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3-D Printed Transmission-Reflection-Integrated
Metasurface for Spin-Decoupled Full-Space
Quadruplex Channels Independent Phase Modulation

Jianfeng Zhu, Member, IEEE, Yang Yang, Senior Member, IEEE

Abstract—This article demonstrates 3-D printed transmission-
reflection-integrated (TRI) metasurfaces (MSs), which achieve
full-space spin-decoupled channels with independent phase
modulation. Under a circularly polarized (CP) incident wave
illumination, the phase of left-hand circularly polarized (LHCP)
and right-hand circularly polarized (RHCP) channels in the
reflecting and transmitting spaces can be independently
controlled. The meta-atom comprises linearly polarized (LP)
patches at the top and bottom with phase delay lines connecting
them. In the reflecting space, varying the size of the LP patch
provides the same dynamic phase-shifting for the LHCP and
RHCP channels. Meanwhile, globally rotating the meta-atom
introduces Pancharatnam-Berry (P-B) phase-shifting for the
reflected co-polarization channel. Thus, the LHCP and RHCP
channels in the reflecting space can be fully decoupled. As for the
transmitting space, the phase delay lines provide the same
dynamic phase-shifting for the LHCP and RHCP channels.
Meanwhile, locally rotating the transmitting antenna provides
opposite geometric phase-shifting for the LHCP and RHCP
channels. Thus, the LHCP and RHCP channels in the transmitting
space can be decoupled as well. To demonstrate, different TRI
MSs achieving quadruplex channel multiplexing under CP wave
illuminations are simulated and experimentally verified.

Index Terms— 3-D printing, full space, spin-decoupled, TRI
metasurface.

I. INTRODUCTION

M etasurfaces (MSs) are planar composite periodic or semi-
periodic subwavelength scale structures that have an
unprecedented ability to manipulate electromagnetic wave,
enabling functionalities beyond what conventional device
provides [1], [2], [3], [4]. They introduce strong wave-matter
interactions and completely control the wave properties,
including phase, amplitude, and polarization, leading to many
functional devices with compact form factors, such as wireless
power transfer devices [5], [6], [7], meta-lens [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [19], meta-hologram
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[20], [21], [22], [23], [24], [25], [26], [27] and many other [28],
[29]. Multi-channel MSs, combining several degrees of
freedom, such as polarization, wavelength, and spatial
modulation, to achieve diverse functionalities, have drawn
considerable attention. For example, by combining dynamic
and Pancharatham-Berry (P-B) phases, plenty of spin-
decoupled beam-shaping functional devices were designed for
various applications [30], [31], [32], [33], [34], [35], [36], [37],
[38], [39]. With the assistance of the chirality phase,
transmissive MS that controls the co-polarization and cross-
polarization of the left-hand circularly polarized (LHCP) and
right-hand circularly polarized (RHCP) incident waves was
demonstrated to increase the MS’s information capacity [40].
Later, spin-decoupled transmissive MS with polarization
preserving feature was demonstrated by combining the chirality
phase and dynamic phase [41], [42]. However, the function of
the above-mentioned MSs was limited to half-space, i.e.,
transmitting or reflecting space.

With the rise of reconfigurable intelligent surface (RIS),
transmission-reflection-integrated (TRI) MS-aided
communication has received growing interest [39], [40], [41],
[42], [43], [44], [45], [46]. TRI-aided communication has been
recognized as a new approach to improve the flexibility and
effectiveness of the RIS system [47], [48], [49], [50]. In contrast
to reflecting-only RISs, each meta-atom of TRI-RISs transmits
and reflects the input signal simultaneously, enlarging the beam
coverage and breaking the geographical limitations for the RIS
deployment, as depicted in Fig. 1. Therefore, the key for TRI-
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Fig. 2. Schematic of the full-space spin-decoupled TRI MS
supporting independent quadruplex channels carry OAM
with topological charges of 0, 1, 2, 3.

