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Abstract: The rapid development of the reconfigurable intelligent surface (RIS) technology has given rise to a new paradigm of wireless trans-

mitters. At present, most research works on RIS-based transmitters focus on single-polarized RISs. In this paper, we propose a dual-polarized

RIS-based transmitter, which realizes 4-transmit space-time block coding (STBC) transmission by properly partitioning RIS’ s unit cells and

utilizing the degree of freedom of polarization. The proposed scheme is evaluated through a prototype system that utilizes a fabricated dual-

polarized phase-adjustable RIS. In particular, the polarization coupling phenomenon in each unit cell of the employed dual-polarized RIS is

modeled and analyzed. The experimental results are in good agreement with the theoretical modeling and analysis results, and an initial re-

search effort is made on characterizing the polarization coupling property in the dual-polarized RIS.
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1 Introduction
ith the commercialization of the fifth-generation
(5G) mobile communication networks, the spec-
trum resources of millimeter wave band are gradu-
ally developed and utilized, and base stations
(BSs) also begin to assemble massive multiple-input multiple-
output (MIMO) hardware and corresponding algorithms to pro-

"2 However, the an-

vide better communication services
tenna array equipped with massive MIMO needs numerous ra-
dio frequency (RF) chains, which leads to high hardware
costs, high energy consumption, high system complexity, and
severe heat dissipation issues. These problems will become
more serious in the sixth-generation (6G) mobile communica-
tion networks. The emergence of reconfigurable intelligent
surfaces (RISs) in recent years may bring new solutions to
these challenges” %,

The concept of digital coding and programmable metamateri-
als was first proposed in 20147, When applied to the field of

wireless communications, the reconfigurable two-dimensional
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metasurfaces are usually called RISs, which are composed of
many sub-wavelength unit cells® *. Each unit cell of a RIS can
be configured to change its response to electromagnetic (EM)
waves, so as to adjust and control EM wave parameters, such as
the amplitude or phase, during the interaction between the unit
cell and EM waves"”. A RIS is usually controlled by a field pro-
grammable gate array (FPGA) for real-time configuration to real-
ize the regulation and control of EM waves.

The research on RISs can be categorized into two major ap-
plication directions: the RIS-based transmitter and the RIS-
based relay. The RIS-based transmitter focuses on using RIS
to regulate EM wave parameters, thus modulating information
on EM waves. The RIS-based relay focuses on improving the
channel quality through RISs, thus enhancing the signal
strength and coverage performance!"' 2.

There have been some prior research works on RIS-based
transmitters. The authors of Ref. [13] proposed a binary fre-
quency shift keying (BFSK) wireless communication system
based on RIS, and the authors of Refs. [14 — 16] realized sev-
eral RIS-based phase shift keying (PSK) transmission proto-
types. A RIS-based space-time transmission system was pro-
posed and implemented in Ref. [17]. However, previous re-
search on RIS-based transmitters was based on single-
polarized RISs, and the potential of RISs in the degree of free-
dom of polarization was not fully exploited. Recently, some
fabricated RISs have been able to realize EM control in differ-
ent polarization directions!"®. The authors of Ref. [19] realized
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MIMO transmission based on a dual-polarized RIS, and the
authors of Ref. [20] proposed a communication system as-
sisted by a dual-polarized RIS.

In this paper, a 4-transmit space-time block coding (STBC)
transmission system based on a dual-polarized RIS is pro-
posed and validated by experiments. In this system, a 4-trans-
mit space-time transmitter is realized by utilizing the degree
of freedom of the RIS’ s polarization. In addition, the polariza-
tion coupling phenomenon in the unit cell of the employed
dual-polarized RIS is modeled and analyzed.

The rest of the paper is organized as follows. Section 2 intro-
duces the system model of the proposed 4-transmit RIS-based
STBC transmission system. Section 3 gives the design details
of the proposed system and Section 4 analyzes the bit error
rate (BER) performance by considering polarization coupling
interference in each unit cell. The prototype system and ex-
perimental measurement results are shown in Section 5. Sec-

tion 6 summarizes the paper.

2 System Model

Fig. 1 shows the diagram of the 4-transmit space-time trans-
mission system based on a dual-polarized RIS. The transmitter
consists of a digital baseband module, a dual-polarized phase-
adjustable RIS and a radio frequency (RF) signal source. The
receiver has K receiving antennas and a baseband processing
module. The dual-polarized RIS has N rows and M columns of
unit cells, and each unit cell can realize the phase regulation
in horizontal polarization and vertical polarization, respec-
tively. M and N are assumed to be even. The single tone car-
rier signal incident on the dual-polarized RIS is emitted by a
feed antenna.

