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Abstract 

The metasurface is a promising technology that can help next-generation wire-
less communication systems not only improve the signal-to-noise ratio (SNR), 
but also increase security and mitigate interference. Further, introducing dual polariza-
tion (DP) in a metasurface can enhance its capabilities with polarization diversity, polar-
ization multiplexing, and polarization-switched modulation. In this paper, we study 
a DP-metasurface-assisted single-user wireless communication system and propose 
a novel scheme that can improve the spectral efficiency (SE) and bit-error-rate (BER) 
performance compared to those of conventional schemes by exploiting the orthogo-
nal property of dual-polarized waves. We employ the DP metasurface to increase 
the SNR at the receiver and create a specific phase difference between the polarized 
signals by controlling the transmit precoder and the phases of the metasurface reflect-
ing elements representing some modulated bits. At the receiver, we use the recovered 
phase information to realign the modulated symbols in both polarizations, which are 
then added coherently. The simulation results demonstrate that the proposed scheme 
achieves significantly higher SE and BER performance than those of some closely 
related works.

Keywords:  Intelligent reflecting surface, Metasurface, Dual polarization, Relative phase 
modulation, SNR maximization

1  Introduction
A reflecting surface containing multiple reflecting elements with different phases is not 
a new concept in the literature [1]. However, recent progress in metamaterials, through 
which the phases and amplitudes of reflected signals can be controlled in real time by 
changing the material properties via biasing voltages [2, 3], has demonstrated their 
potential applications in next-generation wireless communication systems [4]. In the lit-
erature, such metasurfaces are called intelligent reflecting surface (IRS) [4], reconfigur-
able intelligent surface (RIS) [5–7], smart reflect arrays [8–10], and many other names 
[11–14]. In this paper, we use the term IRS. There are many publications regarding low-
complexity schemes to optimize IRS operations to maximize the signal-to-noise ratio 
(SNR) [13, 15–21], as well as channel-estimation methods for IRS-assisted communi-
cation systems [13, 21, 22]. Specifically, in [15] and [16], the authors used alternating 
optimization (AO) and adaptive-selection beamforming, respectively, to maximize the 
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received SNR by optimizing the transmit precoding vector and IRS passive phases for 
ideal IRSs. In [17], the authors extended the AO algorithm to a practical IRS, that is, dis-
crete phases. Similarly, in [18] and [19], the authors presented beamforming methods for 
IRS-assisted multiple-input single-output (MISO) and multiple-input multiple-output 
(MIMO) wireless networks.

Dual polarization (DP) is a potential way to improve the performance of communica-
tion systems. For example, it can provide polarization diversity (PD) gains [23], polari-
zation multiplexing (PM) gains [24], and an extra dimension to modulate the data, i.e., 
PS-QPSK [25]. Similarly, DP in IRS elements can further enhance the capabilities of 
IRS. In [26], the authors used dual-polarized IRS (DP-IRS) multiplexing and divided the 
users into two groups, one assigned to horizontal polarization and the other to verti-
cal polarization, to compete with interfering users. In [27], the authors proposed mod-
ulating the data directly on the reflecting elements in the DP-IRS. They used a simple 
radio-frequency (RF) source to generate a constant signal and controlled the DP-IRS 
elements such that the reflected signals from all elements were coherently combined at 
the user to construct a modulation symbol. Although the scheme in [27] helped reduce 
the RF chains, the performance was lower than that of the simple (single-polarized) IRS 
because there is only one communication path, whereas the simple IRS employs two 
paths for communication, i.e., the direct and reflected paths. To the best of our knowl-
edge, few studies have researched the use of DP-IRS.1 However, we believe that it has far 
more potential than simple IRS in terms of PD and PM gains, and an extra dimension for 
modulation.

1.1 � Methods/experimental

In this paper, we consider a wireless communication network with a DP-IRS-assisted 
single-antenna user, where the access point (AP) and user are equipped with dual-polar-
ized antennas. Each antenna is connected to one RF chain but separate phase shifters for 
polarizations, whose vertical and horizontal radiation patches are closely spaced leading 
to no PD gain [28]. For the DP-IRS network, we propose a novel scheme that enhances 
the SNR while simultaneously modulating some data in the orthogonal dimension of 
DP-IRS, which helps to improve the bit-error-rate (BER) and spectral efficiency (SE) 
as compared to a simple IRS. Specifically, we control the transmit digital filter, trans-
mit passive filters, DP-IRS operations, and receive passive filters such that one of the 
polarized signals (say horizontal) reaches the user with a different phase as compared 
to the other polarized signal (say vertical). This relative phase shift is determined by the 
information bits at the AP. We estimate the phase shift at the user and rotate back the 
horizontal symbol to align it with the vertical symbol to provide higher combined sig-
nal power for demodulation. We also use the recovered phase shift to demodulate some 
information bits; finally, we combine both demodulated bits to obtain the entire trans-
mitted data. It is noted that applying this scheme makes the performance of these two 
modulations mutually dependent. For example, if the recovered phase shift is in error, 
then the final recovered symbol may also be in error because that erroneous phase shift 

1  Elaboration on DP-IRS is available in [26, 28, 31], and for brevity, these details are not reiterated here.
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leads to inaccurate combining of polarized signals. However, the proper selection of 
modulation levels for the proposed scheme can result in better performance than that of 
the simple IRS.

