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Abstract—Coding metasurfaces (MSs) provide an effective
strategy for designing highly integrated devices due to their
powerful ability to flexibly manipulate the wavefront of elec-
tromagnetic (EM) waves. To date, it remains a great challenge
to theoretically construct and experimentally verify highly inte-
grated MSs for manipulating both linear polarization (LP) and
circular polarization (CP) waves in full-space at millimeter-wave
(mmWave) and sub-terahertz (sub-THz) bands. In this work, a
highly-integrated, low-crosstalk, six-channel coding meta-atom is
developed using hybrid phase manipulations, which can achieve
independent full-space phase controls for three LP channels and
three CP channels across three mmWave and sub-THz bands.
To validate the concept, we designed and fabricated a compact
coding MS, including refracted four-beam splitting for LP wave
at 65 GHz; radar cross section (RCS) reduction, anomalous
reflection and dual-vortex beam generation for LP and CP waves
at 0.12 THz; two-beam splitting for two decoupled CP waves at
0.154 THz. All the theoretical, simulated, and experimental re-
sults agree well with each other. The developed highly integrated
MS with multiple independent channels presents a promising
candidate for future advanced 5G and 6G systems.

Index Terms—coding metasurface, full-space, highly inte-
grated, mmWave and sub-THz

I. INTRODUCTION

ETASURFACES (MSs), as typical two-dimensional

(2D) planar materials composed of artificial structures
with subwavelength dimensions, are distinguished by their
negligible electrical thickness, lower insertion loss, and easy
fabrication. Moreover, due to their fantastic superiority in
manipulating the amplitude, phase, and polarization of elec-
tromagnetic (EM) waves [1]-[9], MSs have been promising
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candidates for increasing high data rates and large capacities
in 5G/6G communication systems to demonstrate various
practical applications such as polarization converter [10]—
[12], efficient chiral mode switching [13], [14], polarization
imaging [15], [16], absorber [17]-[19], EM shielding appli-
cation [20] and so on. In 2014, Cui et al. introduced the
coding MS concept and mechanism to manipulate EM waves
by comprehensive coding sequences, which not only greatly
simplified the design process of MSs, but also suggested a
new perspective for connecting the digital and physical worlds
[21]. The coding MSs have been rapidly developed, achieving
plentiful intriguing functionalities and practical applications
such as abnormal refraction/reflection [22], [23], beam steering
[24], [25], RCS reduction [26], [27], vortex beam [28], [29]
and airy beam generation [30], [31], meta-holograms [32],
[33], and many others [34], [35].

Especially, with the rapid development of micro-nano pro-
cessing technology, EM modulators have gradually tended to
miniaturization and high integration, which attracts increasing
attention to the research on multifunctional integrated coding
MSs [36]-[43]. He et al. constructed a tunable MS, which can
respectively manipulate reflected LP and CP wavefronts at dif-
ferent frequencies by varying the conductivity of the VO4 [36].
Zhang et al. proposed a frequency-multiplexed coding MS,
which can independently manipulate surface waves and spa-
tially propagating waves at two frequencies with a shared aper-
ture [38]. Luo et al. constructed an anisotropic polarization-
selective passive coding MS with four different functions by
manipulating LP and CP waves [40]. Nevertheless, the above-
mentioned MSs employing frequency/polarization multiplex-
ing technology can only operate in half-space (transmission
or refection space), having limited capacity to regulate EM
waves. Very recently, full-space multifunctional coding MSs
based on multiplexing technologies [44]—-[52] are being ex-
plored and developed to satisfy the increasing demands for
wireless communication capacity and integrated EM devices.
For example, Pan et al. designed a tri-layer multifunctional
full-space coding MS for LP wave by independently con-
trolling two co-polarized reflection channels in Ka band and
one cross-polarized transmission channel in K-band to achieve
three functions [45]. Sun et al. developed a spin- and space-
multiplexing MS for full-space manipulation of CP waves to
realize four different holographic patterns in four conversion
channels in microwave band by incorporating two kinds of
metamolecules with opposite asymmetric transmission prop-
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Fig. 1. Schematic diagram of the highly integrated six-channel coding MS.

erties [46]. To further realize full-space manipulation of both
LP and CP waves, Fang et al. proposed a trifunctional MS to
manipulate the x-polarized wave at 13 GHz and CP waves at
9 GHz in reflection and transmission modes [51].