aided communication lies in the successful implementation of
the TRI MS. Till now, several TRI MSs have been reported. A
microwave TRl MS was demonstrated, which reflects the y-
polarized incident wave and allows the x-polarized incident
wave to pass [42]. Hence, the function can be switched by
changing the polarization of the linearly polarized (LP) incident
wave. The programmable TRI MSs were also demonstrated by
integrating PIN diodes [43]. Nevertheless, they only operate
under LP incidence. Compared to LP, CP radiation is more
desirable in communication systems since the CP wave can
avoid polarization mismatch. However, the emergence of full-
space spin-decoupled multi-channel MSs still remains elusive
and in its infancy. Ultrathin broadband single-layer MSs are
demonstrated to work simultaneously in transmitting and
reflecting spaces under CP wave illumination [46]. However,
only the cross-polarization channel in transmitting space and
the co-polarization channel in reflecting space can be
controlled. Thus, the ultimate barrier to achieving independent
wavefront-shaping in co-polarization and cross-polarization in
full space is still unconquered.

This article demonstrates 3-D printed TRI MSs, which
achieve full-space spin-decoupled channels with independent
phase modulation in millimeter wave region. Under CP incident
wave illumination, the phase distributions of LHCP and RHCP
channels in the reflecting and transmitting space can be
independently manipulated. A schematic view of the full-space
spin-decoupled TRI MS is illustrated in Fig. 2. As an example,
under LHCP incident wave, the MS can redistribute energy into
the four channels and achieves orbit angular momenta (OAM)
with topological charges of 0 (transmitting space, RHCP
channel), 1 (transmitting space, LHCP channel), 2 (reflecting
space, RHCP channel), 3 (reflecting space, LHCP channel).
Several MSs achieving different wavefronts in quadruplex
channels under LHCP and RHCP wave illuminations are
simulated and experimentally verified. The MSs are
conveniently fabricated using the multi-material 3-D printing
technique.
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Il. META-ATOM DESIGN AND PRINCIPLE

The meta-atom consists of an LP patch on the top and bottom
as the receiving and transmitting antenna with phase delay lines
connecting them, as depicted in Fig. 3. Seven conductive layers
in total are used to form the meta-atom. The thickness of the
conductor layer is 35 um (h), and the total thickness of the meta-
atom is 1.985 mm. The conductor layers are printed using
nanoparticle silver ink, while the dielectric layer is printed
using acrylate ink (&=2.8, loss tangent=0.012) to support the
multiple conductor layers. In the reflecting space, varying the
size of the patch provides the same dynamic phase-shifting for
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Fig. 5. Transmission and reflection magnitude in the four
channels under LHCP incident wave when the length of I,
is varied. a) 1;=3.2mm, b) 1;=3.0mm, ¢) 11=2.8mm, d)
1;=2.6mm, e) 1:=2.4mm, f) 1;:=2.2mm. in the legend, T and
R represent transmitted and reflected modes, and subscript
LL/RL represent LHCP input to LHCP/RHCP output,
respectively.)

both LHCP and RHCP channels. Globally rotating the meta-
atom introduces P-B phase-shifting for the reflected co-
polarization channel. Thus, the LHCP and RHCP channels can
be decoupled. In contrast, the phase delay lines provide the
same dynamic phase-shifting for the LHCP and RHCP channels
in the transmitting space. Meanwhile, locally rotating the
transmitting antenna introduces the chirality phase, providing
opposite phase-shifting for the LHCP and RHCP channels.
Hence, the LHCP and RHCP channels in the transmitting space
are decoupled by combining the dynamic and chirality phases.
Assuming CP incident wave, the linearly polarized patch
antenna receives the y-polarized component and reflects the x-
polarized component of the incident wave. Thus, in the
reflecting space, the reflective Jones matrix can be expressed

as.
R R o
o o .
R, Ry, 0 0],

The phase-shifting ¢r is achieved by changing the length of the
patch (l1)) due to the patch resonance along x-direction.
Meanwhile, through globally rotating the meta-atom (6g), the
effect can be expressed as:

R(Hg)=S‘l(Hg)-R-S(€g)

