 2. (a) The Ag with the logic code being “10”; (b) the AR when the logic code is “107; (c) the R of the TE
and TM waves, whose logic code is “107; (d) the Ag with the logic code being “117; (e) the AR when the logic code is “117; (f) the R of the TE and TM waves, whose
logic code is “117; (g) the Ag, with the logic code being “007; (h) the AR when the logic code is “007; (i) the R of the TE and TM waves, whose logic code is “007; (j)
the Ag, with the logic code being “01”; (k) the AR when the logic code is “01”; (0) the R of the TE and TM waves, whose logic code is “01”.

between the logic inputs and the certain polarization outputs, the pro-
posed encoder can realize the polarization outputs of LPWs, RHCPWs,
and LHCPWs in the frequency range of 26.95 GHz-28.07 GHz, which not
only has higher application possibility and value in practical application
but also can be considered as an excellent idea to attain the needed
polarization outputs with the accurate logic inputs. To explain the spe-
cific states of logic codes more evidently, Table 1 will demonstrate the
relationship between the logic codes and the polarization forms. The
results indicate the proposed encoder is capable of achieving the po-
larization output by the special logic codes, accurately and handily.
For the above discussion of polarization encoding, the encoder is
always in Structure 1 or Structure 2, where Structure 1 represents
{(BC)*A(CB)*A(BC)?*}, and Structure 2 stands for {D(BC)?A(CB)°A
(BC)?}. Therefore, considering the structures of the given encoder own
low numbers of layers, it is necessary to research the impacts of the
addition of layer numbers on the polarization encoding. Here, the pe-
riods of (BC) in Structure 1 and 2 are increased from 2 to 4 to study the

possibility of polarization encoding. As indicated in Fig. 10(a)-(c), when
the @ is fixed as 56°, and the MDL is the absence, the conversion from
LPWs to LHCPWs can be attained in 26.95 GHz-28.07 GHz, with Ag and
AR being —90° and smaller than 3 dB in the bandwidth of 1.12 GHz. So,
the logic code “10” can be got. If the ¢ keeps 56°, and the MDL is added,
Fig. 10(d)-(f) show the Ap = -270° and AR keep less than 3 dB in the
range of 26.95 GHz-28.07 GHz, meaning the RHCPWs can be obtained
and the logic code “11” is viable. Through converting 6 from 56° to 89°
and removing the MDL, as shown in Fig. 10(g)-(i), the Ap remains 180°,
and the AR is always keeping higher than 10 dB from 26.95 GHz to
28.07 GHz, revealing the reflected EWs is LPWs. As a result, the logic
code “00” can be fulfilled. With the # = 89° and MDL being added, in the
coverage of 26.95 GHz-28.07 GHz, the A¢ is —180°, and AR remains
larger than 10 dB, which are displayed in Fig. 10(j)-(0). Hence, the
conditions of LPWs can be satisfied, indicating the success of the logic
code “01”. Although the periods of (BC) in Structure 1 and Structure 2
are increased from 2 to 4, the polarization encoding can be realized
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Fig.11. the encoder is at the situation of the logic code “10”. (a) the A, with the tans = 0.1; (b) the AR when the tané is equal to 0.1; (c) the R of TE and TM waves,
whose tans is 0.1; (d) the Ap with the tans = 0.01; (e) the AR when the tané is 0.01; (f) the R of the TE and TM waves, whose tané is 0.01; (g) the Ag, with the tans
being 0.001; (h) the AR when the tané is 0.001; (i) the R of the TE and TM waves, whose tané is 0.001; (j) the Ag, with the tans being 0.0001; (k) the AR when the
tand is 0.0001; (o) the R of the TE and TM waves, whose tané is 0.0001.

successfully with the same conditions and frequency range, which can
prove the period numbers of (BC) have a small influence on the encoding

performance of the designed encoder.