However, most of multifunctional coding MSs mentioned
above focused on the regulation of LP wave or CP wave [37]-
[40]. Only a few MSs can regulate both LP wave and CP
wave but with limited functions at limited frequency bands
[49], [51], due to the coupling among different resonators
and the complexity of the coding meta-atomic design. More-
over, these multifunctional MSs are designed and validated
at microwave band [40], [42], [44], while mmWave and
sub-THz multifunctional MSs are still in simulation stage,
especially for full-space multifunctional coding MSs. This may
be due to the fact that it is challenging to integrate multiple
independent functions in practical manufacturing capability
and accuracy since high frequencies will result in physically
small MS units, particularly, it is critical when attempting
to integrate both mmWave and sub-THz band functions into
a single compact MS. In this work, we develop a highly
integrated multifunctional coding MS that can realize full-
space independent regulation of both LP waves and CP waves
via six channels with negligible frequency and polarization
crosstalk in mmWave and sub-THz bands

The concept schematic of the developed full-space coding
MS is illustrated in Fig. 1. For z-polarized wave propagating
along the -z direction at f; = 65 GHz (Channel 1), the
designed MS can achieve a transmissive four-beam splitting
by regulating the geometric phase. For x- and y-polarized
waves along the -z direction at fy = 0.12 THz (Channels 2
and 3), by modulating the propagation phases, the MS can
realize RCS reduction and abnormal reflection, respectively.

x-pol

Reflection
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LP/CP
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Reflection

While for CP wave incidence along +z direction at fo =
0.12 THz (Channel 4), dual-vortex beam with topological
charge [ = +1 and [ = -1 can be generated by regulating the
geometrical phases. At another sub-THz band f3 = 0.154 THz,
two spin orthogonal CP waves are decoupled by regulating the
geometric phase and propagation phase, the reflective right-
handed circularly polarized (RCP) wave is split into a dual-
beam in the xoz plane (Channel 5), while reflective left-handed
circularly polarized (LCP) wave in the yoz plane (Channel
6). The proposed six-channel full-space MS is confirmed
through full-wave simulations and prototyping measurements,
which is highly promising for future high-speed wireless
communication systems.

II. PRINCIPLE AND META-ATOM DESIGN

In order to realize the full-space independent phase control
for six channels of LP and CP waves in three mmWave and
THz bands, we construct a multilayer meta-atom structure,
as shown in Fig. 2. It consists of five copper pattern layers
L;-Ls, interspaced by four identical quartz substrates (¢, =
3.75, tan 6 = 0.007) [53] with a thickness of h = 100 m, as
shown in Fig. 2(a). Layer L; hosts a centrally located petal-
shaped resonator, flanked by two pairs of parallel metal strips
on its edges, detailed in Fig. 2(b). Layers L, and L4 consist of
mutually perpendicular rectangular metal plates with lengths
(p) of 1000 m and widths (k) of 680 m. Layer L3, shown
in Fig. 2(c), incorporates a pair of right-angled resonators
positioned face-to-face. And Layer L; comprises a split-circle
resonator as shown in Fig. 2(d). The dimensions of these
metallic structures in Layers L;- L5 are detailed in Figs. 2(a)-
(d). Their optimized values (in m) are as follows: b = 140, [; =
850, I, = 600, I3 =40, I, = 615, w = 60, wy = 100, wy = 100,
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Fig. 2. Geometrical model of meta-atom and corresponding current distributions. (a) Geometrical perspective view. (b-d) Top view of the resonators in Layers
L1, L3 and Ls. (e-h)Surface current distributions on the resonators under different excitation conditions.

wz = 110, wy = 200, and r = 270. The angular parameters
are set as v = 40° and 0 = 10°. Additionally, the designed
meta-atom can be divided into three parts: the reflective sub-
cell in the -z direction (Layers L; and Ls), the bidirectional
transmissive sub-cell (Layers Ly, L3 and L), and the reflective
sub-cell in the +z direction (Layers Ly and Ls). For the two
reflective sub-cells, Layers Lo and L4 are used as bidirectional
reflector plates to reflect EM waves propagating along the -z
and +z direction, while for the bidirectional transmissive sub-
cell, Layers Ly and L4 can be formed a Fabry-Perot cavity
along with Layer Lg to generate a transmissive polarization
conversions. Layer L; with two pairs of parallel metal strips
and a petal-shaped resonator is used to regulate the reflected
orthogonal LP wave at 0.12 THz and orthogonal CP wave at
0.154 THz. Layer L3 with right-angled resonators is used to
regulate the transmitted orthogonal LP wave at 65 GHz. And
Layer L5 with split-circle resonator is used to regulate the
reflected orthogonal CP wave at 0.12 THz.