_ cosg, -sind, |[el= o[ cosg, sind, )
sing, cos¢, || 0 0] -sing, cosd, |

Considering the LHCP (|L)=[1, jI/v/2 and RHCP (|R)=[1, -j]/

\/2) as the incident wave, the output E-fields in the reflecting
space can be expressed as:

LHCP: " { }
2 1

B3 =R(6,)-

Q.ekﬂﬁ .|:J_-:|+£.ej‘/kz .ejz'gg |: 1j| (3'1)
4 i 4 =l
RHCP:
$“=M%yiz{¥}
2 |-
(3-2)

:ﬁ,ej‘/’ﬂ .eszlgg . 1 +£.ej%e . 1
4 1 4 —

As seen from equation (3), the reflected wave can be equally
decomposed into LHCP and RHCP components. Meanwhile,
for the LHCP incident waves, the reflected RHCP component’s
phase-shifting solely depends on the ¢g, and the phase-shifting
of the reflected LHCP component depends on the ¢r and the
global rotation angle dy. It is understood that varying the patch
size along the x-direction provides the same dynamic phase for
the LHCP and RHCP components. Globally rotating the meta-
atom introduces the P-B phase, where the phase-shifting only
exists when the spin flips, i.e., LHCP input to the reflected
LHCP output (note that the propagation direction is reversed in
the reflecting space). Similarly, for the RHCP incident wave,
the phase-shifting of the reflected LHCP component solely
depends on the g, and the reflected RHCP component depends
on the @r and the global rotation angle &g, as shown in equation
(3-2).

As for the transmitting space, the patch antenna receives the
y-polarized component of the CP wave and induces this part of
energy into the patch antenna on the transmitting side.
Therefore, the transmissive Jones matrix can be expressed as:

T, T 0 O
_ XX Xy | _ 4
el e

yx yy
where the phase-shifting ¢t is obtained by varying the length of
the phase delay line. The patch antenna in the transmitting side
rotates locally with an angle of 4. Then, the Jones matrix can

be expressed as:
-sing, } 1 5)

cosé,

cosé
T@)=| .
sing,

Meanwhile, the meta-atom also globally rotates with a global
rotation angle of gy, the Jones matrix can be written as:

T(6.6,)=57"(6,)T(@)-S(6,) (6)
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Fig. 6. (a) Reflection phase of LHCP and RHCP channels
by globally rotating the meta-atom under LHCP incident
wave. (b) Transmission phase of LHCP and RHCP
channels by globally rotating the meta-atom under LHCP
incident wave.

Considering the LHCP (RHCP) as the incident wave, the E-
fields in the transmitting space can be expressed as:

LHCP:
E_(rJut :T(Q'QQ)%[T}

=_2.ej‘/’f .e‘jgl .|:1:|+£.ej¢f .ej‘9I .ejzgg .ej”.|: 1j|
i| 4 —i

(7-1)
| ! ! }
| | | |
o =y =y iy
1.251mm 1.651mm 2.0§ mm 2.4§ mm
| | I |
| | 1l AV

RHCP:
1
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4 -i| 4 i
(7-2)

As seen from equation (7), varying the length of the phase
delay line provides phase-shifting ¢t for both the LHCP and
RHCP channels. Meanwhile, locally rotating the transmitting
antenna provides opposite phase-shifting for the LHCP and
RHCP channels. It is worth mentioning that globally rotating
the meta-atom also introduces phase-shifting for the cross-
polarization channel in the transmitting space because of the P-
B phase. However, the global rotation angle (6y) has already
been determined for decoupling the LHCP and RHCP channels
in reflecting space. Therefore, only the dynamic phase and the
local rotation angle are used to decouple the LHCP and RHCP
in transmitting space.