1.2 � Contributions

Our main contributions are as follows:

•	 We study a DP-IRS-assisted wireless network and propose a novel scheme that not 
only exploits DP-IRS for signal strength enhancement but also introduces a novel 
relative phase modulation.

•	 To solve the formulated non-convex optimization problem, we first derive closed-
form optimal solutions for DP-IRS operations, transmit digital filter, and transmit/
receive DP antenna phase shifters. Finally, based on the derived solutions, we pro-
pose a novel multistep AO algorithm.

•	 Lastly, we provide an extensive numerical analysis of the proposed scheme and com-
pare it with relevant benchmark schemes.

The remainder of the paper is organized as follows: Section II introduces the mathemati-
cal model of our proposed system, and Section III discusses the problem formulation. In 
Section IV, we describe the proposed scheme and solve a power-maximization problem 
related to our system model. Section V presents a numerical evaluation of the proposed 
scheme and a comparison with some closely related works. Finally, Section VI concludes 
the paper.

1.3 � Notations

Scalars are denoted by italic letters, whereas vectors and matrices are denoted by bold-
face lower-case and upper-case letters, respectively. For a complex-valued vector v , (v)T 
denotes the transpose, (v)H denotes the conjugate transpose, |v| denotes the element-
wise absolute value, ‖v‖ denotes the Euclidean norm, diag(v) denotes a diagonal matrix 
with each diagonal element being the corresponding element in v , and arg(v) denotes 
a vector with each element being the phase of the corresponding element in v . For a 
complex-valued square matrix A , IA denotes an identity matrix of size A , A† denotes the 
pseudoinverse, ‖A‖ denotes the Frobenius norm, det (M) denotes the determinant, and 
A ◦ A denotes the Hadamard product. The notation (·)∗ indicates the complex conjugate 
of a complex number.

2 � System model
The system model considered in this paper is shown in Fig. 1, where a DP-IRS assists 
MISO communication between an AP and a single DP antenna user. We assume narrow-
band frequency-flat channels for all links. The AP has Nt DP antennas, each of which is 
equipped with a single RF chain but separate phase shifters for polarizations [29, 30], as 
shown in Fig. 2. The DP-IRS has N  elements and the operation of each element can be 
defined by the following transformation matrix [26]:
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where ωpq and φpq indicate the reflected signal’s amplitude and phase changes from 
polarization p to q , respectively, and p, q ∈ {v, h} , whereas v and h indicate vertical and 
horizontal polarization, respectively. Each subpart of the reflecting element provides 
independent control, i.e., reflection and conversion, over each polarization [26, 32–34]. 
The signal received at the user is the combination of two signals coming from the AP and 
DP-IRS. We start with a signal model, where the AP and DP-IRS have only one antenna 
and one reflecting element, respectively. Then, the total noiseless signal received at the 
user is given by
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Fig. 1  System model

Fig. 2  Dual-polarized antenna with separate phase shifters
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where yv and yh are the horizontal and vertical polarized signals received at the user. 
Furthermore, (hr)∗ , (hd)

∗ , and g denote the channels of IRS-user link, AP-user link, and 
AP-IRS link, respectively, whereas w and x are the transmit digital filter and transmitted 

symbol, respectively. The matrices diag
(√

Pt
2 e

−jθv ,

√
Pt
2 e

−jθh
)

 and diag
(

e−jγ v
, e−jγ h

)

 in 

(2) represent the passive phase shifters at the AP and user, respectively. In (2), the total 
transmission power Pt is divided equally between the two radiated polarizations because 
of a single RF chain. The combined noisy signal at the user can be written as

where z is additive white Gaussian noise with zero mean and σ 2 variance.
We note that there is no PD2 in this system because both polarized signals are radi-

ated by a single DP antenna, reflected by a single DP-IRS element, and then received 
by a single DP antenna, going through the same channels [28], i.e., hppr = h

pq
r = hr , 

h
p
d = h

q
d = hd , and gpp = gpq = g . Hence, we can set e−jφvv = e−jφhv = e−jφv and 

e−jφvh = e−jφhh = e−jφh . Furthermore, for the proposed work, we assume full reflection 
from all elements, which can be achieved by setting ωvv = ωhv = ωvh = ωhh = 1 . More 
details on the dual-polarized channel models are provided in [26, 28, 31] and hence 
omitted here for brevity. The signal model in (3) can be simplified as

