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Differential Polarization Shift Keying Through
Reconfigurable Intelligent Surfaces

Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Abstract—We propose a novel reconfigurable intelligent sur-
face (RIS)-aided differential polarization shift keying modulation
scheme for a line-of-sight environment. In this scheme, the RIS
exploits the state of polarization (SoP) of the reflected waves
over two successive reflection frames to encode the data bit.
In particular, the RIS either preserves the SoP of the reflected
wave similar to the previous reflection frame or switches it to
another orthogonal SoP as a function of the information data bits.
The proposed scheme allows non-coherent data detection without
the need for polarization mismatch estimation and compensation
processes at the receiver.

Index Terms—Reconfigurable intelligent surface, Polarization
shift keying.

I. INTRODUCTION

One of the potential functions of the reconfigurable in-
telligent surface (RIS) is that it can control the state of
polarization (SoP) of the reflected waves [1]. RIS polarization
manipulation becomes possible thanks to the deployment of
dual-polarized (DP) reflecting elements which could excite
two orthogonal SoPs and induce independent phase shifts
per each SoP whenever a wave is incident on them [2], [3].
In this letter, we deploy the RIS to act as an access point
for information transfer where the RIS relies on an external
radio-frequency (RF) source for information encoding; for
instance, the data sources may be some sensors that collect
specific measurements and have direct connections to the RIS.
Furthermore, we exploit the polarization control ability of the
RIS to perform a novel differential polarization shift keying
modulation (DPolSK) for a line-of-sight (LoS) environment.
In this scheme, the RIS performs two functions. First, the RIS
beam steers the incident wave from an RF source towards
a receiver to increase the received signal strength. Second,
the RIS alternates the SoP of the reflected waves over two
orthogonal SoPs to perform DPolSK modulation scheme. In
particular, the RIS either preserves or switches the SoP of
the reflected wave in comparison to the previous reflection
frame as a function of the information data bits. Moreover,
the receiver tracks the SoPs of two successive received sig-
nals to perform non-coherent detection. Thus, the proposed
scheme is immune to the polarization mismatch that occurs
in the wireless channel in contrast to the conventional RIS-
aided PolSK [4], where polarization mismatch estimation and
compensation processes are essential at the receiver for the
data detection.
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II. SYSTEM MODEL

We consider a RIS of M lossless DP reflecting elements
each of which has vertical and horizontal polarization states
and can induce two independent phase shifts denoted by ϕ

m,V

and ϕ
m,H for each polarization state, respectively, where ϕ

m,V

and ϕ
m,H ∈ [0, 2π], ∀m ∈ M = {1, 2, ...,M}. In this

letter, we assume a DP RF source that transmits vertically
and horizontally polarized unmodulated carrier wave which is
received by a DP receiver solely through the wave reflection
on the RIS (the direct channel between the RF source and the
receiver is blocked). Thus, the received signal y ∈ C2×1 at
the receiver becomes

y = Hx + w, (1)

where y = [yV , yH ]T such that yV and yH are the received
signal at the vertically and horizontally polarized antennas,
respectively, whereas x =

√
p
t
/2 [1, 1]

T is the unmodulated
carrier wave from the source and p

t
is the transmission power,

while w ∈ C2×1 ∼ NC
(
0, σ2I2

)
is the additive white

Gaussian noise with variance σ2. The matrix H ∈ C2×2 is the
composite wireless channel between the receiver and source
through the RIS as

H =

M∑
m=1

H2mΦmH1m , (2)

where H1m ∈ C2×2 and H2m ∈ C2×2 are the channel matri-
ces between the mth reflecting element in the RIS to source
and receiver, respectively. The diagonal matrix Φm ∈ C2×2

accounts for the two phase shifts induced by the mth reflecting
element as

Φm =

[
ejϕm,V 0

0 ejϕm,H

]
. (3)

In a LoS environment, the orthogonality between two
polarized states is maintained through the wireless channel.
However, polarization mismatch loss often occurs due to
the different orientations between the received wave and the
destination [5]. In this paper, we assume that the first-hop
channel between the RF source and the RIS are perfectly
aligned such that there is no polarization mismatch loss.
However, there is a polarization mismatch loss in the second-
hop channel between the RIS and the receiver. In addition, we
assume that the polarization mismatch loss occurs solely due
to an azimuth angle mismatch between reflected wave by the
RIS and the DP receiver as shown in Fig. 1. Consequently,
the channel matrices H1m and H2m become [5]

H1,m = ρ
1,m
ejµ1,mI2, (4)
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Fig. 1: Polarization mismatch between the reflected wave and
the DP receiver.

