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Transmission-type reconfigurable metasurface for linear-to-circular
and linear-to-linear polarization conversions
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We present a transmission-type polarization conversion metamaterial (PCM) whose functions can be dynamically
switched among the linear-to-circular (LTC) and linear-to-linear (LTL) polarization conversions. The proposed PCM con-
sists of a grating, a polarization conversion surface and a reconfigurable polarization selective surface incorporated with PIN
diodes. By changing the states of diodes, the PCM can achieve the reconfigurable manipulations for incident waves. The
Fabry—Pérot (F-P) resonances excited by the PCM contribute to the polarization conversions, as is illustrated. Moreover,
through establishing the F-P-like cavity model and analyzing the electric field components of the transmitted waves, the
conditions for realizing LTC polarization conversion are revealed, which can guide the construction of PCM. The prototype
of PCM is fabricated and measured, which can achieve LTC and LTL polarization conversions within 3.31-3.56 GHz and
2.76-4.24 GHz, respectively, the polarization conversion ratios of two functions are higher than 0.95. The measurement

results are in agreement with the simulation data.
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1. Introduction

Polarization is one of the fundamental properties of elec-
tromagnetic (EM) waves, which carries plenty of informa-
Thus, the polarization modulation
is significant and valuable in many aspects, such as wireless

tion about the scatters.

communication,'3 radar cross section reduction,*! and
imaging.!%71 To process polarization information as much as
possible, the devices which can manipulate multiple polariza-
tion are essential. Metasurfaces have provided excellent al-
ternatives. As a two-dimensional artificial material, metasur-
faces have been widely utilized to control EM waves because
of their low profile, low loss, easy processing, high flexibility,
and so on. For possessing tunable property and functionality,
various reconfigurable metasurfaces were fabricated by inte-

8-16] or functional materials.!!7-18]

grating with RF devices!

It has always been pursued to manipulate the polarization
of waves at will. To date, various reconfigurable polarization
conversion metasurfaces (PCMs) with multiple functions have
been proposed. However, the major of reported transmission-
type PCM can only achieve co-polarization transmission
and a single polarization conversion. For example, the re-
configurable PCMs composed of periodic rings®! or chiral
structures!®! incorporated with PIN diodes were proposed,
which can realize co-polarization transmission and linear-to-
circular (LTC) polarization conversion. Some reconfigurable
PCMs formed by split rings achieved co-polarization transmis-
sion and linear-to-linear (LTL) polarization conversion.[!0:11]
However, the dynamic switching among LTC and LTL po-
larization conversions is still rare for the transmission-type
PCM. In Ref. [16], the bi-layer PCM incorporated with var-
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actor diodes was proposed, it could convert the incident LP
waves into multiple polarization, but it could only operate in
narrow frequency band. The integration of LTC and LTL po-
larization conversions has been concerned. "2 To solve the
problem, several designs based on passive metasurfaces were
reported. Unfortunately, their operational bands for each func-
tion cannot overlap, which causes the reported designs impos-
sible to process multi-polarization signals with the same fre-
quency. The design proposed in Refs. [22,23] can reconfigure
the incident linear polarization to multiple linear and circu-
lar polarization by rotating the metasurfaces, but the slow me-
chanical adjustment may be limited in applications.