The signal model (4) can be extended for Nt transmit antennas and N  reflecting ele-
ments in the following form:

where G , hHr  , and hHd  are baseband equivalent channels having the sizes of N × Nt , 
1× N  , and 1× Nt , respectively, with complex-valued entries, whereas w is Nt × 1 trans-
mit digital filter, and �v and �h are N × N  diagonal matrices containing the phase con-
trols of the DP-IRS elements in diagonal, e.g., �v = diag(e−jφv
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N ) . In 
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2  To avoid the intricate mathematical formulations, we posit the absence of polarization diversity gains in the system. 
Nonetheless, it is noteworthy that the proposed algorithm and problem formulation exhibit applicability to scenarios 
involving generic channel models.
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addition, the matrices Uv ∈ C
Nt×Nt , and Uh ∈ C

Nt×Nt contain the transmit vertical, 
transmit horizontal phase shifters in the diagonal, respectively, i.e., 
Up = diag

(

e−jθ
p
1 , e−jθ

p
2 , e−jθ

p
3 , . . . , e

−jθ
p
Nt

)

 , where p ∈
{
v, h

}
 . The received signal strength 

can be written as

which can be maximized by optimizing w , �p , Up , and γ p , where p ∈
{
v, h

}
.

To exploit the DP for signal modulation, polarization-switched (PS) modulation [25] 
can be considered, where data are transmitted in v/h polarization at a time determined 
by input bits 0/1 , thus creating an extra dimension to modulate one bit of data. However, 
PS modulation with DP-IRS is not very beneficial, as it makes inefficient use of the DP-
IRS by toggling its v and h polarization reflections to modulate each bit of data.

In the next section, we propose a dual-polarized IRS-assisted scheme, which can 
improve the SE and BER simultaneously. Specifically, we control the transmit digital fil-
ter w , transmit passive filters ( Uv and Uh ), DP-IRS operations ( �v and �h ), and receive 
passive filters ( γ v and γ h ) in (5) to not only enhance the signal power (6), but also to cre-
ate a specific phase difference � between two polarized received signals, i.e., 
e−jγ v(

hHr �
vG+ hHd

)
Uvw = yv and e−jγ h

(
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hG+ hHd

)

Uhw = yh . Here, � is deter-

mined by the input data bits at the AP.

3 � Problem formulation: SNR maximization and modulation
As mentioned previously, we need to control w , ( Uv,Uh ), and 

(
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)

 in (6) to maxi-

mize the signal power 
∣
∣y
∣
∣2 and create a phase difference � between yv and yh . Specifically, 

we set one of the polarization signal to a reference (say yv ) and ensure that it is received 
with zero phase rotation, i.e., yv = βvej0x under a no-noise assumption, where 
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zation and relative phase (RP) modulation, the problem can be formulated as follows:
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posed RP modulation. The objective function of (P1) can be demonstrated to be a 
non-convex over w , Uv , Uh , �v , and �h . In the following section, we propose a multi-
step AO algorithm to efficiently solve this problem.

4 � Proposed solution to problem (P1)
Here, we describe the framework of the proposed algorithm. Specifically, we first 
divide the problem (P1) into several non-convex subproblems, which are solved sepa-
rately. Then, we propose the AO algorithm, which solves the subproblems alternately 
until the objective function converges.

4.1 � Optimal transmit digital filter

Here, we reformulate the problem (P1) to find the optimal transmit digital filter. For 
the formulation, we assume Uv = Uh = �

v = �
h = I and γ v = γ h = 0 . Correspond-

ingly, the problem (P1) is written as

which is a conventional precoder designing problem for single-user MISO system. 
Hence, the optimal w is given by the maximum-ratio transmission:

where η is an extra phase shift to satisfy arg
((
hHr �

vG+ hHd
)
Uvw

)
= 0 . Specifically, in 

each iteration of AO algorithm, we select η such that arg
(
hHd U

vw
)
= 0 , leading to

More details are provided in Algorithm 1.

4.2 � DP‑IRS phases optimization

Given w from (7), assuming Uv = Uh = I , γ v = γ h = 0 , and defining 
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hHd U
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r �
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,
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∥
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(8)η = − arg
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.
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vp =
[

e−jφ
p
1 , e−jφ

p
2 , . . . , e−jφ

p
N

]H
 , αp = diag

(

h
′H
r

)

GUpw , and p ∈
{
v, h

}
 , the problem 

(P1) for 
(

�
v ,�h

)

 can be written as

Next we solve (P1.2) for 
(
lv , lh

)
.