H2,m = ρ
2,m
ejµ2,m

[
cos (βm) sin (βm)
− sin (βm) cos (βm)

]
, (5)

where ρ1,m and µ1,m account for the large-scale fading
channel and the phase shift of the link through the mth
reflecting element in the first-hop channel, similarly follows
ρ

2,m
and µ

2,m for the second hop channel, whereas βm is
the polarization mismatch angle between the reflected wave
from the mth element and the DP receiver as shown in
Fig. 1. However, in the case of LoS environment and under
the scenario when the RIS is placed in the far-field relative
to both the RF source and the receiver, both the large-scale
fading channels and the polarization mismatch angle converge
to constants over the whole elements in the RIS; i.e., ρ

l,m
≈ ρl,

∀m ∈ M and l ∈ {1, 2} and βm ≈ β, ∀m ∈ M. Thus, the
received signal vector can be simplified as

y = Au + w, (6)

where A represents the polarization mismatch loss matrix of
the DP receiver which is defined as

A =

[
cos (β) sin (β)
− sin (β) cos (β)

]
, (7)

and u represents the composite reflected wave from all the
elements in the RIS,

u =

√
η2pt

2

M∑
m=1

ej(ψm+ϕ
m,H)

[
ej∆ϕm

1

]
, (8)

where η = ρ
1
ρ

2
and ψ

m
= µ

1,m + µ
2,m are the effective

large-scale fading channel and the phase shift of the two-
hop channel through the mth element, respectively, whereas
∆ϕm = ϕm,V −ϕm,H is the phase shift difference between the
vertical and horizontal induced phases for the mth element.
The received signal strength is maximized whenever all the
reflected waves from the elements in the RIS are added
constructively at the receiver. Thus, by observing (8), the
phase shift of the excited horizontal polarization state and
the phase shift difference between the vertical and horizontal
exited polarization states should satisfy

ϕ
m,H = −ψ

m
and ∆ϕ

m
= ∆ϕ m ∈M. (9)

Consequently, the composite reflected wave from the RIS
becomes

u =
α√
2

[
ej∆ϕ

1

]
, (10)
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Fig. 2: Poincaré sphere.

where α =
√
M2η2p

t
and the average received signal-to-

noise ratio (SNR) can be calculated as

γ =
α2

2σ2
. (11)

In general, the SoP of an electromagnetic wave is described
using two parameters, the first is the amplitude ratio between
the complex vertical and horizontal components, while the
second is their relative phase difference. Consequently, it is
obvious from (10) that the appropriate choice of ∆ϕ controls
the SoP of the reflected wave from the RIS. Conventionally,
the Stokes vector is a fundamental tool that offers an important
graphical description of the SoP. Generally, the Stokes vector
of a DP signal denoted by e = [eV , eH ]T is defined as [6]

se =


se0

se
1

se
2

se3

 =


|eH |

2
+ |eV |

2

|eH |
2 − |eV |

2

2Re{eHe
∗
V
}

-2Im{eHe
∗
V
}

 , (12)

where Re{·} and Im{·} denote the real and imaginary parts
of their complex entries, respectively, whereas se0

represents
the energy of the signal and s̄e = [se1

, se2
, se3

]T denotes
the Stokes sub-vector which accounts for the SoP of the
waves and allows its the Cartesian mapping into the three-
dimensional Poincaré space. The Poincaré space offers an
important geometrical interpretation of the SoP. In Fig. 2,
the Poincaré sphere is shown where every possible SoP can
be represented by a single point on the sphere. Any two
polarization states are orthogonal to each other if the line
connecting them is passing through the origin. Left and right
hand circular SoPs are represented by the north and south
poles of the sphere on the s

3
-axis, respectively. In addition,

all possible linear polarization states fall inside the equatorial
plane such that the vertical and horizontal SoPs are indicated
on s

1
-axis, while slant 45◦ and slant −45◦ SoPs are indicated

on s2 -axis.

