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Binary Polarization Shift Keying with
Reconfigurable Intelligent Surfaces

Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Abstract—We propose a novel binary polarization shift keying
modulation scheme for a line-of-sight environment by exploiting
the polarization control ability of the reconfigurable intelligent
surface (RIS). The RIS encodes the information data in terms
of the polarization states of either the reflected wave from
the RIS or the composite wireless channel between an RF
source and receiver. In the first case, polarization mismatch
correction becomes essential at the receiver. In the second case,
the RIS pre-codes the reflected wave to compensate for the
polarization mismatch which allows non-coherent demodulation
at the receiver.

Index Terms—Reconfigurable intelligent surface, Polarization
shift keying.

I. INTRODUCTION

Current research on reconfigurable intelligent surface (RIS)
aided wireless communications is mainly focused on the
beam focusing and steering ability of the RIS for different
communication systems [1]. However, one of the potential
functions of the RIS is that it can also control the polarization
state of the reflected waves [2]. The polarization state of the
electromagnetic waves describes the orientation of the electric
field relative to the direction of propagation which can be
either linear, circular or elliptical. Typically, dual-polarized
(DP) antennas of two orthogonal polarized states have been
used to provide diversity and multiplexing gains [3]. Recently,
it was shown that RIS polarization manipulation becomes
possible thanks to the deployment of DP reflecting elements
which could excite two orthogonal polarization states and
induce independent phase shifts per each polarization state
whenever a wave is incident on them [4], [5].

A promising application for the RIS is to serve as an
access point for information transfer. In this case, the RIS
exploits an ambient or dedicated radio-frequency (RF) source
for information encoding, e.g., the data sources may be some
sensors that collect specific measurements and have direct
connections to the RIS. In this letter, we propose a novel
RIS assisted information transfer scheme by encoding the
information data in terms of the polarization state of the
reflected waves from the RIS. We assume a line-of-sight (LoS)
environment which often exists in many scenarios such as
millimetre-wave and rural area communications.

Few works in the open literature have suggested using
the RIS for information transfer. In [6] the authors propose
a RIS that alternates the states of its reflecting elements,
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by turning them on and off, to perform amplitude shift
keying (ASK) modulation for information encoding. That,
however, adds complexity to the RIS fabrication since the
amplitude reflection coefficients of its elements need to be
controlled. Also, it underutilizes the RIS since some elements
are switched off which decreases the received signal-to-noise
ratio (SNR) [7]. In [8] the RIS is used to perform space shift
keying modulation, where the RIS encodes the information
data in the indices of the receiver antennas by maximizing
the received SNR for the selected antenna index. However, a
fundamental limit in the space shift keying is that it requires
a rich-scattering environment wherein the receiver antennas
have low correlation, while LoS environments with highly
correlated antennas limit its performance [9].

Moreover, few works have discussed the deployment of
DP-RIS. In [10] the authors built a prototype of a DP-RIS
to provide a multiplexing gain by encoding two independent
streams over the two degrees of freedom of the DP-RIS.
In [11] the authors fabricated a DP-RIS to manipulate the
polarization state of the reflected waves and constructed a
prototype for a RIS assisted polarization modulation scheme.
However, the work in [11] introduces a fabrication technique
for the DP elements in the RIS. Also, it doesn’t include
the polarization mismatch loss that usually occurs in a LoS
environment.

The main contributions are that we first present a mathe-
matical framework for the RIS assisted polarization control
functionality. Then, we develop two novel RIS assisted infor-
mation transfer schemes that exploit the polarization state of
the reflected wave from the RIS for information encoding. In
one scheme, the RIS is deployed to beam steer the incident
wave from a single polarized RF source towards a DP receiver
and switch the polarization state of the reflected wave between
vertical and horizontal states to encode the information bits. In
another scheme, to avoid the polarization mismatch estimation
and correction at the receiver, the RIS also pre-codes the
reflected wave to compensate for the polarization mismatch
which allows non-coherent demodulation such that a simple
maximum power detector at the receiver becomes efficient.