4.2.1 � Optimization of lv

Assuming lh = [1, 1, . . . , 1]T and defining β ′v = βv +
(
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α
h + βh the problem (P1.2) 

for lv can be written as
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The optimal solution for (P1.4) can be readily derived as lv∗ = e
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 , and 
correspondingly, the n th phase shift for the vertical part of the DP-IRS is given by

4.2.2 � Optimization of lh

Given lv from (9) and defining β ′h = βh +
(
lv
)H

α
v + βv the problem (P1.2) for lh can be 

written as

Utilizing a procedure similar to that employed for lv in (P1.3), one can deduce the opti-

mal solution for (P1.5) as lh∗ = e
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 , leading to the following n th optimal 
phase shift for the horizontal part of DP-IRS:
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4.3 � Optimal phase shifters for transmit DP antennas

Given w , �v , and �h from (7), (9), and (10), respectively, assuming γ v = γ h = 0 , and 

defining e−jγ p(
hHr �

pG + hHd
)
Upw = δ

pHup , where δp
H = e−jγ p(

hHr �
pG + hHd

)
diag(w) , 

up =
[

e−jθ
p
1 , e−jθ

p
2 , . . . , e

−jθ
p
Nt

]

 , and p ∈
{
v, h

}
 , the problem (P1) for 

(
Uv ,Uh

)
 can be writ-

ten as

To solve (P1.6), one of the transmit phase shifters can be fixed and the other one can be 
optimized. Let Uv = I , and δv

H
uv = ρv , then the problem (P1.6) for uh can be written as

It can be easily shown that the optimal solution for (P1.7) is uh∗ = e
j
(

arg (ρv)−arg
(

δ
h
))

 , 
resulting in the following optimal phase shift for the nt th element:

To satisfy the last constraint of (P1.7), we update uh on symbol time as

In the following subsections, we explain how to determine and retrieve � at the AP and 
receiver, respectively, while optimizing 

(
γ v , γ h

)
.

4.4 � DP‑RP modulation

Considering that k bits are sent in one channel use, we choose m of k bits for M-QAM 
modulation, where M = 2m . The remaining l = k −m bits are chosen for L-RP modula-
tion, where L = 2l . To modulate l bits, we select 2l equidistant phases from 0 to 2π:

For example, if k = 10 and m = 8 , then we have l = 2 . For m = 8 bits, we employ 256
-QAM modulation, and for l = 2 bits, we use four equidistant phases from 0 to 2π based 
on (13). Then, a 256-QAM symbol x is transmitted from both polarizations. However, 
the symbol sent over horizontal polarization has a relative phase difference � with 
respect to the vertical polarization signal. This phase shift is selected from the set of 
equidistant phases, �.

(P1.6)

max
uv ,uh

∣
∣
∣δ

vH
u
v + δ

hH
u
h
∣
∣
∣

s.t.
∣
∣
∣u

h
(nt )

∣
∣
∣ =

∣
∣u

v
(nt )

∣
∣ = 1, nt = 1, 2, . . . ,Nt ,

arg
((
h
H
r �

v
G+ h

H
d

)
U

v
w
)
= 0, arg

((

h
H
r �

h
G+ h

H
d

)

U
h
w

)

= �.

(P1.7)

max
uh

∣
∣
∣δ

hH
u
h + ρv

∣
∣
∣

s.t.
∣
∣
∣u

h
(nt )

∣
∣
∣ = 1, nt = 1, 2, . . . ,Nt

arg
((

h
H
r �

h
G+ h

H
d

)

U
h
w

)

= �.

(11)θh(nt ) = arg
(
ρv

)
− arg

(

δ
h
(nt )

)

, nt = 1, 2, . . . ,Nt .

(12)uh = ej�Uh arg (w).

(13)� =
{

0,
1

2l
2π ,

2

2l
2π ,

3

2l
2π , . . . ,

(2l − 1)

2l
2π

}

.
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4.5 � RP recovery and demodulation

At the receiver, we estimate the relative phase difference � and use it to align 
(
hHr �

vG+ hHd
)
Uvw with 

(

hHr �
hG+ hHd

)

Uhw , i.e., yv with yh , which results in the com-

bined signal ŷ for QAM demodulation. Specifically, we set γ v = 0 and determine �̂ by 
solving the following maximum-likelihood problem:

After determining �̂ , we exploit it to generate ŷ:

Then, ŷ is used for the QAM demodulation to recover m bits, whereas �̂ corresponds to 
the remaining l bits.

4.6 � Overall algorithm

The presented AO algorithm sequentially tackles (P1.1), (P1.3), (P1.5), and (P1.7), con-
tinuing this process until convergence of the objective function for (P1). The assurance 
of convergence stems from the derivation of closed-form optimal solutions for each sub-
problem. A detailed description of the entire algorithm can be found in Algorithm 1.