The CST microwave studio is used for full-wave simulations
to characterize the reflection and transmission characteristics
of the meta-atom by setting periodic boundaries in = and y
directions, open boundary in z direction and applying floquet-
port excitation. We firstly simulate the current distributions
with the following parameter values: I, = I, = 652 m, a
=300 m, and B, = B3 = 0°, B = 45° to investigate the
response mechanism of each resonator layer. As shown in
Fig. 2(e), when the incidence is the z-polarized wave along
-z direction at f; = 65 GHz, the strong currents are excited
on the right-angled resonator on Layer Ls. With the same
incidence, the currents are concentrated on the pair of metal
strips parallel to the = direction on Layer L; at fo = 0.12
THz as depicted in Fig. 2(f). Obviously, for the incident y-

polarized wave, the currents will be distributed on the strips
parallel to the y direction on Layer L;. When the LCP/RCP
wave at 0.12 THz is incident along +z direction, the currents
are concentrated on the split-circle resonator on Layer Ls,
as shown in Fig. 2(g). While the LCP/RCP wave is incident
along -z direction at f3 = 0.154 THz, the induced currents
are distributed on the petal-shaped resonator on Layer L;, as
plotted in Fig. 2(h). This means that the EM responses of
the designed meta-atom demonstrate a precise correspondence
with the intended resonators across the metal layers, tailored
for incident waves of different frequencies, polarizations, and
directions. It is noted that the characteristics of the meta-atom
can be independently regulated by fine-tuning the parameters
la;, ly, a, ,61, ,82 and ﬁg.

The working principle of the meta-atom can be analyzed
by using the Jones matrix J in Cartesian coordinates, which
facilitates the simultaneous investigation of both the propaga-
tion phase and geometrical phase modulation of the resonators.
The Jones matrix can be expressed as [54]:

|Ra:m| ei‘sz |Rwy‘ ei()pmy
JZM_1(6)< _ } )M(B) (D
|Ryz|e™ve |Ryy|e™vw
where M(5) = (CF)Sﬁ —sinf3 ) stands for the rotation
sinf  cosf

matrix and 8 is the rotation angle of the resonator. |R,.|
and | Ry, | represent the reflection amplitudes of co-polarized
waves, | Ry, | and |R,| represent the reflection amplitudes of
cross-polarized waves for z- and y-polarized waves, respec-
tively. As previously mentioned, the strip pair on Layer L; can
respond to the incident waves propagating along -z direction at
f2 = 0.12 THz. Figs. 3(a)-(d) show the reflection amplitudes
and phases by varying [, within 570-750 m and [, within



JOURNAL OF LIGHTWAVE TECHNOLOGY

R
750
au
1
700
_ 0.9
§650 0.8
=
0 07
0.6
550 05
570 600 630 660 690 720 750
Ix (um)
(e)
0 300
. Mot e . cat ol 2 400
g -yl {200 5 = 300 3
T .10 ED:] 120 ° a g
= 100 8 5 58 +279/135 200 &
515 ° & 0 = 3
e 5 = =R 100 5
= 0 @ |5 é @
5-20 g -120% &.20 0o 8
3 A = =
=25 1007 = 240 25 -100
R E -360 30 -200 -30 =200
%)(,)110 0.115 0.120 0.125 0,13%)00 45 90 135 180 0.145 0.150 0.155 0.160 0.165 0.145 0.150 0.155 0.160 0.165
. Frequency(THz) . 3 (degree) K Frequency(THz) 1 Frequency(THz)
(1) x-pol (J) ( ) ( )
0 0 300 0 300 L0 22 e
400 57 20 iiﬂz(o)
- 005 -5 2005 5 200 08 = xpol(-2)
=10 -300/0  9-279/45 8 =10 135 =10 2] —a-y-pol(-z)
% 279/135 + 300/90 200 cLo)n% il 100 8 100 20 oy 0.6 .._i.§01(+z)
- -15 T =-15 3;-15 SRS N
ﬁ 100 PR RS 0 8 ~o04 == y-pol(+z)
& -20 0o £E20 &F 2
a
25 Q00 25 1007 s 200~ 02
. -pol(-z) _pol(+
20 RCP 00 30 x-pol(-z 200 30 y-pol(+z) 20 0.0 R
0.145 0.150 0.155 0.160 0.165 50 55 60 65 70 75 80 50 55 60 65 70 75 80 50 55 60 65 70 75 80
Frequency(THz) Frequency(GHz) Frequency(GHz) Frequency(GHz)

Fig. 3. Transmission and reflection properties of the coding meta-atoms. (a)-(d) Reflection properties for the - and y-polarized waves along -z direction
at fo when changing [, and [,. (e)Reflection properties for the z- and y-polarized waves along +z direction at fo and phase responses for (f) LCP and
RCP waves when changing (3. (g) Reflection properties for the x-polarized wave along -z direction at f3 when varying a and reflection properties of 1-bit
spin-decoupled coding meta-atoms for (h) LCP and (i) RCP waves when varying a and (1. Transmission properties for (j) the z-polarized wave along -z
direction and (k) the y-polarized wave along +z direction at f; when changing 2, and (1) PCR for x- and y-polarized waves.