The incident signal power of each unit cell is p in both hori-
zontal and vertical polarization. Let p represent the polarization
direction, p = 1 means vertical polarization, and p = 0 means
horizontal polarization. The unit cell in row n and column m is
denoted as U, . A, and @, represent the reflection ampli-
tude and reflection phase shift of U

channel from U, to the k-th receiving antenna in polarization p

by the k-
polarization p is yP"" =
e’ It can be noted that x = A e yep-

pan,m panm pan.m

in polarization p, and the

n,m

is denoted as h}™". Then the signal received from U

n.m
th  receiving antenna in

B /P A

resents the data symbol modulated by U, = onto the single-tone

carrier in polarization p and we have y"" = h?"" \/P Xy

The nXm unit cells of the RIS can be divided into left and
right parts in horizontal polarization, and upper and lower
parts in vertical polarization. As shown in Fig. 1, the horizon-
tal left part is marked as the yellow part, the horizontal right
part is marked as the orange part, the vertical upper part is
marked as the blue part, and the vertical lower part is marked
as the indigo part. Then the wireless channel from the yellow

part to the k - th receiving antenna is denoted as h,, =
M
M N

z zhg’".mv hs

M n=1
—+1
2

2 N
z z hy™", and accordingly, h,, =
m=1n=1

m=
N

M M

3 3 and by = 3 stand for the wirless

m=1 N m=1n=1
2

n=o 41
channel between the orange part and the k-th receiving an-
tenna, the wireless channel between the blue part and the k-th
receiving antenna, and the wireless channel between the indigo

part and the % - th receiving antenna, respectively. Therefore, the
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A Figure 1. Proposed 4-transmit space-time wireless communication system based on a dual-polarized RIS
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channel parameters from the 4-transmit space-time dual-
polarized RIS-based transmitter to the receiver can be written as

hl,l h1<,1
H = h1,2 h‘K,Z
his his
h1.4 hk’,4 - (1)

The STBC matrix is designed as'*":

¢ c, ¢ 0

* *
I el S R VR

¢ = * *
¢ 0 ¢ -c

0 _C; C; Cy b (2)

where ¢, ¢,, and ¢; are three transmitted baseband symbols.
The coding matrix encodes three data streams into four data
frames and transmits them in four time slots as a period. The
received signals of the k-th receiving antenna in the corre-
sponding time slot of coding are

r’f = \/ﬁclhk.l +VPch, + VPcsh;+ n'{’

rg =- Pczhm + PCThAA,z + Pczhu + ng’

r’; == PCihk,l + chhm - \/Fcth + ng,

ri =-vP C;hkl + VP C;hkj + VP Clhk,4 + ni’ (3)

in which ¥ is the data received by the k-th receiving antenna
in the i-th time slot, and n' is the corresponding receiver

T
. [k k k k _
noise. In a vector form, let r, = [rl,rz,r3,r4 , n, =

. T
[nlf,ng,né,nﬁ l, and h, = [h,i’l,hkﬁz,hm,hm] , and we have
r,=VPch, + n, 4)

where r, n, and h, are the received signal vector, the noise
vector, and the wireless channel vector of the k-th antenna, re-
spectively.

Eq. (4) reveals the basic principle of the 4-transmit space-
time transmission system based on the dual-polarized RIS. It
is consistent with the traditional space-time transmission sys-
tem in form but different in hardware composition and channel
structure. The proposed system modulates the information
onto the carrier in the process of reflecting the signal through
the dual-polarized RIS, which does not require the conven-
tional RF chains. Therefore, the 4-transmit space-time trans-
mission scheme based on the dual-polarized RIS provides a
new space-time transmitter design with the advantages of low
hardware costs and complexity.

3 Design of 4-Transmit Space-Time Trans-

mission Based on Dual-Polarized RIS

This section will introduce in detail the scheme of a 4-trans-
mit space-time transmission wireless communication system
based on the dual-polarized RIS, including the design of wave-
forms, the wireless frame structure, and the receiver combin-

ing method.

3.1 Waveform Design of Transmitted Symbols

Space-time coding needs to realize the complex conjugate
operation of the transmitted symbols. However, the amplitude
response and phase shift of the dual-polarized phase-
adjustable RIS used in this paper are coupled. If the phase of
RIS’s unit cell is directly regulated, the envelope of the trans-
mitted symbol will be non-constant and the complex conjugate
operation of the symbol cannot be realized. Therefore, the non-
linear modulation technology is employed in this work!'".

During one symbol period, the transmitted symbol wave-
form is designed as

xp,n,m (t) = .AKP 5

e L e (Ts - tpﬂs'"’TS], (5)

€ [O,T'\,] is the circular

time delay, and the symbol phase decreases linearly with

A,
T

s

where T, is the symbol period, ¢

ponm

as the slope.

According to the designed symbol waveform, the amplitude
A~! and phase go;,:,‘m of the —1-st harmonic with frequency f, -

pon.m
1
— are
T§
A
A;lnm = smc( Prom )
2 , (6)
and
qp_l - Zthp,an + A¢]},11,m R
p.n,m Ts 2
Ag, .
mod || —2% - 1],2] + 1T'8(2’1T - Agomm)
2m ” (7)

in which sinc(+), mod(+),| -], and &(+) denote sinc function,
modulus operation, round down function and step function, re-
spectively.