Algorithm 1  Alternating Optimization Algorithm

5 � Results and discussion
5.1 � Numerical analysis

In this section, we provide the numerical analysis results of the proposed scheme to 
compare its performance with some closely related works. For the simulation setup, a 
MISO downlink system is considered, as shown in Fig. 3, where an IRS assists the AP to 
communicate with a user whose direct channel to the AP is weak. The AP and IRS are in 
fixed locations, and the Rician model is assumed for the AP-IRS link, whereas the AP-
User and IRS-User links are modeled as Rayleigh fading channels. The AP-IRS distance, 
denoted by do , is fixed to 50 m, and the user has a 2-meter vertical distance ( dv ) from the 

(P1.8)�̂ = arg max
γ h ∈ �

∣
∣
∣e−j0yv + e−jγ h

yh
∣
∣
∣.

(14)ŷ = yv + e−j�̂yh.
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line connecting the AP and IRS. Furthermore, the horizontal distance between the AP 
and user, denoted by dh , is varied to observe the change in performance. After setting 
dh , do , and dv , we can easily calculate the direct distances between the AP, IRS, and user, 
which are used to determine the path loss for each link as follows:

where Co is the path loss ( dB ) at a reference distance of Do and a is the path-loss expo-
nent, whereas d is the distance of a link. We assume a = 2.2, 3.5, and 2.5 for the AP-IRS 
link, AP-User link (weak channel), and IRS-User link, respectively. The path loss at a ref-
erence distance of 1 m, Co , is set to 30 dB and dh = 47 m unless stated otherwise. The 
total transmit power Pt at the AP is assumed to be 40 dBm , whereas the noise power 
( σ 2 ) at the user is −96 dBm . Additionally, the amplitude of each reflecting element of the 
DP-IRS is normalized by a factor of 1√

2
 , i.e., 1√

2
�.

In Fig. 4, we plot the convergence behavior of Algorithm 1 for different values of Nt 
and N. It can be observed that Algorithm 1 takes only 2 iterations to reach convergence 
for all values of Nt and N.

For Nt = 2 and 6 bits of data transmission per channel use, Fig. 5 shows the BER per-
formance versus the number of reflecting elements. The compared schemes are enumer-
ated below. 

(15)PL(dB) = Co + 10a log

(
d

Do

)

,

Fig. 3  Simulation setup

Fig. 4  Convergence behavior of Algorithm 1 for various values of Nt and N 
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1)	 No IRS: There is no IRS in the network, and the precoder w is set to √p
hd
�hd� . To 

transmit 6 bits per channel use, 64-QAM modulation is used. In Fig. 5, it is seen that 
without IRS, the user achieves the worst BER performance.

2)	 Simple IRS: In this scheme, a simple IRS employs AO [15] to maximize the SNR at 
the user. To transmit 6 bits per channel use, 64-QAM is assumed.

3)	 DP-IRS with PS modulation: A DP-IRS assists the communication by performing 
PS modulation [25]. To transmit 6 bits per channel use, 5 bits are modulated in a 
32-QAM symbol, and the remaining bit is sent by switching between polarizations. 
Figure 5 shows that the BER performance is lower than that of the simple IRS and 
our proposed scheme. This is because when the PS modulation modulates 1 bit via 
polarization switching, it makes inefficient use of the DP-IRS. Specifically, only one 
polarization v/h is activated at a time, depending on the data bit 0/1.

4)	 DP-IRS with RP modulation: Here, we consider the DP-IRS with the proposed 
scheme, i.e., Algorithm 1. To transmit 6 bits per channel use, 4 bits are modulated 
in a 16-QAM symbol, while 2 bits are modulated based on the RP modulation. 
Although we send the same number of bits as the non-IRS and simple IRS schemes, 
a lower-order modulation (16-QAM) is utilized. In Fig. 5, it can be seen that the pro-
posed scheme outperforms the other schemes by a large gap.

5)	 DP-IRS without polarization modulation: Here, we do not create a phase difference 
between the polarized signals. At the receiver, we add the signals coherently to gen-
erate a combined signal for demodulation. Figure 5 shows that the performance of 
this scheme is exactly the same as that of simple IRS. This result is obvious because 
the total power reflected by N  elements of the simple IRS and DP-IRS is the same. 
Furthermore, both polarizations experience the same channel gains, and a single-RF-
chain DP antenna radiates the same QAM symbol on both polarizations with equally 
divided power, which is directed toward a single user with no PM.

Fig. 5  BER versus the number of reflecting elements for Nt = 2
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6)	 DP-IRS with DP multiplexing: In this scheme, we use the orthogonal property of DP 
to transmit and receive two independent data streams. At the receiver, we do not 
combine them coherently; instead, both data streams are processed and demodu-
lated independently. To transmit 6 bits per channel use, we use two 8-QAM symbols, 
i.e., one for each polarization. Figure  5 shows that multiplexing two data streams 
achieves better performance as compared to many benchmark schemes. However, 
this scheme needs two RF chains per DP-antenna, which increases the hardware cost 
and is against our proposed system architecture.