The performance of the meta-atom is simulated in Ansys.
HFSS. The reflection phase by varying the size of the receiving
patch (l1) is shown in Fig. 4. Near 310° dynamic phase is
obtained for both the LHCP and RHCP channels when the
values of I; vary from 2 mm to 3.2 mm at 29-GHz. Meanwhile,
the transmission phase shifting is less than 40° when the values
of I; vary from 2 mm to 3.2 mm. The transmitted and reflected
magnitude of LHCP and RHCP channels of different values of
I, is also investigated in Fig. 5. Because the magnitudes of the
Tre and Ty are the same, the two curves are overlapped in Fig.
5. In addition, it is observed that the energy is nearly equally
distributed into the four channels at the center frequency when
the Iy is adjusted from 3.2mm to 2.6mm. However, the
reflection magnitude difference between the R.. and Rge
gradually increases when the |; is further reduced to 2.2mm.
This is because when the value of the I, is further reduced, the
impedance matching of the receiving antenna deteriorates.
Thus, more energy is reflected, resulting in the power unequally
distributed in the four channels.

The reflected LHCP and RHCP channels phases when the
meta-atom is globally rotated are shown in Fig. 6(a). The phase-
shifting values of the reflected co-polarization (LHCP) channel
are twice the rotation angle, while the phase-shifting of the
reflected cross-polarization channel (RHCP) is constant. The

| | | o
L = E L
2.85\mm 3.25 mm 3.65 mm 4.05 mm

| | | |

\Y VI \1 VIl

Fig. 7. Configuration and dimensions of eight-level meta-atoms. Other parameters are the same as the one in Fig. 2.



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

TABLE |
AMPLITUDE AND PHASE RESPONSE OF THE EIGHT-LEVEL META-ATOM AT 29GHz
| 1] n v \% \/| VI VI
Meta-atom
Mag/Phase Mag/Phase Mag/Phase Mag/Phase Mag/Phase Mag/Phase Mag/Phase Mag/Phase
Tre 0.43/-8° 0.41/-49° 0.43/-102° 0.38/-158° 0.34/153° 0.36/115° 0.38/72° 0.40/20°
T 0.43/173° 0.41/131° 0.43/78° 0.38/21° 0.34/-25° 0.36/-64° 0.38/-107° 0.40/-150°

transmitted LHCP and RHCP channel phases when the meta-
atom is globally rotated are shown in Figure. 6 (b). The phase-
shifting values of the transmitted cross-polarization channel
(RHCP) are twice the rotation angle, while the phase-shifting
of transmitted co-polarization channel (LHCP) is constant.
The lengths of the phase delay lines are adjusted to introduce
the same dynamic phase-shifting (¢r) for the transmitted LHCP
and RHCP channels. Eight-level meta-atoms, marked as | to
VIII, are adopted to cover the 2n dynamic phase-shifting. The
phase delay line’s lengths are provided in Fig. 7. The
corresponding transmission magnitude and phase at 29-GHz are
summarized in Table I. In addition, the phase response is stable
under oblique incident with an angle up to 40°. The transmitted
phases of the LHCP and RHCP channels of the eight-level
meta-atom at 29GHz are also plotted in Fig. 8 (a). As can be
seen, the phase delay lines provide the same dynamic phase for
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Fig. 8. (a) Transmission phase of LHCP and RHCP channels
at 29 GHz of the eight-level meta-atom under LHCP
incident wave. (b) Transmission phase of LHCP and RHCP
channels when the transmitting antenna is locally rotated
under LHCP incident wave.
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Fig. 10. The sample under fabrication using multi-
materials-integrated 3-D printing technique.

the transmitted LHCP and RHCP channels. The phase-shifting
of the transmitted LHCP and RHCP channels when the
transmitting antenna is locally rotated is given in Fig. 8 (b). It
is observed that the transmitted absolute phase-shifting of the
LHCP and RHCP channels are equal to the rotation angle of the
transmitting antenna () whereas the tendencies are opposite.

I1l. MS DESIGN, FABRICATION AND MEASUREMENT

Different MSs achieving full-space quadruplex channel
multiplexing under LHCP and RHCP wave illumination are
designed and measured for demonstration.