3.2 Wireless Frame Structure Design
The frame structure is designed as shown in Fig. 2 for 4-
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100 32 64 60 data
symbols symbols symbols  subframes
—r~— — —
Frame 1: | Syne | Plot | None | None | None | Data | Data Data | Data
Frame 2: | Sync | None | Plot | None | None | Data | Data Data | Data
Frame 3: | Sync | None | None | Plot | None | Data | Data Data | Data
Frame 4: | Sync | None | None | None | Plot | Data | Data o Data | Data

A Figure 2. Frame structure design of 4-transmit space-time transmis-
sion system based on dual-polarized RIS

transmit space-time coding transmission based on the dual-
polarized RIS. It includes one synchronization subframe, one
pilot subframe and 60 data subframes. The pilots of four trans-
mitting data frames are orthogonal in time for ease of channel
estimation. The four data frames are transmitted by the four
parts of the RIS respectively. Each pilot subframe includes 32
Binary Phase Shift Keying (BPSK) symbols. There are 64
space-time coded 16-quadrature amplitude modulation (QAM)
symbols in each data subframe, and all data symbols are
based on the previously described waveform. 11 520 (4X60x
64x3/4 = 11 520) data bits are transmitted per frame duration.

3.3 Combining Scheme of Receiver
When the receiver has only one receiving antenna (K=1),

we have

1 _ 1
rn=VPch +VPch,+ VPcsh; +n,

1 * * 1
r,==VPch +VPch,+VPcih, + 1y,

1 _ * * 1
ry==VPech, +VPch ;= VPch,+n;

1 _ * * 1

ry ==V Pchy + VP ch3 + VPeh, +ny, (8)

where ¢,, ¢,, and ¢, are the source symbols satisfying
2 2 2
E{‘Cl‘ }= E{ cz‘ }= E{‘%’ }= 1, and E{-} represents ex-

. . o1 1 .
pectation operation. n,, n,, ny, and n, denote independent

complex Gaussian noises with zero mean and variance .
By applying the combination scheme in Ref. [22], we have
1gp* 1% 1* 17 %
~ rihyy try byt hyy rghyy,

01: :Cl+

(‘h],, ‘2 * ‘h'l‘z + ‘hm‘z + "%,4‘2)\/?

1g % 1 1% 1%
nlhl.l +n, h],z + ng hl,s + n4h1,4

e[ +maf)ve

‘ 2

(0, + [
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- rihi, =1y hyy —rshy, 1y by
c) = =c, +

(0] [0l [ + 1)

17 % 1% 17 % 1%
nlhl,z —ny hyy = n3h1,4 Ty h1,3

(1 ol o s o)

b

Cy =

17 % 17 % 1% 1%
r1h1,3 + r2h1,4 R hu -1y hy,
2 2 2
| [ Ba| |+ | VP
17 % 17 % 1% 1%
nihiy +nyhy, —nyh —nghy,

[ o s )7

=c, +
] 3

where ¢,¢, and &, represent the recovered symbols of three
data streams. According to the above formulas, when the re-
ceiver has only one receiving antenna, the signal-to-noise ratio
(SNR) of stream 1, stream 2 and stream 3 is

SNR:RK = SNR;RX = SNR;RX =
(s L+ s [ )
= | (10

Similarly, when there are two receiving antennas, according
to the combining scheme in Ref. [22], there are

cp =

g% 1 1 1p 2, * 24 24 2, %
rlhl,l +r hl,z +r3 by, +"4h|,4 +"1}12,1 +r hz,z +13 Doy +"4h2,4

2 2 2 2 2 2 2 2 -
(‘hl.l‘ +‘h1.z +‘h1.3‘ +‘h'|.4‘ +‘h'2.1‘ +‘h'2.z‘ +‘h'2.3‘ +‘h2.4‘ )\/F

c; t

L 1% 1% 1p 2, % 2% 2% 2k
"1h1,1 +n, h].z +ny hm +"4h|.4 +”1h2.| +n; hz‘z +n; h'z.s +"4hz,4

T TN T P U PR N PR PV

Lg% 1+ Ly 1+ 2, % 24 2, % 24
rlh1,27r2 hl,I*’3h1,4+r4 h|,3+’|hz,2*r2 hz,lfrzhz,zx*rzx hz,z

’ +‘ hys ‘2 +‘ hy ‘2) VP

2 2 2 2 2
‘hl,l‘ +‘hl,2‘ +‘hl43‘ +‘h|44‘ +‘hz.1‘ +‘hz.2

cyt+

Ly 1 Lp* 1% 2, % 2% 2, % s
”lhl,z_nz h],l _”3111.4"'”4 hl,3 +”1hz.z -n, hZ.l —n3h214+n4 h2,3

2 2 2
‘ +‘h,l_4‘ +‘h,2_1‘

(‘hl.l ‘2 +‘h1.z ’ +‘h'1.3 +‘h'2.2‘2 +‘h'2.3 ‘2 +‘h2.4‘2)\/p 7(12)

c3=

Ly " 1% 1+ 2, % 2 % 2+ %
’|h1,3+r2h1(4*r3 hu*'zs h1,2+’1h2,3+r2hz(4*r3 hZ,lirA hz,z

2 2 2 2 2 2 2 2
‘hu‘ +‘hl,2‘ +‘hl,3‘ +‘h|44‘ +‘th1‘ +‘hz.z‘ +‘hz.3‘ +‘hz.4‘ VP

cyt

L Ly * 1% 1% 2, % 2, % 24 2
"lhl,z +n2h|_4—n3 hl.] Ty hl,2+”1hz.3 +"2h2A4_”3 hz,l Ty hz,z