Overall, in Fig. 5, except for the “No IRS” case, we observe that increasing N  improves 
BER performance for all schemes. In Fig. 5, we also note that the DP-IRS requires 34% 
less reflecting elements as compared to the simple IRS to achieve BER = 4.8× 10−4 . 
In particular, as shown in Fig. 5, for BER = 4.8× 10−4 , DP-IRS and simple IRS require 
600 and 910 reflecting elements, respectively.

In the following simulation results, we include another scheme proposed in [27], 
where a DP-IRS is used to modulate data directly on the reflecting elements. In this 
scheme, the DP-IRS is connected to an information source device, whereas a simple 
RF source, which has no amplitude- and phase-changing capabilities, throws RF sig-
nals onto the reflecting elements. The amplitudes and phases of the reflected waves 
are controlled such that they are coherently added at the user to create a modulation 
symbol. A summary of all compared schemes is given in Table 1.

For Nt = 1 and 5 bits per channel use, we include the scheme in [27] for comparison 
in Fig. 6. The reason for selecting Nt = 1 is that the scheme in [27] assumes a simple 
RF source, which is not capable of precoding. If the practical limitations mentioned in 
[27] are neglected, an ideal QAM modulation results in nearly the same BER perfor-
mance as the simple IRS, as shown in Fig. 6. The small performance difference is due 

Table 1  Summary of the compared schemes

Scheme Configuration Modulation Observation

No IRS There is no IRS in the 
network and only AP-user 
link exists

QAM Poor performance because 
of no IRS link

Simple IRS The network is assisted by 
the single-polarized IRS

QAM Good performance

DP-IRS with PS modulation The network is assisted by 
the DP-IRS and PS modula-
tion is used

QAM and PS modulation Poor performance because 
of the inefficient use of 
DP-IRS

DP-IRS with RP modula-
tion

The network is assisted 
by the DP-IRS with the 
proposed scheme

QAM and RP modulation Best performance

DP-IRS without polariza-
tion modulation

The network is assisted by 
the DP-IRS without any 
polarization modulation

QAM Same performance as a 
simple IRS

DP-IRS with DP multiplex-
ing

The network is assisted by 
the DP-IRS to multiplex 
two data streams

QAM Good performance because 
of two independent data 
streams

Modulation on the DP-IRS’ 
elements [27]

The data are modulated 
directly on the reflecting 
elements for DP multiplex-
ing

QAM Poor performance because 
of no AP-user link
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to the absence of the AP-User direct link. This modulation scheme does not require 
complex RF chains at the AP, as the modulation task is transferred to the DP-IRS. In 
Fig. 7, we compare the different combinations of K -QAM and L-RP modulation levels 
in terms of BER performance for Nt = 4 and Co = 25 . We consider a simple IRS trans-
mitting 10 bits per channel use with 1024-QAM modulation and DP-IRS transmitting 
10 bits per channel use with the combination of 256-QAM and 4-RP. Figure 6 shows 
that this DP-IRS scheme achieves significantly better BER performance than the sim-
ple IRS while providing the same SE. In Fig. 7, we also compare the DP-IRS with 11, 
12, and 13 bits per channel use with the combinations of ( 512-QAM + 4-RP), ( 1024
-QAM + 4-RP), and ( 2048-QAM + 4-RP), respectively. These combinations exhibit 

Fig. 6  BER versus the number of reflecting elements for Nt = 1

Fig. 7  Combination of different levels of the QAM and RP modulations
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the improved BER and SE performance compared to the simple IRS; however, they 
have worse BER performances than the DP-IRS with (8 + 2)-bit combination at the 
cost of higher SE.

In Figs. 8 and 9, we vary dh and Nt , respectively, and plot the BER performance for 
N = 200 and N = 500 , respectively. For these simulations, we transmit 10 bits per 
channel use. We observe that as the user moves closer to the IRS, the BER performance 
improves. Similarly, as the number of transmit antennas increases, the proposed scheme 
outperforms the other schemes by a larger gap.

Fig. 8  BER versus AP-user horizontal distance for Nt = 4 and N = 500

Fig. 9  BER versus the number of transmit antennas for N = 200
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5.2 � Extension to the system with multiple receive antennas

In the ensuing discussion, we explore the expansion of this study to encompass 
MIMO scenarios featuring multiple receive antennas. The consideration of multiple 
receive antennas within the framework of our proposed scheme introduces a distinct 
optimization challenge. This complexity arises due to the intricate nature of the opti-
mization problem, primarily attributed to the fact that any phase shift introduced in 
a single reflecting element results in a uniform phase shift across all receive antennas. 
Consequently, the task of maximizing the SE performance of such a system, while 
simultaneously preserving a specific phase difference at each receive antenna, poses a 
formidable challenge.