A. LHCP Input

Two TRI MSs are designed to achieve spin-decoupled full
space quadruplex channels independent beam shaping under
LHCP incident wave. The MS must provide four uncorrelated
phase profiles, namely, R..(x,y) and Rri(x,y) for the reflected
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Fig. 11. (a) Front view of the sample. (b) Back view of the
sample. (c) Internal view. (d) Assembling view.

co-polarization and cross-polarization channels, and T (x,y)
and Try(x,y) for the transmitted co-polarization and cross-
polarization channels, respectively. Based on Equations (3-1)
and (7-1), gr, 8y, 61, o7 can be calculated as:

P (% Y) =Re (X, Y), (8)

Pr (X, y) +2- Hg (X, y) = RLL(X’ y) . (9)
er(xY)=6(xy) =T (X Y) . (10)

Pr (6 Y)+ 6,06 Y)+2-6,(%, ) =T (X, Y) 11

The first MS collimates the wave from the LHCP feed and
produces vortex beams with different modes (1) for the four
channels. Specifically, 1=0, 1, 2, 3 for the Try, TiL, Rre, and Ri.
channels, respectively. The LHCP feed is placed at (x=-30mm,
y=0mm, and z=70mm). The phase profile of Ry, Rr., T.., and
Tre can be written as:

R Y) =k-R+3-0 Ry (x,y)=k-R+2-9 (12)
TLL(X’y):k'ﬁi_'_l'(o TRL(Xl y):k'Ri+0'¢ (13)
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Fig. 12. Near-field measurement setup.
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Fig. 13. Simulated and measured phase and intensity
profiles (normalized) of LHCP and RHCP channels in the
transmitting and reflecting spaces. (a) 29 GHz. (b) 29.5
GHz.

where k is the wavenumber in free space. R; represents the
distance between the MS’s i" element and the feed. ¢ is the
azimuthal angle around the beam axis. The phase masks of Ry,
Rre, Tie, and Tre are shown in Fig. 9 (a). Based on equations (8)
to (11), the g, 6y, 61, @7 can be calculated as:
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Fig. 14. a) Compensating phase masks of Ry, Rri, TrL and
Tre channels. b) Phase masks of 6y, ¢r, 61, ¢1.
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Fig. 15. (a) Front view of the sample. (b) Back view of the
sample.

Dr (X’ y) = RRL(X1 y) . (14)

99 (x,y)=0.5-(R —Rg.) . (15)

b (x,y)= 0'5'(TRL_TLL+ Ra— RLL) (16)

@ (X, y)=05-(To +T +Re =Ry 17)

The corresponding phase masks for the gr, 8y, 61, @7 on the MS
aperture are shown in Fig. 9 (b). 14x14 elements in total are
used to form the MS and the MS is conveniently fabricated
using 3-D printing. During printing, a 0.75-1.4 pm near-
infrared radiation (NIR) lamp is turned on to sinter the silver
ink to form the conductor layers. In contrast, a 395 nm UV
lamp is utilized to sinter the acrylate ink to realize the dielectric
layer, as illustrated in Fig. 10. The prototype is shown in Fig.
11. As for the measurement, the LHCP feed horns illuminate
the samples under test, and the LHCP and RHCP probes are
respectively located in the transmitting and reflecting space to
record the power and phase, as depicted in Fig. 12. During the
measurement, 1600 pixels in total are used to capture the
magnitude and phase information of the MS with a scanning
area of 120 mmx120 mm. The simulated and measured phase
and intensity profile of transmitted and reflected LHCP and
RHCP channels are given in Fig. 13. The measured results
agree with the simulated ones. The modes of 0 (plane wave), 1,
2, and 3 can be clearly observed for the transmitted co-
polarization, transmitted cross-polarization, reflected cross-
polarization, and reflected co-polarization, respectively. The
mode purities at 29 GHz is 87%, 89%, 89% and 78% for the
mode 0, 1, 2 and 3, respectively. The intensity profiles have
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Fig. 16. Simulated and measured intensity (normalized) of
LHCP and RHCP channels in the transmitting space and
reflecting space. The observation plane is set at 150 mm and
50 mm from the MS for the reflecting and transmitting spaces,
respectively. (a) 28.5 GHz. (b) 29 GHz. (c) 30 GHz.