2 2 2 2
2 +‘h1.3‘ +‘h'|.4‘ +‘h'2.1‘ +‘h'2.z

RN RN g
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Therefore, when there are two receiving antennas at the re-
ceiver, the SNR of stream 1, stream 2 and stream 3 is

SNR?™ = SNR2™ = SNRZ™ =

(1

From the two SNR formulas of Egs. (10) and (14), it can be
found that the 4-transmit space-time transmission scheme

2 2 2 2 2 2
‘ +‘h|(4‘ +|h2.|| +’h2.z’ +‘hz.3‘ +

o . (14)

2
+ ‘h,m

+ ‘hlﬂ_

based on the dual-polarized RIS proposed in this paper is basi-
cally consistent with the traditional space-time transmission
system. The same diversity order and diversity gain can be ob-
tained.

4 Polarization Coupling Modeling and BER
Performance Analysis

4.1 Polarization Coupling Modeling for Dual-Polarized
RIS

The authors of Ref. [19] have preliminarily revealed the
phenomenon of polarization coupling in the unit cell of the
dual-polarized RIS. Based on the coupling constellation
and the coupling voltage of the unit cell given in Ref. [19],
a linear symbolic coupling model is proposed as follows to
analyze the polarization coupling phenomenon in the 4-
transmit space-time transmission based on the dual-
polarized RIS.

Theorem 1. The coupling model between two polarization
directions of the unit cell U, ,, can be written as

O,n,m
{xcnuple - xO,H,m + a'xl,n,m
lnm _
x - xl,n,m + be,n,m ’ (15)

couple
where @ and b are the coefficients coupled to the horizontal

and vertical polarization, x,, ,and x,,, are the original trans-

mitted symbols in horizontal and vertical polarization, and
0.n,m
couple

tal and vertical polarization.

1.nm
couple

x and x are the actual transmitted symbols in horizon-

Theorem 1 reveals that the transmitted symbols of two polar-
ization directions are mutually coupled in one unit cell of the
dual-polarized RIS. In particular, Theorem 1 indicates that
the actual transmitted symbols are the linear combination of
original transmitted symbols and coupled transmitted symbols
from another polarization direction.

Based on the system model in Section 2, when the system
operates normally and has no polarization coupling interfer-
ence, the signal received from U, , by the k-th receiving an-

nm

. . . . pnm 1 pam  /
tenna in polarization p is Yr = = hi; Px,m.

According to Theorem 1, the signal that considers polariza-

by the k-th re-

. . . . . kpnm _ 1 pnm ./
celving antenna in polarization p is Yeouple = h; Px,mt

tion coupling interference received from U

n,m

™" NP x,_ ... where x, ~pum 18 the transmitted symbol in

another polarization, and ¢ is the coupling coefficient between

unit cell’s control voltages for horizontal and vertical polariza-

is the co-

tion directions. According to Ref. [19],¢ = a =

efficient coupled to the horizontal polarization and ¢ = b =

0.92

is the coefficient coupled to the vertical polarization for

the employed dual-polarized RIS.

4.2 BER Performance Without Polarization Coupling In-
terference
For the sake of analysis, it is assumed that the wireless

channel parameters (h Lo Pis by by, hz,l s h2’2, h2’3, h2~4) re-

main constant during transmission. Due to the standardly
mapped 16-QAM with Gray coding and the traditional QAM
demodulation method, the theoretical total BER of the 4-
transmit space-time RIS-based transmission system can be

17,23
expressed as!'” >

3 4SNR, 1 4SNR
BER,;, = —erfe| | ———— |+ —erfe|3 | ——
8 30 4 30 . (16)
2 2 2 2
(T AT A T
SNRy,, = Py ’ a7

where erfc(+) is the complementary error function and SNRy,,

is the received SNR for one receiving antenna.

Similarly, the system BER with two receiving antennas is""
3 4BSNR; 1 4BSNR;
BERsz = gerfc T + Zerfc 3 W
(18)
ﬁ =
|h1,1|2 + ‘hl.z 2 +‘h13 ' +|h1,4|2 + ‘hz.l ‘2 + ‘hz: ' +|hz.3|2 "'|hz‘4|2
‘h]_l‘z +[hy, y ‘hm‘z + ‘hH‘Z , (19)

where B is the diversity gain obtained when the receiver has

two receiving antennas.

4.3 BER Performance Considering Polarization Coupling
Interference

Take the horizontal polarization as an example, when the
symbols X,, X,, X; and X, are respectively transmitted by
the yellow, orange, blue and indigo parts of RIS as shown in
Fig. 1 in a certain time slot, the signal received by the k-th
receiving antenna in horizontal polarization from the yellow
part is
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2 N
O _ Onm \ /P
Y yeltow = Zzhk PX +
m=1n=1

m MoN

2 N 2 2
az z hf)nm 2 Onm
n:l %-*l

ol

N

¥
h,VPX, +a2 Y h VP X +a i Onm /P

e

=1 N
n —7+ 1
hy, P X, + aheroelor P X, + ahleeeion /P X,, (20)
u woN
2 N 2 2
upper.yellow _ 0,n,m lower,yellow _ 0,n,m
where hj = 2 h,"" and hj = hy,
m=l N m=1ln=1
n=>

are the channels from the upper region and lower region of
the yellow part to the k-th receiving antenna in horizontal
polarization.