To elaborate further, the DP-IRS-assisted MIMO network is illustrated in Fig. 10. In 
this configuration, the AP and user are endowed with Nt and Nr DP antennas, respec-
tively. The signal model presented in (2) can be extended to encompass Nt transmit 
antennas, N receive antennas, and N reflecting elements:

where z , s , F ∈ Nt×Ns , W ∈ Nr×Ns , Ep ∈ Nr×Nr , Up ∈ Nt×Nt , G ∈ N×Nt , HH
r ∈ Nr×N , and 

HH
d ∈ Nr×Nt denote circularly symmetric complex Gaussian noise vector at the user, 

transmitted symbol vector at the AP, transmit digital filter, receive digital filter, receive 
vertical/horizontal phase shifts, transmit vertical/horizontal phase shifts, AP-IRS chan-
nel, IRS-user channel, and AP-user channel, respectively, where p ∈ {v, h} . For further 
elaboration on the system model of the DP-IRS-assisted MIMO network, additional 
details can be found in [31]; however, these details are omitted in this context for 
conciseness.

Let H = Ev

{
H

H
r,vv�vvGv +H

H

r,hv
�hvGh +H

H

d,v

}
Uv + Eh

{
H

H

r,hh
�hhGh +H

H

r,vh
�vhGv +H

H

d,h

}
Uh 

denote the composite MIMO channel. The spectral efficiency of the system is then 
given by log2 det(I +W†HFFHHHW) . The problem formulation, within the context 
of our proposed scheme, can now be expressed as follows:

(16)
y =W

[

Ev

{
H

H
r,vv�vvGv +H

H

r,hv�hvGh +H
H

d,v

}
Uv

+Eh

{
H

H

r,hh�hhGh +H
H

r,vh�vhGv +H
H

d,h

}
Uh

]

Fs+Wz,

Fig. 10  DP-IRS-assisted MIMO network
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The objective function of (P2) exhibits non-concavity over �pq , Up , and Ep . The uni-
modular restrictions within the second and third constraints of (P2) also demonstrate 
non-convexity. Additionally, the signal received at polarization p of DP antenna nr , 
denoted as ypnr , undergoes a phase shift from all reflecting elements. Consequently, the 
formulation of a specific phase difference �nr at the nr th DP antenna poses a challenging 
problem. However, the resolution of (P2) optimally remains a non-trivial challenge, and 
while there is currently no standard method, the investigation of potential solutions to 
this problem will be a focal point in our future research.

It is worth mentioning that, to focus on the gains of the proposed scheme in the con-
sidered MISO system where there is no polarization diversity, polarization multiplexing, 
or interference, the optimal �pq was simply set equal to �pp . However, in the presence 
of polarization diversity in MISO systems or in MIMO configurations, the anti-diagonal 
entries of (1) cannot be equated to diagonal entries and therefore require appropriate 
solutions. Nonetheless, in MISO systems, the solution to the anti-diagonal entries of (1) 
can be straightforwardly derived as closed-form solutions similar to the diagonal entries 
of (1), as detailed in Section 4.2. However, in MIMO configurations, i.e., (P2), more com-
plex solutions or convex relaxations might be necessary to obtain feasible solutions.

5.3 � Discussion

5.3.1 � Practical constraints

We discuss the possible practical constraints that an IRS hardware setup can introduce 
in problems (P1) and (P2), and their potential impact on performance. Specifically, some 
of the main practical constraints are as follows: 

1.	 Reflection Amplitude as a Function of Phase Shift: In practical IRS designs, such as 
metamaterials, the amplitude of the reflecting signal becomes a function of the phase 
shift induced in the element, denoted as α = f (θ) , where α represents the reflection 
amplitude and θ denotes the phase shift. Further details on this issue are provided in 
[2]. However, if the size of each element is smaller than the wavelength, then each 
meta-element provides very uniform scattering, resulting in consistent amplitudes 
for all phase shift values. Hence, given the element size is sub-wavelength at the 
working frequency, this practical constraint can be ignored in the problem. How-

(P2)

max
W,F,Up ,Ep ,�pq

log2 det(I+W
†
HFF

H
H

H
W)

s.t. H = Ev

{
H

H
r,vv�vvGv +H

H
r,hv�hvGh +H

H
d,v

}
Uv

+ Eh

{
H

H
r,hh�hhGh +H

H
r,vh�vhGv +H

H
d,h

}
Uh,

�pq = diag(e−jφpq,1 , e−jφpq,2 , e−jφpq,3 , . . . , e−jφpq,N ), p, q ∈
{
v, h

}
,

Ep = diag(e−jγp,1 , e−jγp,2 , e−jγp,3 , . . . , e−jγp,Nr ), p ∈
{
v, h

}
,

Up = diag(e−jζp,1 , e−jζp,2 , e−jζp,3 , . . . , e−jζp,Nr ), p ∈
{
v, h

}
,

arg
(
yvnr

)
= 0, nr = 1, 2 . . . ,Nr ,

arg
(

yhnr

)

= �nr , nr = 1, 2 . . . ,Nr ,

�F�2 ≤ Pt .
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ever, if the element size is not sub-wavelength, it is necessary to take into account the 
reflecting amplitudes while optimizing the phase shifts in problems (P1) and (P2).