The modulation of the proposed encoder focuses on reflected EWs.
So, it is meaningful to take the influence of the penetration depth of the

EWs source on PC into account. Here, given that both the dielectric
constant of MP and the magnetic permeability of YIG involve imaginary
parts, the effect of the loss tangent angle of the common dielectric A
should be researched to ensure the stability of the given encoder. Firstly,
the loss tangent angle of A is defined as tans, whose values are assumed

Table 2
The comparisons between the past encoders and the designed encoder.
Refs. Bandwidth Single frequency point Polarization coding Function
[1] X \/ \/ LPWs convert to CPWs
[11] \/ X X A multivalued logic circuit bated on optical shadow casting
[14] X \/ X A multilayer porous silicon with multiple bit encodings
[15] v X X The information encryption using the phase transition characteristics of vanadium dioxide
[16] X v Vv LPWs convert to CPWs and EPWs
EPWs convert to LPWs and CPWs
[17] X v v LPWs convert LPWs, CPWs, and EPWs
[48] X v X The microbeads with color information coding
[49] v X X Polychromatic dual-mode imaging
This work v X v LPWs convert to LPWs or CPWs

10
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as 0.1, 0.01, 0.001, and 0.0001. To make the discussion convenient, the
situation of the logic code “10” is chosen as the instance, which is
detailedly illustrated in Fig. 9(a)-(c). When the tans of A is fixed as 0.1,
as revealed in Fig. 11(a)-(c), the Ap = -90°, and the AR is always less
than 3 dB in the range of 26.95 GHz to 28.07 GHz, where the conversion
from LPWs to LHCPWs can be fulfilled. If the tané is converted to 0.01, as
revealed in Fig. 11(d)-(f), the PC from LPWs to LHCPWs can be fulfilled
from 26.95 GHz to 28.07 GHz, whose A¢ and AR are —90° and smaller
than 3 dB. With the tans being 0.001, the Ag is equal to —90° and AR
remains less than 3 dB in the range of 26.95 GHz-28.07 GHz, which are
indicated in Fig. 11(g)-(i). Therefore, the reflected EWs meet the con-
ditions of LHCPWs. Finally, As the tané shifts to 0.0001, the LPWs can be
converted to LHCPWs within the coverage of 26.95 GHz-28.07 GHz,
displayed in Fig. 11(j)-(0), whose Ap = -90° and AR is not higher than 3
dB. Hence, compared with the situation of A without tang, the AR and R
are all obviously affected by the tans of A. Fortunately, the frequency
band used for polarization encoding remains stable. So, when the in-
fluence of the penetration depth is considered, the ideal polarization
encoding can be fulfilled by the encoder without any changes in the
working conditions.

Finally, although the encoders have experienced rapid development,
most encoders are mainly limited to electromagnetic propagation in-
formation imaging, and a few are focused on PC at a single frequency
point. To visually and conveniently describe the advantages of the po-
larization encode presented, Table 2 sums up the past research about
encoders, and compares them with the proposed encoder. The results of
the Table 2 or demonstrates that the designed encoder in this paper not
only has the CDs and polarization encoding within a specific bandwidth
but also is beneficial to precise manipulation of PC and application
possibility.

4. Conclusions

To sum up, the CD and polarization encoding, controlled by the 6,
Hp, and MDL, are researched in this paper. With the excellent combi-
nations between MP and YIG, the designed encoder has the ability to
adjust the CDs and polarization encoding by electing the proper 6, Ho,
and dp. Through discussing the effects of the 6, Hp, and MDL on the A¢
and R, the CDs can be fulfilled at a certain point by controlling the 6, Ho,
and MDL, where PCs from LPWs to RHCPWs or other polarization waves
can be obtained within the special bandwidth at the same time. More
importantly, with the two different values of the # and MDL being
defined as four different input logic levels, the polarization outputs of
the LPWs, RHCPWs, and LHCPWs can be preciously controlled in the
same frequency range. Therefore, by connecting the four logic levels
with the corresponding output forms of polarization, the function of
polarization encoding can be realized. The designed encoder can realize
the precise control of the polarization outputs by a handy method of
changing the 0, Hp, and MDL, whose specific functions are mainly
focused on certain bandwidths. Therefore, the design idea not only
provides an effective approach to fulfill selective polarized outputs with
low cost, no pollution, convenient operation, and real-time monitoring
but also owns a higher practical application possibility and value.
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