In this paper, we design a novel transmission-type recon-
figurable PCM based on Fabry—Pérot (F-P) resonate cavity for
LTC and LTL polarization conversions. The proposed PCM
consists of a layer of grating, a polarization conversion sur-
face and a reconfigurable polarization selective surface. The
switching of functions is realized by changing states of the
PIN diodes. To verify the design, the prototype has been fab-
ricated and tested. As demonstrated by the measurement re-
sults, the PCM can convert linear polarized (LP) waves to CP
waves from 3.31 GHz to 3.56 GHz with the axial ratio (AR)
less than 3 dB when the PIN diodes are switched off. Instead,
when the diodes are switched on, the PCM can rotate the LP
waves to cross-polarized waves from 2.76 GHz to 4.24 GHz
with the polarization conversion ratio (PCR) higher than 0.95.
The operational bandwidths are 7.3% and 42.3% for the LTC
and LTL polarization conversions. The thickness of proposed
PCM is 0.2 (Ao is the wavelength corresponding to the cen-
tral frequency). Moreover, the F-P resonance excited in the
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PCM is discussed in this paper, and the conditions for realiz-
ing LTC polarization conversion are also derived. Before our
work, a lot of LTL polarization converters combining F-P res-
onate cavity have been proposed.!?*2% Nevertheless, to the
best of our knowledge, the transmission-type LTC polariza-
tion converter based on F-P cavity-like metasurface has not
been reported. Our proposed design provides a new method
for converting incident linear polarized wave into circular po-
larized and cross-polarized wave, which may promote the de-
velopment of transmission-type metasurface toward arbitrary
polarization manipulations.

2. Analysis and design
2.1. Operational principles of the PCM

For achieving dynamically switching among LTC and
LTL polarization conversions, we propose an approach for
constructing the PCM whose schematic diagram is depicted

Layer A
(Polarization selection)

Layer B
(Polarization conversion)

Incident y-polarized
wave

in Fig. 1. Layer A is a polarization selector which only

permits the y-polarized wave to pass through. Layer B
is a polarization conversion surface composed of periodic
anisotropic structures, which can partially converts the inci-
dent y-polarized wave into x polarization. The reconfigurable
layer C which integrates PIN diodes has two functions, in-
cluding co-polarization transmission and polarization selec-
tion. The three layers form an F-P resonate cavity. The cor-
responding relationships between the states of PIN diodes and

the PCM are illustrated in Table 1.

Table 1. Working states of PIN diodes and functions of PCM.

PIN diode Layer C PCM
x-polarized transmission  LTC polarization
State 1 off P . o p .
y-polarized transmission conversion
x-polarized transmission  LTL polarization
State 2 on P . . P .
y-polarized reflection conversion
Layer C

(Reconfigurable functionality)
Circular polarized
Function 1: 3.31-3.56 GHz

x-polarized

Function 2: 2.76—4.24 GHz

Fig. 1. Schematic diagram of proposed PCM for polarization conversion.
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Fig. 2. The schematic diagram of the propagation of waves in PCM, as the state of PIN diode is switched (a) off and (b) on.

For describing the operational principle, we have estab-
lished an F-P resonate model based on the PCM as shown
in Fig. 2. The y-polarized waves illuminate PCM along —z
axis, and the transmission directions of waves in PCM are in-
dicated by the arrows. The y- and x-polarized components are
denoted by solid and dashed lines, respectively. First, the inci-

dent y-polarized waves pass through layer A and interact with

layer B, then the reflected and transmitted waves which in-
clude y- and x-polarized components are excited by layer B.
The y-polarized backward wave penetrates into layer A, the x-
polarized one is reflected by layer A and interacts with layer
B once again. In contrast, the propagation processes of for-
ward waves depend on states of layer C. If layer C is in state

1, as shown in Fig. 2(a), the y- and x-polarized components
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can pass through it. When layer C is in state 2, as shown in
Fig. 2(b), only the x-polarized component can pass through it.
The y-polarized component will be reflected by layer C and
undergoes the multiple reflections. It should be noted that the
above descriptions of wave propagation in state 1 ignore the
reflection of layer C, in fact, a few of y- and x-polarized com-

e o Ej

SE]

b, el 4 /€. eBoh {(10)2 — (s8] e o )

ponents will be reflected by it and participate in the round trips
within the PCM.