III. RIS ASSISTED DPOLSK

In this section, the RIS ability to control the SoP of the
reflected waves is exploited to perform a novel DPolSK mod-
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ulation scheme. The Stokes vector of the composite reflected
wave from the RIS in (10) becomes

su =


su

0

su1

su
2

su
3

 = α2


1
0

cos (∆ϕ)
sin (∆ϕ)

 , (13)

It is obvious from (13) that ∆ϕ is the main controller for the
SoP of the reflected wave as shown in Fig. 2; for instance,
∆ϕ = 0 and ∆ϕ = π result in two orthogonal SoPs
of slant 45◦ and slant −45◦, respectively. RIS polarization
control functionality can be used for information encoding by
performing conventional PolSK [4]. However, in conventional
PolSK the polarization mismatch loss fluctuates the SoP of the
received signal which imposes polarization mismatch estima-
tion and compensation processes at the receiver. However, the
DPolSK proposed here allows non-coherent detection, where
the receiver demodulates the received signals directly without
the knowledge of the polarization mismatch which simplifies
the receiver structure.

In DPolSK, the data bits are encoded in terms of the SoP
of the reflected waves over two successive refection frames.
Thus, the change in the SoP over two consecutive reflected
waves are exploited to bear the data bit. Therefore, non-
coherent detection becomes possible given that the polarization
mismatch is static during two successive reflection frames.
Furthermore, DPolSK can be implemented simply by firstly
differentially encoding the data bits then alternating the SoP
of the reflected waves between two possible orthogonal SoPs
as a function of the encoded bits as shown in Fig. 3.

The differential encoder starts with an initial encoded bit
denoted by dk−1 at the refection frame index k−1. Then, the
information data bit denoted by bk for the kth reflection frame
is differentially encoded as

dk = bk ⊕ dk−1, (14)

where ⊕ denoted the XOR Boolean operator. After that, the
SoP of the reflected wave is switched as a function of dk. In
this paper, we choose the slant 45◦ and slant−45◦ as our two
orthogonal SoPs for data encoding. Thus, the phase shift of
the excited vertical polarization state at the reflection frame
index k becomes

ϕ
m,Vk

= −ψ
m

+ (1− dk)π ∀m ∈M. (15)

where (15) results in reflected waves of either slant 45◦ or
slant −45◦ SoPs while it preserves the SoP in case of bk = 0
and it alternates the SoP in case of bk = 1. Furthermore, the
demodulation process of the DPolSk can be done simply by
observing the change in SoPs over two successive received
signals. Moreover, the optimum maximum likelihood detector
in LoS environment simplifies to the minimum distance detec-
tor in the Poincaré space [7]. Thus, the demodulation process
for the kth information bit becomes

b̂k =

{
0 if s̄T

y
k
s̄y

k−1
≥ 0

1 if s̄T
y
k
s̄y

k−1
< 0

, (16)

where s̄y
k

and s̄y
k−1

are the Stoke sub-vectors for the two
successive received signals y

k
and y

k−1
, respectively.
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Fig. 3: RIS-aided DPolSK.

It is important to note that the detection process needs two
consecutive received signals. Therefore, the performance is
affected by two independent noise samples which result in
performance degradation in comparison to the conventional
PolSK. However, the detection can be done directly based
on the received signals without the polarization mismatch
estimation and compensation processes at the receiver. It was
shown in [8] that the theoretical bit-error-rate (BER) of the
DPolSK is defined as

BER =
1

2π

2π∫
0

∞∫
0

fη(η)

[
1− Fϑ

(
acot

[
cos(δ)

η

])]
dηdδ

+
1

2π

2π∫
0

0∫
−∞

fη(η)Fϑ

(
acot

[
cos(δ)

η

])
dηdδ, (17)

where the probability density function fη(η) and the cumula-
tive distribution function Fϑ(ϑ) are defined as [8]

fη(η) =
1

2

(
1

1 + η2

) 3
2

e
−γ

(
1− η√

1+η2

)

·

[
1 + γ

(
1 +

η√
1 + η2

)]
η ∈ [−∞,∞], (18)

Fϑ(ϑ) = 1− 1

2
e−γ(1−cosϑ) (1 + cosϑ) ϑ ∈ [0, π], (19)

where γ is the received SNR defined in (11).