550-750 m for the incident x- and y-polarized waves at 0.12
THz, respectively. It can be clearly seen that the reflection
amplitudes are all over 0.8 while the reflection propagation
phases cover a full 360° range at fy = 0.12 THz. To implement
2-bit encoding, we select coding meta-atoms with [, =575 m,
635 m, 652 m, 688 m and [, = 572 m, 618 m, 652 m, 880 m
for propagation phase modulation to regulating the z-polarized
and y-polarized waves, respectively. Moreover, it is clearly
seen that there is a good isolation between the two modes,
which guarantees independent wavefront operation to suppress
polarization crosstalk. Therefore, according to Equation. (1),
the Jones matrix J; can be written as a function of [, and [,:

- 1
etPxx

0

0

.1
e“Py);’

Jl(lxyly) = (2)

When the EM wave is incident along +z direction, responding
on the sub-cell (Layers L, and Ls), there exhibits high
co-polarized reflection amplitudes and possesses 180° phase
difference for the x- and y-polarized waves at fo = 0.12 THz,
as shown in Fig. 3(e), indicating that the reflective sub-cell
(Layers Ly and Ls) can form a perfect half-wave plate. The
Jones matrix J for half-wave plate with the rotation angle 33
can be expressed as:

cos 233

J2(53) = (sin253 SinQﬂg

— cos 253) 3)

For the incident CP wave EZL, = % ( ill), the output reflected
. 1
out : out _ _1 ,+i2833
component B2 can be written as E2% 73¢ -

39, 99

, where ”+” and ”-” represent the RCP and LCP waves,
respectively. Both the output RCP and LCP waves have
an additional 233 geometric phase change by varying the
parameter (3. Fig. 3(f) shows the phase and amplitude for
the case of 3-bit encoding. Eight coding states are obtained
by adjusting 3 in 22.5° increments and the geometric phase
differences between the neighboring states are about +45° and
-45° for the incident RCP and LCP waves . Furthermore,
when the propagation phase and geometric phase are regulated
simultaneously by changing the parameter a and the rotation
angle (3 of the petal-shaped resonator on Layer L1, two spin
decoupling channels for the RCP and LCP waves at f3 = 0.154
THz can be achieved. The corresponding Jones matrix J3 can
be written as:

cos 231€"=  sin 23, €' Pre
Js3(a, 1) = 4)

) _— e
sin2p1e%==  — cos 231 e*Pee

Under the CP wave incidence, the output waves can be

represented as EQ = %ei(w,‘;i%l) . From the phases

YRR Pl + 281 and @ = 9% — 2831, the required
propagation phase ¢, and the rotation angle (3; can be
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Fig. 4. Crosstalk on the transmission and reflection properties of coding meta-atoms. Transmission properties for the z-polarized wave at f; when changing
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Bs.

calculated as:

Pex = (1L + PRR)/2 (5)
5y = (PIL + PRr)/2 =T (6)
B1 = (¢rrR — ¢LL)/4 (7)

Thus, one can obtain the phase parameters of the 1-bit spin-
decoupled coding meta-atoms, as shown Tab. I.

TABLE I
PHASE PARAMETERS OF 1-BIT SPIN-DECOUPLED META-ATOMS

PRR/PLL oLt = 0°(0) oLL = 180°(1)
=00, T _90°,

¢rR = 0°(0) %mo Pea o
1 =0°(0/0) 61 =135°(0/1)
Pz = 90°, Pge = 0%

¢rR = 180°(1)

B1 = 45° (1/0) B1=90°(1/1)

Through analyzing Tab. I, it is easy to know that the 1-
bit coding meta-atoms for realizing spin decoupling can be
formed by two half-wave plates with a phase difference of
90°. As shown in Fig. 3(g), when the parameter a is set as 279
m and 300 m with 3; fixed at 45°, high amplitudes |R,,| and
90° phase difference are observed at f3 = 0.154 THz for the z-
polarized wave incidence along the -z direction, indicating that
the two states satisfy the spin decoupling condition. Fig. 3(h)
depicts the reflective amplitudes and phases of the four meta-
atoms shown Tab. I under the LCP wave incidence. It is

observed from Fig. 3(h), at 0.154 THz, the phase difference
between the two states encoding 0/0 (a=300 m, $;=0°) and 0/1
(a=279 m, $,=135°) is about 180°, while for those encoding
0/0 (a=300 m, 5,=0°) and 1/0 (a=279 m, B;=45°), the phase
difference is 0°. Conversely, under the RCP wave incidence,
the situation is reversed, as evidenced in Fig. 3(i). These results
confirm that the LCP and RCP waves can be spin decoupled,
aligning well with theoretical predictions.