Based on the analysis of the interactions between waves
and metasurface (see Appendix for details), we derived the
condition for the PCM achieving LTC polarization conversion
as follows:

u

tB

where ’ZZB (chLB) denotes the transmission (reflection) coeffi-
cients of the B-polarized incident wave converted into a -
polarized wave, the superscripts m denotes different layers.
The £ is the free-space wave number. Moreover, Eq. (1) takes
into account the reflection on layer C. The x—y and u—v coor-
dinate systems are shown in Fig. 3. It should be noted that
Eq. (1) is valid for layer B with a specific category of struc-
ture, whose responses at u- and v-directions are independent
of each other, i.e., t,, = t,, = r,, = 1y, = 0. The fabrication of
layer B can utilize the cross-shaped elements similar to struc-
tures proposed in Refs. [27,28]. If the reflection of layer C is
very low, the condition can be simplified to
Ly Lrh, e o
£, 1478, eiZkodo

To realize LTC polarization conversion, the strategy we
adopted is to determine the geometric parameters which can
affect the 5, and 2, first, then to adjust the parameters related
to 8, and 7B, and finally to modulate the distances between
adjacent layers until the condition is met.

Fig. 3. Schematic diagram of the x—y and u—v coordinate systems.

2.2. Design of geometric configuration for each layer

The unit cells of layer A and B are shown in Fig. 4.
The dielectric substrates are FR4 with relative permittivity
& =4.3. Several metal stripes along x-axis are etched on front
side of layer A, which form a grating. For filtering out the
x-polarized incident waves, the geometry parameters of layer
A are chosen as w; = 2.5 mm, g; = 3.5 mm, the thickness of
substrate in layer A is #; = 0.5 mm. The metal stripes and suc-
cessive lines are orthogonal, they are etched on the front side
of layer B. The thickness of substrate in layer Bis# = 1.6 mm.

W 1473, - eihodo +yCeibod {[(s,)2 — (r}, )] - efZhodo — i } 7

ey

(b)

g1

z

Fig. 4. The geometric configuration of unit cell: (a) layer A, (b) layer B.

The equivalent circuits of layer B at u- and v-polarization
are illustrated in Fig. 5, where L, and L, denote the inductance
introduced by the metal strips along u- and v-axis, C, denotes
the capacitance of the gap between two strips aligned with v-
axis. Zg,p, represents the equivalent impedance of the substrate.

The ABCD matrix of layer B can be expressed as!>!

A B
[CD]:MP'M57 (3
1 0
MP:|:1/ZI,1:|’ (4)
M. — [ cos(kov/& 1) j-Zosin(ko\/& 1)/ \/&
p _] ErSil’l(ko\/a-tz)/Zo COS(ko\/gr'tz) ’

&)

where M, and M represent the transmission matrix of metal
patterns and substrate of layer B. Z; denotes the impedance of
metal patterns with i = u or i = v depending on the polariza-
tion direction. The impedance can be derived as Z, = joL,

and Z, = j(2wL, — 2/wC,). The circuit parameters can be

obtained as follows: 430!
Lu = \/Zuop In <2\/§p)a (6)
2n wa
Lv = \/iTl;‘:mln[l/Sln(\/Eﬂw?’/zp)]v (7)
1
C, = @ln[l/sin(ﬁﬂgz/zp)} ®)
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Then, the co-polarized transmission and reflection coefficients
of layer B can be calculated by
B 2
=
A+B/Zy+CZy+D’
_ A+B/Zy—CZy—D
"~ A+B/Zy+CZy+D’

€))

(10)

Via adjusting the wy and g», the co-polarization transmission
and reflection coefficients aligned with u- and v-axis can be
independently tuned. The value selections of w, and g, ac-
cording to performance of layer B will be described in the fol-
lowing section.

Zsub Zsub
O- T—3—o0
2L,
Zo Lu Zo Zo ZO
C,/2 T
O O O )

(a) (b)
Fig. 5. The equivalent circuit model of layer B. The incident wave is (a)
u-polarized (b) v-polarized.