And the signal received by the k-th receiving antenna in

horizontal polarization from the orange part is

e o=y ZhO"mfx N

M
m:7+l
N
M N M 2
a 2 2 ™" NP X, + a 2 Z "N P X, =
M N ’W =1
m:7+lu:?+] m= 1"
M N
hia VP Xy +a Y Y b VP X, +
m—£+ln—1+l
2 2
N
z ZhOnme

77+1
m=

hk‘yz \/sz + athper,or(mgn \/F)(3 + ahénwer,nmnge \/Fx4 , (21)

hlower,orange _

where  RjPPE = and

2 Z hOnm

,7+| ,—+I
m=Z+ln=s

N
M 2

2
2 Zh}}"’"’ are the channels from the upper region and

lower region of the orange part to the k-th receiving antenna in
horizontal polarization.

Due to the proposed wireless frame structure and transmis-
and A" can-

not be estimated and obtained. Because receiving antennas

sion scheme hupper Jyellow hlvwer Lyellow thper,nmnge

are placed approximately on the central normal line of the

1
~ Eh‘k,l?

RIS, we can assume that hZ””""e”"“ ~ *h“,hl““”e”"“

thper,nrunge ~ l hk ,, an d hiower,oran,ge ~
2 >

1
Ehk’z’ and Egs. (18) and

(19) can be written as
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M
2
y,fr:?[om = h/.",l \/FX] t+a 2

m=1

N
2 hg,n,m\/ﬁX3 +
N

n=—+1

ii VNP Xy~ by VP X+

h
( ) X+a( “)\/_X
( z+1aX4),

L)

and

1
yf;fl)nge = hk,Z \/ﬁ(X + 7aX3 + 2(1X4)

Similarly, for the blue and indigo parts, we have

1 1

”

and

1 1
yi‘;;zlligu ~hy, \/ﬁ(X4 + bel + szz)

(22)

(23)

(24)

(25)

For the k-th receiving antenna, the received signal in a cer-

tain time slot is

— k0 .0 k.1 k.1
Y = y}‘e/lou + yor(mge + Y blue + ynul[go
1 1
h|X, + EaX3 + EGX4 +

~VP : :
hk.Z(XZ + E(ZX3 + 50)(4) +

1 1 1 1
hk.}()(3 + EbX‘ + Esz) + hM(X4 + bel + szz)} =

VP hXQ,,,. =VPhX

couple couple »

T
where by = [l by by ] X = [ X050, ] and

1 1
1 0 —=b Eb
0 1 %b %b
chuple = 1 1 . O
2% 2"
1 1
_E(I, E(l 0 1 ],

(26)

(27)
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1 1 1
Xcoupl(‘ = Xanup[c = |:X| + 5(1)(3 + EaXqu + 5&)(3 +

1 1 1 1 1
EGX4’X3 + bel + Eb)(z,)(4 + bel + szz}

When the RIS-based transmitter transmits data according

1 1
to the STBC matrix ¢ of Eq. (2), we let u = FmY=E Eb and
there is
Coouple = cQ(:uuple =
c; toucy cy toucy ¢y toe; + e, vey + e,
—c; + ucy aY + ucy —vc; + vc: cy - vc; + l)CT
—c; + uc’l' - uc, uci - uc, ci - l/L‘: —c, — vc;
uc, + uc, —c; + ucy + uc, ¢y - vc; ¢, - 1;03 . (28)
Then we have
k — £/
r('ouple - P C('ouplehk + nk, (29)
k k.1 k2 k3 k4 r
where rcnuple = I:rc;)zlple7 rcéuple”‘cl)uple’ cmwz:plz?] 18 the recelved mgnal

vector considering polarization coupling interference.

Eq. (27) gives the system model that considers polarization
coupling interference, and the influence of the proposed sym-
bolic coupling model is mainly reflected in the STBC matrix
Copte- 1hen the BER performance of the system is discussed
as follows.

Proposition 1. When considering polarization coupling in-
terference and there is only one receiving antenna at the re-

ceiver, the upper bound of system BER can be written as

3 SINR'™ 1 SINR'™
BERJIL;E(muzd = gerfc T + Zerfc 3 T
»(30)
SINR'™ =
1
2 2 2 2
3 4(u2|h1’1| +u2‘h1.2 +”2|h1,3| +”2‘h1_4|)
ASNR,,

2 2 2 2
3+ s s+ ]

(u+0) [+ [a(s  [])

2 2 2 2\?2
3+l + ]+ ]

(3D

where SINR'™ is the signal-to-interference plus noise ratio
(SINR) of the data stream with a single receiving antenna.

Proof: See Appendix A.

Eq. (28) in Proposition 1 and Eq. (16) have the same struc-
ture, but the difference is that Eq. (28) is related to SINR due
to the polarization coupling interference while Eq. (16) is just
related to SNR. Proposition 1 reveals that the BER of the pro-
posed system is not only influenced by the SNR of the system,

but also by polarization coupling interference. When the inter-
ference terms in SINR are 0, Eq. (28) will degenerate into Eq.
(16). However, because of the interference terms, the SINR of
the system will decrease, which leads to the deterioration of
the system BER performance and this is consistent with the in-
tuition.