The designed meta-atom can also operator in bidirectional
transmissive mode for the LP wave at 65 GHz. Specifically,
the meta-atom can realize LP conversion for the z-polarized
wave propagating along -z direction and y-polarized wave
propagating along +z direction, respectively. Fig. 3(j) shows
that the phase and amplitude of transmission coefficient T,
for the z-polarized incident wave along -z direction from
50 to 80 GHz when the rotation angle [, of the right-
angled resonators on Layer L3 is set as 45° and 135°. It is
observed that high cross-polarization transmission amplitude
and 180° phase shift are achieved for the two different
rotation angle [5. This aligns perfectly with the criteria
for 1-bit transmission encoding. Correspondingly, for the y-
polarized incident wave propagating along +z direction, high
transmission amplitudes and 180° phase difference can be
realized, as shown in Fig. 3(k). The conversion efficiency
is quantifiable by the polarization conversion rate (PCR),
defined as PCR [t2:] / (|t3;| + |t%]), where tj; and t;
are the cross-polarization and co-polarization transmission
coefficients, respectively [45]. As shown in Fig. 3(1), when
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the LP wave is incident along —z(+z) direction, the PCR
is approximately equal to 1 for x(y)-polarized wave and 0
for y(x)-polarized wave ranging from 50 to 80 GHz. This
means the meta-atom possesses good ability of bidirectional
polarization conversion in the mmWave band in transmission
mode.

As demonstrated above, phase manipulation of the six
channels can be realized in three different frequency bands
by regulating the parameters [, l,, a, 81, B2 and B3 based
on phase modulation theories. Notably, the study of crosstalk
is greatly significant for the design of coding meta-atoms, as
it directly affects or even destroy the performance of multi-
functional integrated coding MS operating independently in
different Channels. We study the crosstalk on the transmissive
and reflective characteristics of meta-atom at the three bands
of 65 GHz, 0.12 THz and 0.154 THz, as shown in Fig. 4. It is
clear to see that for the z-polarized wave along -z direction,
the transmissive amplitude and phase are hardly affected by
the variations of [, a, 81 and (B3 at 65 GHz, as shown in
Figs. 4(a)-(c), and there is only negligible reflective amplitude
and phase variations for different a, 31, B2 and B3 at 0.12
THz, as shown in Figs. 4(d)-(f). The crosstalk on the reflective
characteristics of meta-atom for the CP waves incident along
+z direction at 0.12 THz is depicted in Figs. 4(g)-(i). The
variations of the parameters a, 1, 82 and [, have almost
no influence on the reflection amplitude and phase. Also, as
displayed in Figs. 4(j)-(1), regulating I, B2 and (3 has also
no effect on the reflective characteristics for the CP waves
incident along -z direction at 0.154 THz. Therefore, based
on the hybrid manipulation principles of propagation phase
and geometric phase, the designed coding meta-atom not only
satisfies the requirements of high amplitude and superior 360°
phase shift, but also has good isolation properties among
different modes, which provides a good foundation for inde-
pendent regulation of multi-channel EM waves.

III. INTEGRATED MULTIFUNCTIONAL CODING MS

To verify the performance of the designed coding meta-
atoms, as a proof of concept, we construct a full-space six-
channel multiplexing coding MS composed of 32x32 meta-
atoms to endow six-fold functions with a shared aperture as
follows: four-beam splitting for the x-polarized wave at f; =
65 GHz (Channel 1), RCS reduction, abnormal reflection and
dual-vortex beam generation for the z-polarized, y-polarized
and CP waves at fo = 0.12 THz (Channels 2, 3 and 4),
dual-beam splitting in the xoz plane and yoz plane for the
decoupled RCP and LCP waves at f3 = 0.154 THz (Channels
5 and 6). The corresponding phase distributions ®-®¢ for the
six channels (Channels 1-6) are shown in Figs. 5(a)-(e), and
the three-dimensional (3D) layout of the integrated coding MS
with a total size 32 mm %32 mm and a thickness of 0.40 mm is
shown in Fig. 5(f), and the top view of resonators Layers L,
L3 and L5 are shown in Figs. 5(g)-(i), respectively. The far-
field scattering properties of the designed coding metasurface
are simulated by CST microwave studio with open boundary
conditions in all directions and plane wave excitation.