IV. SIMULATION RESULTS

The simulation parameters are shown in Table I. We rely
on the plate scattering-path loss model which is usually used
given the far-field operation of the RIS as shown in [9] and we
use the radiation pattern of the reflecting element introduced
therein. Thus, the large-scale fading channel becomes

η =

(
∆
√
GtGr

4πr1r2

)
[cos(ζ

1
) cos(ζ

2
)]
qo , (20)

where q
o

= 0.285 given the square shape reflecting element of
half-wavelength as a side length [9], while Gt, Gr, and ∆ are
the gain of the RF source antennas, the gain of the receiver
antennas, and the physical area of the reflecting element, re-
spectively, whereas r

1
and r

2
represent the distances from the

RIS to the source and destination, respectively. Furthermore,
ζ
1

and ζ
2

represent the angles between the normal of the RIS
to the incident and reflected waves, respectively. Importantly,
the received SNR in (11) which governs the performance is
proportional to A2

RIS where ARIS = M∆ denotes the surface
area of the RIS. Thus, in our simulations, we rely on the RIS’
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TABLE I: Simulation Parameters
Parameter Value

Gain of transmit and receive antennas 3 dBi
Carrier frequency 3 GHz

Transmission power (pt ) 8 dBm
Noise power (σ2) -96 dBm

Reflecting element aperture area (∆) λc/2× λc/2
Location of RF source [50, 0, 0]m

Location of Receiver [50, 100, 0]m
Location of RIS [0, 50, 0]m

surface area instead of its number of elements to neutralize
the effect of the carrier frequency on the performance.

Furthermore, the phase shifts of the links from the reflecting
element in the RIS to the source and the receiver are defined
based on the plane wave propagation model as

µ
l,m

= gT
mq

l
∀m ∈M, (21)

where l ∈ {1, 2}, and

q
l

=
2π

λc
[cos (φ

l
) cos (θ

l
) , sin (φ

l
) cos (θ

l
) , sin (θ

l
)]

T
, (22)

where λc, gm ∈ R3×1, and q
l
∈ R3×1 are the carrier

wave-length, the Cartesian coordinates of the mth reflecting
element in the RIS, and the wave vector which describe
the phase variations over the elements in the RIS for the
incident/reflected wave, respectively, whereas θ

l
and φ

l
are

the RIS’ elevation and azimuth angles of arrival/departure,
respectively.

In Fig. 4, the theoretical and simulated BER curves for
the RIS-aided conventional PolSK and DPolSK modulation
schemes are shown. In the case of conventional PolSK, the RIS
switches the SoP of the reflected wave between two orthogonal
SoPs as a function of the information data bits, while the
receiver first compensates for the polarization mismatch then
the data bit detection process is done [4], it is shown that its
theoretical performance is BER = 0.5 e−γ [8]. In addition,
the theoretical BER performance of the DPolSK is computed
numerically. Although the performance of PolSK is better than
that of DPolSK, the DPolSK allows non-coherent detection
without the need for polarization mismatch estimation and
compensation at the receiver.

In Fig. 5, the BER performances are presented given there
are estimation errors in the polarization mismatch angle. The
estimation errors are modeled as a zero-mean Gaussian dis-
tribution of standard deviation denoted by σe which accounts
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Fig. 4: BER are shown versus the surface area of the RIS.
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Fig. 5: BER are shown versus the surface area of the RIS in
the presence of estimation errors.

for the accuracy of the estimator. The performance of RIS-
aided DPolSK is independent of the polarization mismatch
estimation errors as it utilizes non-coherent detection. It is
clear that the performance of RIS-aided PolSK is sensitive
to the polarization mismatch estimation accuracy that shows
the advantage of RIS-aided DPolSK as it is immune to the
polarization mismatch that occurs in the wireless channel.

V. CONCLUSION

We proposed a novel RIS-aided DPolSK modulation scheme
for LoS environment. In particular, the SoPs of the reflected
waves from the RIS are alternated differentially over two
successive reflection frames to encode the information data bit.
The proposed scheme allows at the expense of the performance
non-coherent detection without the need for polarization mis-
match estimation and compensation at the receiver in contrast
to the conventional RIS-aided PolSK.
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