For the case of two receiving antennas, we can get Proposi-
tion 2 as follows.

Proposition 2: When considering polarization coupling in-
terference and there are two receiving antennas at the re-
ceiver, the upper bound of system BER can be written as

. 3 SINR*™ | 1 SINR®
BERiprnund = gerfc 0 + Zerfc 3 BT
(32)
1
SINR** =
——————+d, +d, +d
4BSNR;,, ! 2 3, (33)

where SINR?™ is the SINR of system data stream with two re-
ceiving antennas and

d, =
2
4[(142‘/%1 | + uz|hL2

3(\}1,,, \2 +‘h,vz‘z +|hys

2, 2, 2 2
+1r‘hm‘ +v|hm‘ ‘hll| +|hL2

el o)
) 2

2

2 2 2 2
‘ +‘hu‘ +1hy, +‘hz'2’ +‘hu‘ +lhay

d, =

2 2 2
2 2 2 2
4[(14 O R T S e R e hys

2)(‘h2‘1|2 sl +

2 2 2 2 2
3("%1‘ +‘hl,z| +|hm‘ +‘h1.4‘ +‘h2,|| +|hzz

: +‘h2v4|z):|
2 2
).

2 2
+‘hm‘ +

hyy

dy =

(e

2 2 2 2
(s s

2

+‘h1>2

) (s )

2 2 2
hay +‘hz.z‘ +|hz.s‘ +‘hz<4

Proof: See Appendix B.

According to Proposition 2, diversity gain 8 exists in both
SNR terms and interference terms (d,, d,, d,), which means
that even if more receiving antennas are equipped, polariza-
tion coupling interference will still prominently affect the
BER performance of the system. Besides, Eqgs. (28) and (29)
also indicate that if we want to improve the BER performance,
we need to reduce coupling coefficients u and v, which leads
to less polarization coupling interference. And that puts for-
ward new requirements for the design of the unit cell of a dual-
polarized RIS. In the following section, we will validate the
proposed symbolic polarization coupling model by the experi-
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mental measurements based on our prototype system.

5 Implementation of 4-Transmit Space-Time
Transmission Based on Dual-Polarized RIS

5.1 Prototype Setup

Fig. 3 shows our prototype of 4-transmit space-time trans-
mission based on the dual-polarized RIS. The system consists
of a 4-transmit space-time RIS-based transmitter and a tradi-
tional receiver. The 4-transmit space-time transmitter is com-
posed of a dual-polarized phase-adjustable RIS that is con-
troled by a PXle platform, a horn antenna and an RF signal
source. The traditional receiver consists of two receiving an-
tennas and a software defined radio (SDR) platform.

The dual-polarized RIS is a phase programmable metasur-
face with an operating frequency of 2.7 GHz. There are 144
(12x12) unit cells in total, and each unit cell has two pairs of
metal patches and two varactor diodes are connected across it.
The bias voltage is applied to the varactor diodes through the
corresponding metal patches to control the reflection coeffi-
cient of the unit cell in two polarization directions!"®™ "\, The
RIS fabricated with varactors can continuously regulate the
phase, which makes the transmission waveform design in Sec-
tion 4 achievable.

Specifically, three bit streams are generated by the PXle
platform, mapped into three 16-QAM symbol streams, and en-
coded by the STBC matrix to generate four baseband frames.
The four frames are converted into four analog voltage signals
by the digital-to-analog converters (DACs) of the PXle plat-
form and loaded on the varactors of the corresponding RIS’ s
unit cells respectively. When the 2.7 GHz single tone carrier
generated by the RF signal source is transmitted and irradi-
ated on the RIS through the horn antenna, the dual-polarized
RIS modulates four data frames onto the carrier. The transmit-
ting horn antenna is placed at an inclination of 45° so that
there are carrier components in both horizontal and vertical
polarization directions. The receiver receives the signal

Stream 1 1Rx Stream 1 2Rx

. ;
< Space-time coding |
;

Receiver Transmitter

RF: radio frequency SDR: software defined radio
RIS: reconfigurable intelligent surface

Rx: receiver

Tx: transmitter

A Figure 3. Prototype of 4-transmit space-time transmission based on
dual-polarized RIS
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through two single polarization antennas inclined at 45°. The
received signal is down converted and sampled on the SDR
platform, and the corresponding baseband data symbols are
then decoded and demodulated.

5.2 Experimental Results

As shown in Fig. 3, the 4-transmit space-time transmission
system based on the dual-polarized RIS can successfully real-
ize data transmission. The prototype is in an indoor environ-
ment with a transmission distance of about 1.5 m. When the
symbol rate of the system is 2.5 million symbol/s, the transmis-
sion rate can reach 7.5 Mbit/s, which is determined by the ad-
opted space-time coding scheme. It can be seen from Fig. 3
that the constellations of three data streams at the receiver can
be well recovered. By adjusting the transmission power to
change the received SNR, the BER performance is recorded
simultaneously. The measurement results are shown in Fig. 4.
In Fig. 4, the blue line is the theoretical BER curve without
polarization coupling interference, the red line is the upper
bound of the theoretical BER considering polarization cou-
pling interference, and the orange line is the actual measured
BER curve. It can be seen that the measured BER is obvi-
ously worse than the theoretical one without polarization cou-
pling interference. This is because the control voltages regulat-
ing the unit cell” s phase in different polarization directions
are coupled"”), which makes the four data frames doped with
each other in the transmission process, resulting in additional
interference and degradation of the BER performance of the
actual system. Fig. 4 also shows that the theoretical BER up-
per bounds given in Eqgs. (28) and (29) are in good agreement
with the measured curve, which validates our proposed linear
symbol polarization coupling model for the dual-polarized RIS.