For Channel 1, the 1-bit checkerboard coding sequence
shown in Fig. 5(a), where each lattice with different pa-

(a/u/u/s s
o/
[a/uw/w s
a0 W5

[ oo [
0° 360° 0/0 0/1 1/0 1/1

Fig. 5. Diagram of phase distributions and layouts of the developed integrated
MS. (a-e) phase distributions ®1-P¢ of Channels 1-6, (f) 3D layout and (g-i)
Top view of Layers L1, L3 and Ls.

rameter (J; composed of 4x4 meta-atoms, is designed to
achieve four symmetrical y-polarized beams splitting for
the incident z-polarized waves. The 3D far-field pattern is
depicted in Fig. 6(a). The elevation angle € and azimuth
angle ¢ can be theoretically calculated by the formula 6 =
sin”! (A,/l/Fgﬂ/rg) and ¢ = +tan~(T,/T,) [55],
where A is the operating wavelength, I'; and I'y are the
periodic lengths of the coding sequence along the x and y
directions, respectively. The calculated elevation angle 6 is
+54.7° and azimuth angle ¢ are +45° and +135° at f; = 65
GHz. The simulated 2D far-field patterns at the cross section
of ¢ =45 ° and 135° are presented in Figs. 6(b) and (c),
respectively, where the maximum intensity is at 8 = +54.7°,
which are well consistent with the theoretical calculations.
As shown in Figs. 5(b) and (c), the 2-bit rotated random
coding sequence with different parameters [, and gradient
coding sequence with different parameters [, are designed to
realize RCS reduction and abnormal reflection for the z- and
y-polarized waves incidence at fo = 0.12 THz in Channels
2 and 3, respectively. To illustrate the performance of RCS
reduction, Figs. 6(d) and (e) respectively shown the simulated
3D far-field patterns of the coding MS and the same-sized
metallic plate. In contrast to the vertical reflection by the metal
plate, the incident x-polarized wave is reflected in multiple
random directions by the coding MS. This comparison is
further highlighted for the coding MS and the metal plate,
as shown in Fig. 6(f), where a -20.3 dB RCS reduction is
achieved by the coding MS. While for the y-polarized wave
incident to the coding MS, the reflected co-polarized wave
is abnormally deflected into the specific pointing beam in yoz
plane, as depicted in Fig. 6(g). The corresponding electric field
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Fig. 6. Simulated far-field radiation characteristics of Channel 1 at f; = 65
GHz, and Channels 2 and 3 at fo = 0.12 THz. (a) 3D far-field pattern, and 2D
far-field pattern at cross section (b) ¢ = 45° and (c) ¢ = 135° for z-polarized
waves incidence along -z direction at f1. (d, e) 3D far-field patterns and (f) 2D
far-field patterns of the coding MS and metal plate for the x-polarized wave
incidence along -z direction at fa. (g) 3D far-field pattern, (h) electric field
distribution, and (i) 2D far-field pattern for the y-polarized waves incidence
along -z direction at fa.

distribution and 2D far-field pattern of the abnormal reflected
beam at the cross section of =90° are plotted in Figs. 6(h) and
(i), where the simulated reflected y-polarized wave is deflected
at an angle of 38.7°. It is consistent with the theoretical value
0 = 38.7° calculated by the formula § = sin~*(\/T) of
generalized Snell’s laws [22].

Furthermore, the 3-bit mixed coding sequence with different
rotation angles s in Fig. 5(d), which is formed by the gradient
coding sequence “01234567...” and the rotated vortex coding
sequence with orbital angular momentum models of | = +1
and [ = -1, is designed to facilitate the double vortex beams
generation in Channel 4 for the CP wave along +z direction at
f2 =0.12 THz. As shown in Figs. 7(a)-(c), the incident RCP
and LCP waves are split into two symmetric hollow vortex
beams at the deflection angles of 18.2° in the zoz plane, which
agrees with the theoretically prediction. Apparently, the left
and right vortex beams are generated by the RCP and LCP
waves, respectively. Fig. 7(d) depicts that the spiral phase of
the two vortex beams varies from O to 360°, carrying orbital
angular momentum modes [ = +1 and [ = -1. Finally, for
Channels 5 and 6, the 1-bit spin decoupled square coding array
in Fig. 5(e) with different parameter a and S is constructed
to realize dual-beam splitting in two orthogonal planes for the
decoupled RCP and LCP waves at f3 = 0.154 THz. It can be
seen from Figs. 7(e) and (g) that two symmetrical beams are
generated in the xoz and yoz planes for the RCP and LCP
waves at fs = 0.154 THz, respectively. The simulated elevation
angles 6 of the LCP wave at the cross section of ¢ = 0° and
the RCP wave at the cross section of ¢ = 90° are both 29°,
which are shown in Figs. 7(f) and(h). This is well in agreement