[N

0

some degradation compared with an ideal dount-liked intensity.
As aforementioned, since the length of the receiving antenna is
varied, resulting in the impedance matching deteriorating, the
amplitude distribution fluctuated, especially at the edge
frequency of the operating band. Therefore, the overall
performance of the MS will be affected to some extent.
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Fig. 17. (a) Compensating phase masks of R, Rri, TiL and
Tre channels. (b) Phase masks of 6y, gr, 61, ¢1.
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Fig. 18. (a) Front view of the sample. (b) Back view of
the sample.

The second MS focuses EM waves in four channels at
different positions. The focal points are set as (x=0mm,
y=20mm, and z=150mm) for Ry, channel, (x=0mm, y=40mm,
and z=150mm) for Rr. channel, (x=30mm, y=0mm, and z=-
50mm) for Ti. channel, (x=0mm, y=30mm, and z=-50mm) for
Tre channel. Therefore, the phase profile of Ri, Rry, Tu, and
TrL can be respectively expressed as:

R, (X, y) =k-R+k- RdLL. : (18)
Re (X, y) =k 'Ri+ k 'RdRLi . (19)
T (X y)=k 'ﬁi +k 'Ta)LLi . (20)
T (6 Y)=k-R+k-Tdg; . (21)

Rdyi, Rdrui, Tduwi, and Tdryi represent the distance between the
i element and the focal point for the Ri, Rri, Tiw, and Tre
channels, respectively. The phase masks of Ry, Rre, Tut, and
Tre channels are shown in Fig.14 (a). The corresponding phase
masks of 8y, gr, 61, 1 are shown in Fig. 14 (b). The prototype
is shown in Fig. 15. The simulated and measured intensity
profile of transmitted and reflected LHCP and RHCP channels
are given in Fig. 16. The simulated and measured results agree
well. The waves in the four channels are focused on the
different predesigned positions, respectively.

B. RHCP Input
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Fig. 19. Simulated and measured phase and intensity
profiles (normalized) of LHCP and RHCP channels in the
transmitting and reflecting spaces. (a) 29 GHz. (b) 29.5
GHz.

A MS achieving independent wavefront control of LHCP and
RHCP channels in the reflecting and transmitting space under
RHCP incident wave is also designed. The MS generates OAM
with different topological charges (1), Specifically, 1=0,1,2,1 for
the Rigr, Rrr, Tir and Tgrr channels, respectively. The phase



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

TABLE Il
COMPARISON OF DIFFERENT MSS FOR FULL-SPACE MULTI-CHANNEL BEAM-SHAPING
Polarization Polarization Phase
Ref. | Configuration | Frequency - (Independent phase modulation Fabrication
(input) :
modulation) methods
X-polarization
[19] Cascade metal 25-35 GHz X-polarization (reflegtlop) dynamic phase PCB
sheets y-polarization
(transmission)
LHCP (reflection) P-B phase + Electron beam
[45] Dielectric pillar 650 nm RHCP . Multipolar lithography
RHCP (transmission) interference (EBL)
x-polarization y-polarization
[46] Cascade metal 14-16 GHz (refle(_:tlor_1) dynamic phase PCB
sheets -volarization X-polarization
y-p (transmission)
x-polarization X-polarization
Cascade metal P (reflection) dynamic phase
[47] 10-13 GHz T PCB
sheets -volarization y-polarization (Programmable)
y-p (transmission)
x-polarization X-polarization
[4g] | Cascade metal 9GHz (reflection) dynamic phase PCB
sheets -volarization y-polarization
y-p (transmission)
y-polarization
Cascade metal i ) N (reflection) dynamic phase
[49] sheets 8-9 GHz y-polarization y-polarization (Programmable) PCB
(transmission)
Single-layer i LHCP (reflection) )
[50] metal sheet 8-32 GHz LHCP RHCP (transmission) P-B phase PCB
LHCP (reflection)