2.	 Discrete Phases Instead of Continuous: In practical metasurface setups, we encoun-
ter discrete values of phase shifts to select instead of continuous phase shift values. 
One straightforward approach to deal with this is to solve the problem for continu-
ous phase shifts and then select the nearest available discrete values. In [2], it has 
been shown that having at least 3 bits of control, i.e., at least 8 discrete phase shift 
values, yields near-continuous phase shift performance in MISO systems. However, 
the impact of discrete values is more prominent in MIMO configurations, where dis-
crete phases can result in lower performance compared to continuous phases due to 
multiuser interference. Therefore, achieving high-resolution control may be required 
to attain near-continuous phase performance.

3.	 Non-Ideal Polarization: In practical IRS setups, similar to conventional DP antennas, 
it is possible that inverse cross-polarization degrades the orthogonality nature of DP 
waves. In such scenarios, it is important to take into account the values of inverse 
cross-polarization factors while solving problems (P1) and (P2).

Although these constraints can be readily accounted for solving P1 and P2, their impact 
can provide interesting insights into the performance of the proposed scheme. Especially 
owing to the aforementioned reasons, the impact is expected to be more pronounced in 
multiuser or multistream scenarios, i.e., (P2). Nevertheless, the inclusion of these practi-
cal impairments or constraints is an interesting research direction for the readers and 
will be considered in our future works.

5.3.2 � Performance upper bounds

We now discuss the upper bound on the performance of the proposed algorithm by 
examining the optimality of solutions for each subproblem. 

1.	 For the transmit active beamforming, denoted as w , we propose a maximum ratio 
transmission-based solution (7), which is a well-known optimal solution for MISO 
wireless networks

2.	 We now analyze the optimization problem concerning the DP-IRS phases. The 
objective value of (P1.3) can be upper bounded as follows: 

 To achieve this upper bound, we should have arg
((

lv
)H

α
v
)

= arg
(

β
′v
)

 . Hence, 

the solution proposed in (9), which satisfies arg
((

lv
)H

α
v
)

= arg
(

β
′v
)

 , is optimal. 

The problems (P1.5) and (P1.7) share a similar mathematical structure to (9). Conse-
quently, the closed-form solutions derived for these problems are also optimal and 
represent upper bounds.

3.	 For selecting the receiver phase shifters, we employ the maximum likelihood method. 
This approach is again known to be optimal and serves as an upper bound on achiev-
able performance.
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We understand that the AO algorithm results in a performance gap due to the iterations. 
However, given the optimal solutions, it is observable from Fig. 4 that the proposed algo-
rithm achieves a convergence value with only a single iteration. Although the algorithm 
runs for two iterations to satisfy the termination criteria, the performance value does 
not change after a single iteration. Thus, there is no performance loss due to multiple 
iterations. However, at this point, we are uncertain whether the algorithm converges to 
the global optimal solution or a local one. We believe that further research work on the 
analytical analysis of the proposed scheme could potentially provide insights into the 
upper bounds.

6 � Conclusion
In this paper, we propose a scheme that exploits the orthogonal property of a DP-IRS 
to improve the BER and SE performance of the network compared to that of the simple 
IRS. In the proposed scheme, we control the AP precoder and DP-IRS phases to maxi-
mize the signal power and generate a specific phase difference between the vertical and 
horizontal polarized signals. We recover the phase difference at the user and use it to 
align the polarized signals, which are then combined coherently. The recovered phase 
difference and the transmitted signal both contain bits of information. To optimize the 
proposed scheme, we formulate an SNR maximization problem, which is further divided 
into three subproblems. The first two subproblems, which are related to the vertical 
and horizontal polarized signals, are solved in an alternating manner, whereas for the 
third subproblem, the maximum likelihood algorithm is applied to estimate the phase 
shift. Finally, we evaluate the performance of the proposed scheme based on numerical 
analysis and compare it with other closely related works. The simulation results show 
that the proposed scheme significantly improves the network’s SE and BER performance 
compared to the conventional schemes. Furthermore, the performance gap widens as we 
increase the number of reflecting elements. We note that SNR maximization and data 
modulation are typically two of the primary operations of a general wireless network’s 
physical layer; thus, the proposed scheme is applicable to DP-IRS-assisted systems for 
future wireless networks. An interesting future work could be investigating the exten-
sion of this work to multiuser scenarios with more practical considerations, such as 
hardware-constrained reflection at DP-IRS, polarization power leakage, discrete phases, 
and imperfect/partial channel state information. An analytical analysis of the proposed 
system could potentially offer insights into the upper bounds and represents another 
interesting and intriguing future research direction.
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