The periodic structure of layer C is presented in Figs. 6(a)
and 6(b), the rectangular metal patches are arranged on the
front side. The PIN diodes are embedded into the gaps be-
tween adjacent patches. The orthogonal metal lines are etched
on the back side of layer C. The PIN diode is Skyworks
SMP1345-079LF. For the on state, it can be equivalent to a

ls PIN diode We

resistor of 2 Q in series with an inductor of 0.7 nH. For the
off state, it can be equivalent to a capacitor of 0.15 pF in se-
ries with an inductor of 0.7 nH. The dielectric substrate em-
ployed in layer C is same as in layer B. The geometric param-
eters of layer C are taken as [, = 5.13 mm, g3 = 2.19 mm,
w4 = 3.14 mm, ws = 0.5 mm, wg = 0.8 mm, wy = 0.4 mm,
and p; = 16 mm. For describing the operational principle of
layer C, the lumped circuit elements introduced by the metal
patterns are illustrating in Fig. 6(a). Here L; and L3 denote
the equivalent inductance of the metal patch at y and x direc-
tions, respectively, C; is the capacitor introduced by the gap
between patches along x-axis. The inductances of metal wires
on back side are denoted by L, and L4, respectively. When the
PIN diodes are switched off, the front-side structures exhibit
capacitive responses along x and y directions, after cascading
with the inductive branches on the backside, layer C will ex-
hibit band-pass response for incident waves. While the PIN
diodes are switched on, layer C can be equivalent to a metal
grating parallel to y-axis for blocking the y-polarized waves.
The simulated results of layer C are shown in Fig. 6(c). With
the changing of PIN states, there is obvious discrepancy for the
transmission of y-polarized wave. For the off state, the |z,,] is
consistent with |¢,,|, which are higher than —1 dB within 2.42—
3.80 GHz, for the on state, the |,y | is less than —20.3 dB below
3.80 GHz.

—m— |t,,[(PIN ON)
—0— [tz (PIN ON)

—A— |t,,|(PIN OFF)
—v— |tz (PIN OFF)

—2.5

—20.0f

—22.5¢1

—25.0¢
2.0

Magnitude of transmission (dB)

3.0 3.5

2.5
Frequency (GHz)

4.0

Fig. 6. The geometric configuration of periodic structures in layer C: (a) front side, (b) back side. (c¢) Simulated transmission coefficients of

layer C.
2.3. Integrated design of the PCM

By cascading the proposed three layers, as shown in
Fig. 7, the PCM is constructed. Then, several geometric pa-
rameters need to be determined according to performance of
the PCM, including the configuration of the layer B and the
distances between adjacent layers. The optimization target
for the PCM is to realize LTC and LTL polarization conver-
sions within S-band, and the performances of LTC conversion
are set as priority. Based on Eq. (1) and related discussions,

the optimizations can follow the principles mentioned below.

First, the periodic dimension p and line width wy should be
determined, which mainly depend on the predetermined trans-
mittance and operational frequency. The increase of p and the
decrease of w; are conducive to improve the transmittance 7.,
because the equivalent inductances of successive metal lines
are raised. However, p should not exceed half a wavelength in
order to suppress the gating lobes.*°! Next, we can optimize
the performances of LTC conversion by adjusting g> and d.
The frequency responses of the AR with different g, and d are
shown in Fig. 8 with p = 48 mm and w, = 0.1 mm. The AR
of PCM is obtained as follows:
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1
1+11|2 I+11|2 2
RZ(\: "+ [¢51] +\/&> an

|tx;rH | + |lI+H | \/a
a =[5 ) 2 P cos (280, ). (12)

It can be found that the minimal value of AR is mainly de-
termined by g», and the operational frequency is mainly de-
termined by d. We can select the value of g, first to guar-
antee the LTC polarization conversion, and then optimize the
overlapping bandwidth and conversion coefficients of LTC and
LTL polarization conversions by adjusting d. Finally, the
performances of PCM can be finely tuned by adjusting d;.
The optimized geometric parameters are taken as p = 48 mm,

wy =1.5mm, g =9 mm, d =7 mm, d; =7 mm.

25 25

Grating  Polarization conversion
surface (layer B)

Polarization selective

(layer A) surface (layer C)

Fig. 7. Configuration of unit cell of the proposed PCM.