The above results indicate that the 4-transmit space-time
transmission scheme based on the dual-polarized phase-
adjustable RIS is feasible, but the mutual coupling of control
voltages of the unit cell for different polarization directions
will degrade the system performance. This enlightens that the
polarization isolation performance should be carefully consid-
ered when designing dual-polarized RISs, and it is worth fur-
ther exploring in the future.

6 Conclusions

In this paper, a 4-transmit space-time transmission scheme
based on the dual-polarized RIS is proposed. The prototype
system based on a dual-polarized phase-adjustable RIS can
transmit data over the air at a rate of 7.5 Mbit/s, which verifies
the feasibility of the proposed scheme. In particular, a simple
linear symbolic polarization coupling model is proposed for
theoretical analysis, and the BER performance upper bound of
the system is given. The measured curves are in good agree-
ment with the theoretical ones, which proves the effectiveness
of the proposed model and scheme. In general, a multi-
transmit space-time transmitter based on the dual-polarized
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BER: bit error rate  Rx: receiver

A Figure 4. Comparison of system theoretical and measured BER-SNR
performance: (a) one receiving antenna and (b) two receiving antennas

RIS is a promising scheme, which can flexibly build different
space-time transmission systems to satisfy the transmission re-

quirements with low hardware complexity and cost.

Appendix A

Proof of Proposition 1

The STBC matrix considering polarization coupling interfer-
ence is shown in Eq. (26). When K=1, which means that the
receiver has only one receiving antenna, it can be obtained

from Eq. (27) that

rrl,r;llqllc = \/Fhl,l (Cl + uc3) + \/Fhl.z(cz + uc3) +
\/Fh]_s(c3 + e, + vcz) + \/ﬁhm(ycl + y(;z) + n:’

1.2 _ _x *
T couple = 'V P hl,l( ¢, + uc3) + VP hl,z(cl + uc3) +

\/th(—vc; +ch)+ \/P]114(c3 - vc, +1}cT)+né
i ’ b

13— \/ﬁhu( - ¢y + uc, - ucz) + \/ﬁhlﬁz(uct -

rcouple

ucz) +VPh, (ci - vc;) + \/ﬁhm( -c, = vc;) + néy

= \/ﬁhl’l(uc; + ucl) + \/ﬁhl,z( - ¢, +uc, +

rt'()uple

ucl) + \/Fhm(c; - vc;) + \/ﬁhm(cl _ vc;) + ni’

According to Ref. [22], there are the following combination

formulas.

~ 11 g 1.2% 1,3+ 14 7%

Cl,couple - rcnuple 1.1 + rcoupleh‘l,Z + rcoupleh‘lﬁ + rcouple 1.4°

~ —_ 11 o 12% _ 13 * 1.4%

CZ,cuuple - rwuplehl.z r(‘uupleh’l,l rcouplehlA + rcoupleh’l,37

~ _ L1 g 12 7+ 13 14

C3,wuple - rcoup[ehl,3 + rcouplehl.A rcouplehl,l rt‘ouplehl.z'

S 1.1 12 13 14 - .

By substituting ./, 10s Toriier Teoupter @0 7,0, into the combi-
nation formula of ¢, .., we have:

~ _ Ll * 1,2% 1,3% 1.4 -

Cl,nouplc - r(‘nupl(’,hl,] + rcou.pl(?hl.Z + rcoupl('hl,."ﬂ + rmuplc 14 =

\/F|:(c] + ucg)‘ hy, ‘2 + (02 + uc3)h],2h?] +

* * l * _
(03 +oe, + vcz)hmhLl + (1}01 + vcz)h1’4h1,l}+ nh, =

VP ( —c, + uc3)*hi]h1_’2 + (CT + uc3)

5

2
|+

hl,2

® *
(—1202 +vc,) h1.3h|,2 +(c3 - ve, +1JC]) h,’4h,’2:|+ n, hl,z +

* *
* * * * *
VP (— ¢y tuc, - ucz) hyhys +(uc1 - ucz) hihys+

(Cl _”03) ‘hl,S‘ +(_02 _”03) h1,4h1,3 +n, h1,3 +

VP (uc; + ucl)h]’,hf’4 + ( - c; + uc; + ucl)h]’zhh +

2
* * * * 1 *
(02 —vc3)hl,3h1q4 + (c1 —1;03)’/11’4‘ :|+ nyhiy,

Sort out the expression of ¢, and we have
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2
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=>u (‘hl,z‘ +
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& \/Fu(hl,lhj,ﬁl +hiohiy = Ry - hizhm) + 2 2
cp/ﬁ[u(‘hm‘z + h?,lhl,z)— ”(‘hm’z N h1,3h7,4)}+ ‘hl,l‘ ‘hl,z‘ )+ 1;2(‘ ]4‘ ‘h,g‘ ‘hm‘ )