#¥ Channel 4 (b) (C)

1 0
é-lo
o (Z—ZO
$-30

-40 :

160=198°
_5%
0 120 150 180 210 240 270
Theta(degree)

i =-=0°)

0 6-29°"
290 -60 -30 0 30 60 90
Theta(degree)

f -0=907

P 0=29°!
290 -60 -30 0 30 60 90
Theta(degree)

Fig. 7. Simulated far-field radiation characteristics of Channel 4 at fa = 0.12
THz, and Channels 5 and 6 at f3 = 0.154 THz. (a) 3D far-field pattern, (b) 2D
intensity distribution, (c) 2D far-field pattern, and (d) phase distributions of
the total far-field scattering characteristics for the x-polarized waves incidence
along the +z direction at fa. (e, g) 3D far-field pattern and (f, h) 2D far-field
pattern for the RCP and LCP waves incidence along -z direction at fs.

with the theoretically calculated deflection angle 6 = £29.1°
at f3 = 0.154 THz according to the generalized Snell’s laws,
implying that the LCP and RCP waves can be decoupled by
the designed MS, and have a good isolation performance.

IV. EXPERIMENT VERIFICATION

Experimental verification is crucial for validating the per-
formance of a designed MS. However, to our knowledge,
most current MS designs in the THz bands remain at the
simulation stage. Experimentally validating a design in the
THz band presents significant challenges, not only due to the
inherent difficulties in THz manufacturing but also because
of the stringent tolerance requirements, as small inaccuracies
can lead to substantial deterioration in experimental results.
This, in turn, raises higher requirements for THz designs.
Our design, which integrates both sub-THz and mmWave
functions into a single multilayer structure, poses additional
challenges for fabrication while maintaining high accuracy.
Additionally, measuring sub-THz designs requires a high level
of accuracy, particularly in alignment. Our integrated design
necessitates more sophisticated measurement platforms that
can accommodate both mmWave and sub-THz bands.

To address these challenges in experimental verification of
our design, we have employed precise fabrication techniques
and comprehensive facility setups to ensure accurate fabrica-
tion and measurement of the developed MS. The fabricated
prototype is shown in Fig. 8(a) with the microscopic images
depicted in Figs. 8(b) and (c). The fabrication processes are
carried out using the micromachining method available at the
City University of Hong Kong (CityU) [56]. The multilayer
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structure is formed by stacking the substrate and copper layers
sequentially from the bottom to the top, resembling a sandwich
structure. The alignment process was accomplished by using
the MA/BA Gen4-Serie Mask- und Bond-Aligner from the
SUSS MicroTec Group. After the alignment, the substrate
was bonded using UV curable glue. This way the multiple
metal layers can be accurately aligned. The accuracy for the
copper pattern on each layer is 0.5 um and the error is within
0.5%. Moreover, benefiting from the transparency of the quartz
substrates, all five metal layers are precisely aligned, mini-
mizing potential measurement performance deterioration. In
addition, we implemented two separate measurement setups to
ensure the accurate measurement of the multiple independent
functions across mmWave and sub-THz bands. This includes
a robotic six-axis mmWave system depicted in Fig. 8(d)
and a sub-THz experimental measurement platform shown in
Fig. 8(e), which are all located at the State Key Laboratory of
Terahertz and Millimeter Waves (SKLTMW), CityU.

@ O ©

e

N
Bottom view

7" T8

| Prototype™

Fig. 8. Photographs of fabricated MS prototype and experimental setups. (a)
MS prototype, (b) top view and (c) bottom view. Experimental setups for
meas-urements of (d) transmission mode and (e) reflection mode.

Specifically, the setup in Fig. 8(d) is utilized for measuring
the transmission mode in the mmWave band (Channel 1). The
transmitting and receiving horns are placed on the front and
back sides of the MS prototype, respectively. And absorbing
materials are placed around those to mitigate the spillover
effect of the incident waves on the receiving side. Both
the transmitting and receiving horns are connected to OML
extenders to cover the 50-75 GHz mmWave band. In addition,
a plane-wave lens is used to generate the plane-wave incidence
on the MS, and the receiving antenna is positioned in the
farfield region of the MS to ensure measurement accuracy.
The horns are linearly polarized and they can be freely
rotated by the robotic arm to control the transmitting/receiving
polarization. In Channel 1, the transmitting horn is rotated to
be x polarization and the receiving horn is rotated to be y
polarization. To achieve the desired transmitting pattern, the
receiving horn is scanned with respect to the center of the
MS during the measurement. For the reflection modes in the
sub-THz bands, the THz measurement platform setup shown

in Fig. 8(e) is employed with both transmitting and receiving
horns placed on the same side. Two OML extender modules
are used to measure the two bands at 0.12 THz (Channel 2-4)
and 0.154 THz (Channels 5 and 6), respectively. Similarly, the
transmitting and receiving horns for Channels 2-4 can be also
freely rotated by the robotic arm to vary the LP states, and
the receiving horn is scanned to measure far-field scattering
characteristics of the reflected LP responses. While for the
CP responses of Channels 5 and 6, the LP responses are
measured firstly by the same way, and then the RCP and