—E—AR(g=7 25
e AR o | |(®) S
20} 20+ —A—AR(g2=11 mm) —A— AR(g 2= I )
—w—AR(g2=13 mm) 20 _V—AR( 2= s 22)
— 92=
%/ 15¢ % 15} %} 15}
~ o
< 10f < 10} ﬁ 10k
—B— AR 7
] i AREg2 9 :r:xrg; 5F 5t
—A— AR (g = 11 mm)
—v—AR(g2= 13 mm)
0] : 0 L L 0 L L
2.5 3.0 3.5 4.0 2.5 3.0 3.5 4.0 2.5 3.0 3.5 4.0

Frequency (GHz)

Frequency (GHz)

Frequency (GHz)

Fig. 8. The comparison of AR with different g, and d: (a) d =5 mm, (b) d =7 mm, (¢) d =9 mm.

3. Simulation and measurement results

The model of proposed PCM is simulated by the CST Mi-
crowave Studio, and the prototype of PCM is fabricated and
measured. The experimental setups are illustrated in Fig. 9,
two horn antennas are placed on different sides of prototype,
which are connected to the Keysight N5227B vector network
analyzer (VNA) through RF cables. The size of prototype is
330 mmx 330 mmx 17.7 mm, and the thickness is 0.24¢ (A is
wavelength corresponding to the central frequency). The sim-
ulation and measurement results are shown in Fig. 10, where
t_y and t,, denote the transmission from y-polarized to lift-
handed and right-handed circular polarizations, respectively.
They can be obtained as follows:

2 .

ty= g(txy +]-ty), (13)
2 .

tyy = %(rxy —jty). (14)

The PCR at LTC and LTL mode is defined as |r_|?/(|t—,[> +
It4y]?) and |ty 2/ (Jtey|* + ltyy]?).11%3% As shown in the mea-
surement results, when the PIN diodes are switched off, the
PCM can achieve LTC polarization conversion with the AR
less than 3 dB from 3.31 GHz to 3.56 GHz. Meanwhile, the
PCR of LTC polarization conversion is higher than 0.95.

Antenna

Fig. 9. The measurement setup and prototype.

When the PIN diodes are switched on, the PCM can ro-
tate y-polarized wave to x-polarization with the PCR higher
than 0.95 within 2.76-4.24 GHz. The fractional bandwidths
at LTC and LTL modes are 7.3% and 42.3%, respectively. In
the overlapping frequency band, the magnitudes of transmis-
sions of both functions are higher than —1.84 dB. In Fig. 10,
the measurement results show agreement with the simulation
ones, there are some discrepancies which may be caused by
the deviations in fabrication of prototype and instrument align-
ment. Moreover, we obtain the analytic transmission coef-
ficients of PCM according to the discussions in Appendix,
which are basically consistent with the simulation and mea-
surement results. Even if there are deviations, the comparison
in Fig. 10 indicates that the proposed expressions in Appendix
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can effectively represent the transmission coefficient of PCM.
In Appendix, it is assumed that the magnitude of transmittance
of layer A to y-polarized wave (the same as the magnitude

of reflectivity to x-polarized wave) is 1, whereas the transmit-
tance of layer A in fact will be slightly smaller, which may
cause the deviations of the analytic results.

—a—t,, (measured)

—e—t,, (measured)
—4—t,, (simulated)
—9—tgy (simulated)

PCR

| —=— Measured (LTC)
—o— Simulated (LTC)
0.4} —A—Measured (LTL)
—— Simulated (LTL)

= 0 60 — 0

2 —=]-3dB g [ (b)
—oF 450 ~

5 = -5}

= =]

& —10r 140 2

g 15 g =7

no — i

8 ~ 1202 2 g5

+ —20 |-m—t_, (measured) \ e i)

B |—@— ¢, (measured) ) v/ 120 < 3 —920

L —25 At (simulated) o

= ; 110 =

= —g— t,, (simulated) 2 _o5t

éﬂ —30 b (analytic) Z—— AR (measured) % dB 2

g —35 t"/. (a"alyti.c) = = AR (ﬁim\;latc—-d)- g —30

2.0 2.5 3.0 35 40 45 = 25

Frequency (GHz)

Frequency (GHz)

L 0.3 "
4.0 4.5 2.5 3.0 3.5 4.0 4.5
Frequency (GHz)

3.5

Fig. 10. The measurement and simulation results of the PCM: (a) magnitude of transmission and AR for LTC polarization conversion, (b) magnitude of
transmission for LTL polarization conversion, (c) PCR for LTC and LTL polarization conversions.