II. SYSTEM MODEL

We consider an RIS of M lossless DP reflecting elements
each of which has two polarization states of slant 45◦ and
slant −45◦ as shown in Fig. 1. In addition, each element
induces two independent phase shifts denoted by ϕ

m,1
and

ϕ
m,2

for the excited slant 45◦ and slant −45◦ polarization
states, respectively, while ϕ

m,1
and ϕ

m,2
∈ [0, 2π], ∀m ∈M

such that M = {1, 2, ...,M}.
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Fig. 1: RIS-aided polarization modulation.

In this letter, we assume an RF source that transmits a
vertically polarized unmodulated carrier wave which is re-
ceived by a DP receiver of vertically and horizontally polarized
antennas solely through the wave reflection on the RIS (the
direct channel between the RF source and the receiver is
blocked) as shown in Fig. 1. Thus, the composite wireless
channel h ∈ C2×1 between the receiver and source becomes

h =
M∑
m=1

H2mΦmh1m , (1)

where h = [hV , hH ]T such that hV and hH are the composite
channels from the source to the vertical and horizontal anten-
nas, respectively, while h1m ∈ C2×1 and H2m ∈ C2×2 are
the channels between the mth reflecting element in the RIS
to source and receiver, respectively. The matrix Φm ∈ C2×2

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

Φm =

[
ejϕm,1 0

0 ejϕm,2

]
. (2)

In a LoS environment, orthogonality between two polarized
states is maintained through the wireless channel. However,
polarization mismatch loss often occurs due to the different
orientations between the DP received wave and destination
[12]. In this paper, we assume that the first-hop channel
between the RF source and the RIS is 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. 2. Consequently, the
second-hop channel between the mth reflecting element of
slant 45◦/ − 45◦ polarization states and the DP receiver of
vertically and horizontally polarized antennas becomes [12]

H2m = ρ
2
ejµ2,m

[
cos (α) sin (α)
sin (α) − cos (α)

]
, (3)

where ρ
2

and µ
2,m account for the large-scale fading channel

and the phase shift of the link between the mth reflecting
element and the receiver, respectively, whereas α = 45◦ − β
is the mismatch angle between the slant 45◦ reflected wave
and the vertical antenna of the receiver such that β represents
the polarization mismatch angle of the DP receiver as shown
in Fig. 2. Similarly, the first-hop channel between the vertical
polarized RF source and the slant 45◦/ − 45◦ mth reflecting
element, given there is no polarization mismatch, becomes
h1m =

ρ
1√
2
ejµ1,m [1, 1]

T where ρ
1

and µ
1,m account for the

H

V
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Fig. 2: Polarization mismatch between the reflected wave and
the DP receiver.

large-scale fading channel and the phase shift, respectively.
Furthermore, it is important to note that the large-scale fading
channels and the polarization mismatch angle are assumed
constant for all the elements in the RIS which is valid
assumption given that the RIS is placed in the far-field with
respect to both the RF source and the receiver. Consequently,
the composite channel matrix in (1) can be simplified as

h = Au, (4)

where A represents the polarization mismatch loss matrix of
the DP receiver which is defined as [12]

A =

[
cos (β) sin (β)
− sin (β) cos (β)

]
, (5)

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

u =
η

2

M∑
m=1

ej(ψm+ϕ
m,1)

[
1 + ej∆ϕm

1− ej∆ϕm

]
, (6)

where η = ρ
1
ρ

2
, ψ

m
= µ

1,m
+µ

2,m
, and ∆ϕ

m
= ϕ

m,2
−ϕ

m,1

represent the effective large-scale fading, the phase shift of
the two-hop channel through the mth element, and the phase
shift difference between the two excited polarized states from
the mth element, respectively as shown in Fig. 1. Thus, it is
clear that the polarization state of the reflected wave from each
reflecting element can be controlled by the appropriate choice
of ∆ϕ

m
. Particularly, in case of ∆ϕ

m
= 0 and ∆ϕ

m
= π

the reflected wave from the mth reflecting element will be
vertically and horizontally polarized, respectively. In addition,
right and left hand circular polarized waves can be composed
when ∆ϕ

m
= π/2 and ∆ϕ

m
= −π/2, respectively, and even

elliptical polarized waves can be composed for other phase
shift difference values.