. 2 . 2 Then we have
VP |:u(‘h1,2‘ + hl,lhl.z) - ”(‘hm‘ + h1,3h1,4):| +
2
1g % 1 1 17 L. g _ ~1Louple >
nlh],l +ny by, + hl_g + n4h,’4 . Ptronce = |: mLqunmL) :|/
2 2 2 2
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4 2 2
~1couple  _ / * * * * 2
Cinterference = €1 P|:u(h]’2hl_4 thyhis+hhy +h1,2h1,3)+ u (‘h ‘ +‘h11‘ ‘hlz‘ )'H’ (‘hm’ +’h1¢3‘ ’hm‘ )"'
* * # * 4 2 2
”(h1,2h1¢4 thyyhys+high+ h1,4h1,1):|+ u’ + h h +v hy,| +h h =
12 1,1 12 1.4 1.3 1.4
* * * *
VP ”(hl,lhl,s +hyghyy = high, - h1,2h1,4)+ ) 4, 4, 4, 4
u ‘h“‘ +u ‘hm‘ + ‘hm‘ +v ’hm‘ +

C; \/Fu(hl,lhT.zl + hl,2hT,4 - hT.lhl,B - hT,2h1,3)+
2 2
03\/?|:u(‘h1,1‘ +h1,1h1,2)_”(‘h1,3‘ +h1¢3h1,4):|+

. 2 ’
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2 2 2 2 2 2
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2 2 2 2
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Bl e ol s el [+

2 2 2 2
2
inequali | [
From the inequality property (xl + xz) >l + x), we ‘h”‘ ‘h”‘ hia| [his

() [ s

u(hyshiy + hihos + hyghy + bk, ) + P(u2’h,7, P+ s+

2
* * * *
”(h12h14+h11h1%+h13h12+h14h11) > 2 : : : : :
T T T o v ‘hu‘ ’hl,l‘ +‘h1.2‘ +‘h1,3‘ +’h1,4‘ >
5 ) 2 2 2 2
u +v h,, h1,4 +hyy| | his]
2 2 2 2 Lcoupl ~1.couple 2 2 2 2 2 :
ple couple ) | —
‘hl,ll ‘hM‘ + ’hl,z‘ ’hm’ , Pugnal E (c.\»igmz ) =P ’hu‘ +‘h|,z‘ + ’hm‘ +‘h|,4’
2
# * # # 2 2 2 PEl_u)uIylw — E ("'l,coltple)z — 2 h 2 + h 2 + h 2 + h 2
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2 2 2 2 2 2
oa oaa | ] [a | s i
‘ 11 13 11 14 12 13, Similarly, for
~ _ Ll gk 12k _13 g 1.4
Cocouple = T (:uuplehl,Z r (:uuplehl,l r z:uuplehl.4 tr (‘ouplehl.3’

2 2 2
‘h1,1h1,4 + h1,2h1,4 - h1,1h1,3 - h’l,zhl.&‘ = ‘hl,z‘ ‘h1,4‘ +

~ _ Ll g 12 g _ 13 14
c3,cvuple - rcouplehlJ + rmuplchl.4 rcaup[ehl.l rcnup[eh],l’
2 2 2 2 2 2
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Appendix B

Proof of Proposition 2

Special Topic

When K=2, the received signals on the second receiving an-

tenna can be obtained from Eq. (27):

touple =VPh, (‘1 + uc3) + \thz(cz + uc3) +
VP h,, (63 + e, + vcz) + \/?hl4 (vc1 + vcz) + ni

* *
Eouple \/7}121( -G + uc3) +V P hZ,Z (Cl + uc3) +

\/ﬁhz_g( - UC: + WCT) + \/ﬁhZA (03 - vc; + UCT) + né’

#* * *
muplr‘ Vv hZI( — ¢y tuc, — ucz) + VP hz,z (ucl -

ucz) + VP hy, (CT - vc;) + \/Fhm( —cy — vc;) + ni

(oup/e \/_hm(ucz + uc )+ \/_hn( — ¢y +uc, +
ucl) + \/Fhl3 (c; - vc;) + \/Fh“(c1 - vc;) + ni'

According to Ref. [22], for two receiving antennas, there are

the following combination formulas:

c =r}hT, +r;*hl2+r;*h,3+rlh7_4+r?h;_l+

c 1couple

2% 2% 27 %
T hz,z 73 h2,3 + r4h2,4’

~ _ _ _ g 1% 2p*
Cocouple — T h’12 rz h1,1 r3h1,4 +ry h1,3 + rlh2.2
2

T hz.] - r3 2.4 + r4 hz,z’

~ o1 17 % I o 27 %

C3 couple = rihys +ryhyy =1y h1,1 Ty h’l,2 + r1h2,3 +

2 * 2* 2*
r2h2,4 I3 h2,1 Ty hz‘z'

Since the form and structure of the received signals of the

Therefore, it is easy to obtain
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5 2 2 2 2 2
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two antennas are consistent, the signal processing of the two
receiving antennas is consistent in the combination formula.
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