The transmission coefficients of layer B are shown in
Fig. 11, where the shadow area indicates the operational fre-
quency band of LTC polarization conversion. It can be found
that the magnitude of £}, rapidly declines with frequency in-
creasing in the operational band. Although the condition of
polarization conversion can be satisfied near 3.43 GHz, the
sharp change of parameters will limit the functionality to a
narrow band. If a metasurface with stable response against
frequency is used as layer B, the frequency band will be ex-
panded, such as the multi-resonant structures'>!! and multi-
layer surface,>?! while the profile or insertion loss may be
higher than the proposed design. Moreover, if the proposed
layer B is replaced by a reconfigurable metasurface with ap-
propriate configuration, the PCM may integrate more func-
tions, such as co-polarized transmission and linear-to-elliptical
polarization conversions.

— 20
) —~
=z =
8 1 3
i 2
g {1-20 g
=2 a
« 5]
£ ~ 40 E
3 —6F T thu NI e
,%J —o—tB, RN 2
N n
g —8r QOEU N 1-60 _g
g - - o ~ A~
< 0 1 1 L —80
= 2.0 2.5 3.0 3.5 4.0

Frequency (GHz)

Fig. 11. The simulated magnitude and phase of transmission for layer B.

4. Conclusion

In summary, we have proposed a transmission-type re-
configurable PCM as well as detailed procedure, which has the
reconfigurable functions of LTC and LTL polarization conver-
sions. The reconfigurable functions are obtained by changing

the states of PIN diodes embedded on the PCM. The oper-
ation of PCM is based on F-P resonances which have been
illustrated. Moreover, to guide the design, the conditions
for achieving LTC polarization conversion have been derived.
From the measurement results of prototype, the overlapping
frequency band of two functions is from 3.31 GHz to 3.56 GHz
with the transmission higher than —1.84 dB. The thickness of
the proposed PCM is 0.24g. Because the transmission-type
metasurfaces can be loaded on aperture of the feeding an-
tenna, the proposed design is more suitable for compact sys-
tem than reflector arrays. It can also quickly switch states due
to its electronic adjustment. These advantages make the pro-
posed PCM have the application prospects in S-band radar and
satellite communication, meanwhile it also has the potential to
merge more functionalities of EM wave manipulation.

Appendix A

To analyze the propagation of incident waves in the PCM,
we divide PCM into two parts at first. As shown in Fig. Al,
layer A is named as part I, the layers B and C are regarded as a
whole and indicated as part II. The x- and y-polarized electric
field components are denoted by ngor E;{f, where n in the
subscript indicates the component experienced n times round-
trips within the space between adjacent layers. We assume that
the Jones matrixes describing layer A satisfy

oA 00
N WS U 2
! [} [01}’
Ao 1-ei™ 0
— |y T | =
=2 5] =117 0

One can refer to the analysis in Ref. [21]. The total x- and y-

(AD)

polarized electric field components of the bi-layer structure in
Fig. Al(a) can be expressed as

1AL o i3kodo

Et, _ Ei, .tI+H — Ei‘ . tH . ejk()d() Xy X i
Yy y ooy y yy 1 + rgv . e_]2k()d()

} , (A2)
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' ' ' AL G i3kody
Et= L. AL _ g [tﬂ . elkodo _ W} . (A3)
x X txy X Xy 11 j2kod,
1 + Tiy® elJ<kodo
(a) Partl (layer A) Part IT (layers A and C)
do
Incident wave E} ] El, EY
T o r 'r .
E E,,E, .
< 0N < Transmitted wave
i E},EL
Reflected wave o ———
g | EoE )
B e ee, 7
f
q .
z X

Polarization conversion
surface (layer B)

Polarization selective
surface (layer C)

(b)

Incident wave E.