LCP responses are calculated with Ercp = g (Ez + zEy)

and Epop = Y2 (E, —iE,) [46]. It is worth noting that
the far-field scattering characteristics with elevation angles of
-15°-15° are not measured because the reflecting and receiving
horns are located on the same side of the MS sample in the
reflection modes.

Fig. 9 presents the 2D farfield patterns of the simulated
and experimental results for Channels 1-6. For the x-polarized
waves incidence at f; = 65 GHz, both the simulated and
measured transmitted beams are strictly pointed at 54.7°, as
shown in Fig. 9(a). The experimental results are in good
agreement with the simulated ones. For the x- and y-polarized
waves at fy = 0.12 THz, the simulated and measured results for
Channels 2 and 3 are shown in Figs. 9(b) and (c), respectively.
The z-polarized reflection wave is randomly scattered in
multiple directions, while the y-polarized reflection wave is
deflected at about 38.7°, where the experimental results are
well consistent with the simulated and theoretical ones. When
the x-polarized wave at fo = 0.12 THz is incident towards
the designed MS from the opposite direction for Channel 4,
double vortex beams are generated with an elevation angle
0 of about +18.2°, as shown in Fig. 9(d), which is in a
good agreement with the simulated and theoretical ones.
Finally, as displayed in Figs. 9(e) and (f) for Channels 5
and 6, symmetry beam splitting occurs in the zoz plane
for the decoupled RCP wave incidence at fs5 = 0.154 THz,
while for the decoupled LCP wave incidence, symmetry beam
splitting occurs in the yoz plane, where the deflection angles
produced by both the RCP and LCP waves are 29°. It is
noted that the far-field scattering characteristics of elevation
angles of -15°-15° cannot be measured in all reflection modes
as the transmitting and receiving horns are positioned on the
same side of the prototype. Additional discrepancies between
simulated and experimental results at the measured range
can be attributed primarily to fabrication inaccuracies and
measurement tolerances, which are particularly challenging in
the sub-THz bands. All experimental results of the fabricated
MS for transmitted and reflected EM waves indicate that
the developed coding MS can efficiently realize six-channel
independent manipulation of EM waves in three mmWave and
THz bands.

V. CONCLUSION

In conclusion, we have developed and fabricated a high
integrated six-channel full-space passive coding MS with a
single shared aperture, which can independently manipulate
the transmitted and reflected in three mmWave and sub-THz
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Fig. 9. Measured and simulated 2D far-field patterns of the coding MS
for Channel 1-6. (a) Channel 1: four-beam splitting in transmission mode,
for reflection mode (b) Channel 2: RCS reduction, (c¢) Channel 3: abnormal
reflection, (d) Channel 4: double vortex beams generation, beam splitting (e)
Channel 5: in the xoz plane and (f) Channel 6: in the yoz plane.

bands. The designed meta-atom has excellent properties of
efficient polarization isolation and frequency isolation. By
regulating the propagation phase and geometrical phase, the
MS can achieve 1-bit encoding for x-polarized waves at f1 =
65 GHz, 2-bit encoding for two orthogonal LP waves and 3-bit
encoding for CP waves at fo = 0.12 THz, and 1-bit encoding
for two orthogonal CP waves at f3 = 0.154 THz, realizing in-
dependent modulation channels with low crosstalk. As a proof
of concept, by elaborately designing the coding sequences at
different layers of MS for different frequency responses, the
coding MS can integrate six independent functions, including
abnormal refracted four-beam splitting, RCS reduction, abnor-
mal reflection, double vortex beams, and spin-decoupled LCP
and RCP waves. Furthermore, the integrated passive coding
MS is fabricated and measured, and the measured results are
in well agreement with the simulated and theoretical ones,
which verifies the excellent performance of the coding MS.
In addition, due to the flexibility of phase arrangement, the
proposed MS can also be extended to achieve the integration
of other sextuple functions. Indeed, the design scheme of the
passive MS integrates space-frequency-polarization-spin mul-
tiplexing technologies, providing the capability of efficiently
expanding functionality and information capacity, which can
promote the development of next-generation high-capacity
wireless communication systems.
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