. . RHCP (reflection) P-B phase . .
This | Multi-layer metal : ' Multi-material
work sheets 28-30 GHz LHCP or RHCP LHCP (transmission) dyrjamlc phase, 3-D printing

_ chirality phase
RHCP (transmission)

profile of Ri, Ree, Tii, and Tre can be respectively expressed
as:

R (xy)=kR+0-¢. 22)
Ry (X, y)=kR+1-¢ | (23)
Ta(xY)=kR+2-¢ . (24)
Tl ) =kR 1o (25)

The phase masks of Rig, Rrr, Tir, and Trr channels are shown
in Fig. 17 (a). Based on equations (3-2) and (7-2), the gr, 0g, 6,
@7 can be calculated using the following equations:

P (X, Y) =RR(X,Y). (26)
Pr(X,Y)—2-0,(X,Y) =Rer (X, Y) | 27)
@ (X Y)+6(X,Y) =Ter(X,Y) | (28)

e (% Y)=6(X,y)=2:0,(%Y)=T(X,y) = (29)

The corresponding phase masks of g, gr, 6, @t are shown in
Fig. 17 (b). The fabricated prototype is shown in Fig. 18. The
simulated and measured phases of LHCP and RHCP channels
in the transmitting space and reflecting space are shown in Fig.
19. The measured results agree with the simulated ones. The
topological charges are 1, 2, 1, and 0 for the transmitted co-

polarization, transmitted cross-polarization, reflected cross-
polarization, and reflected co-polarization, respectively. The
corresponding mode purities at 29 GHz are 85%, 84%, 88%,
and 84%, respectively.

Though many spin-decoupled MS have been developed for
various applications by combining the geometric and dynamic
phases, these MS are only limited to transmitting or reflecting
spaces [28-42]. The demonstrated TRI spin decoupled full
space MS doubles the information capacity and the beam
coverage area. Compared with the transmitting-type
metasurface, where some reflection is inevitable and wasted,
the MS can fully use the energy of the incident wave with each
of the four channels using a quarter of the incident energy.
Compared with PCB technology, 3-D printing used here shows
some advantages in terms of fabrication time, cost, design
freedom, and waste. The printing time will not increase much
when the layer increases. In contrast, much more time will be
used in multi-layer PCB fabrication as each layer is fabricated
independently and bonded together. In addition, the structure
can be built in an additive rather than a subtractive manner.
Therefore, the waste is less compared with the PCB fabrication.
More importantly, the distance between adjacent layers can be
flexibly selected in 3D printing, giving designers more design
freedom. It is also worth mentioning that because acrylate inks
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are lossy, some energy will be dissipated in the printed
dielectric substrate. Assuming no loss from the dielectric inks,
the transmission magnitude in each channel improves by 0.05
on average.

Table Il also compares different full-space multi-channel
beam-shaping MSs. Most previous work uses different
orthogonal incident waves to illuminate the MS to achieve full-
space multi-channel beam shaping. To the author’s knowledge,
this is the first time that the MS is demonstrated to
simultaneously and independently control the LHCP and RHCP
channels in transmitting and reflecting spaces for a single CP
incident wave. Nevertheless, the quadruplex phase modulation
scheme results in amplitude fluctuation in some meta-atoms.
Manipulating the amplitude response of the MS will be valuable
for future work.

V. CONCLUSION

3-D printed TRI MSs are demonstrated, which independently
control the phase of co- and cross-polarization channels in the
reflecting and transmitting spaces for a CP incident wave. For
verification, the MSs achieve quadruplex channel OAM and
focus under LHCP and RHCP incident waves, which are
designed, fabricated, and measured. The multi-layered MS can
be fabricated using the 3-D printing technique. The TRI
polarization-multiplexed MS doubles the information capacity
and the beam coverage area compared with state-of-the-art
transmitting-only and reflecting-only MSs, paving the way to
multifunctionality integration for future TRI RIS systems.
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