Elno P,

t
kg En/v.O

—
E' | Transmitted wave
ulv @
T
Euns e > E,
r
Eu/v,?r < y

Reflected wave

Part I x

Fig. Al. The schematic diagram of the PCM with F-P resonance: (a) F-
P resonance excited in the PCM, (b) F-P resonance excited in layer B and
layer C.

In this paper, the near-field coupling excited between layers is
not considered in the analysis of wave transmissions. Next,
we present the propagation of waves in part II. The schematic
diagram is given in Fig. A1(b). For simplifying analysis, the
transmission coefficients in the u—v coordinate system is dis-
cussed first. As mentioned above, the responses of layer B
aligned with # and v axes are independent of each other. There-
fore, u-polarized transmitted components can calculated as

Ey=E, 13,1 /00, (A4)
t i B C B C j3kod

Eul = Etlt'tuu'r Tyt el b (AS)
t i B C\2 B \2 ,C jSkod

EuZ :Etlt'tuu'(r ) '(ruu) el ' (A6)

Ejy =Bty (r0)"- ()" 1€ I DRd (A7)

The total u-polarized transmitted component can be obtain as

8, .1C . elkod

n
E, =B}l =1lm ) Ey=5 (A8)

B C j2kod; *
= l_ruu'r . el<kod)

Similarly, the total u-polarized transmitted component is

B .1C . gikody

n
t i JI g t i
EV*E\I/'IVV*Y}EI;IOA;OEVN*E:/' (A9)

B C j2kod; *
l_rvv.r . elekody

The reflected components can be similarly calculated as fol-
lows:

n
r_ i I g T
E'=E! ./ = lim Z E'y
ni}wN:O

2, ,C . ai2kody
i e, ()Tt e
=FE,- {ruu + 1. o 2o, :| , (A10)
n
B =E,-A = lim ) By
N=0
2, C . ai2kod,
_ i |,B ([\?v) r €
=FE, |:rw—|— l—rC-r]‘}v-eJZkOdl]' (A11)

The transmission and reflection matrixes of part II in the
xy coordinate system can be calculated as

A AL T X
v Tox _
Gh-e e an
Xy “XxXx uv ‘uu
oI n I
Iy T r,, T -1
] e [m et an
Xy T XxXx uv " uu
where @ is the rotation matrix
V2 V2
2 2
= . Al4
°=lz 2 (Alh)
2 2

According to Egs. (A2), (A3) and (A12)—(A14), we can obtain
the transmission coefficients of PCM:

11 11 jkod, I I 11 11 i 3kod,
I+ _ (tuu+tvv) el 0+(tvv'ruu+tuu'rvv) - el

T : Al5
” 2+ (L ) - eiZkodo ; (A1)
M0 . ikod 00 I . i3kod
II+H— (tvv_tu”).e] 0 O+(tvv.ruu_tuu'rvv)'e] o Al6
v TR RN Y . (Al16)
2+(ruu+rw)~el odo

If the PCM can realize LTC polarization conversion, it must at
least meet the following condition:

[

ESER S
T e Ly -

(A17)
Combining with Eqs. (A15) and (A16), the condition can be
express as

(ejkodo + ”Eu . ej3kodo)

T oy (A18)

T

tuu -
- = €
Al

v

SE]

Substituting Eqgs. (A8)—(A11) into Eq. (A18), the condition for
achieving LTC polarization conversion based on coefficients
of each layer can be derived as follows:

tl?u +j% 1+ rgu - el oo + r< - eihodi. {[(tsu)z — (rgu)z] - edZhodo rgu} (A19)
— =€ . - - - .
t\?v 1+ r]\?v - edZkodo +rC- eiZkods . {[(tgv)z - (r]vgv)z] - ei2kodo — rll?v}
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