III. RIS BASED BINARY POLARIZATION SHIFT KEYING

In this section, we discuss a modulation scheme where
the polarization state of the electromagnetic waves is used to
carry information data bits. We develop two different schemes
that both exploit polarization for information encoding. In
a first scheme, the RIS encodes the information data bits
in terms of the polarization states of the reflected wave
from the RIS without respect to the polarization mismatch
loss. Consequently, in this scheme, the polarization mismatch
estimation and correction at the receiver becomes essential for
the data detection. In a second scheme, the RIS encodes the
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information data bits in terms of the polarization states of the
composite wireless channel between the RF source and the
receiver via the RIS. Consequently, in this scheme, there is no
need for the polarization mismatch estimation and correction
at the receiver since the RIS itself pre-codes the reflected wave
to correct for the polarization mismatch. Moreover, to show
the upper bound performance of the proposed schemes we
assume that the channels from the RIS to the source and
receiver in addition to the polarization mismatch angle are
perfectly known. In practical scenarios, an estimation process
will be necessary which is possible using pilot signals of
limited overhead especially in the LoS environment.

A. Scheme 1: Polarization mismatch correction at the receiver

In the first scheme, the RIS is deployed to perform two fun-
damental functions. Firstly, the RIS beam-steers the reflected
wave towards the receiver to maximize the composite channel
power. Secondly, the RIS shifts the polarization state of the
reflected wave between vertical and horizontal polarization
states to encode the information data bits as shown in Fig. 1.
Since the composite channel power is maximized whenever
all the reflected paths from the RIS are added constructively
at the receiver, by observing (6), the phase shift of the excited
slant 45◦ polarization state becomes

ϕ
m,1

= −ψ
m

∀m ∈M. (7)

In this letter we choose the vertically polarized state to
encode information data bit b = 1 and the horizontally
polarized state to encode the information data bit b = 0. Thus,
the phase shift of the excited slant −45◦ polarization state as
a function of the information data bits becomes

ϕm,2 = ϕm,1 + π (1− b) ∀m ∈M, (8)

where (8) guarantees that all the reflecting elements in the
RIS excite vertically and horizontally polarized waves in case
of b = 1 and b = 0, respectively. Consequently, the received
signal denoted by y ∈ C2×1 at the DP receiver as a function
of the information data bits becomes

y = Mη
√
p
t
Ax + w, (9)

where y = [yV , yH ]T such that yV and yH are the received
signal at the vertically and horizontally polarized antennas,
respectively. The vector x = [b, 1− b]T describes the selected
polarization state of the reflected wave as a function of the
information data bit, p

t
is the transmitted power from the RF

source, and w ∈ C2×1 ∼ NC
(
0, σ2I2

)
is the additive white

Gaussian noise with variance σ2. Given the orthogonal polar-
ization mismatch loss matrix shown in (5), the equalization
process to correct the polarization mismatch simply becomes

x̂ = ATy. (10)

Then, the data bit demodulation can be performed based on
the maximum power detector as

b̂ =

{
1 if |x̂V | ≥ |x̂H |
0 if |x̂V | < |x̂H |

. (11)

The received SNR at the targeted polarized antenna becomes

γ
1

=
M2η2pt
σ2

, (12)

and the theoretical performance of this scheme in terms of the
bit-error-rate (BER) becomes [13]

BER =
1

2
e−

γ
1
2 . (13)

B. Scheme 2: Polarization mismatch correction at the RIS

In this scheme, the information data bit are encoded in terms
of the polarization states of the composite wireless channel
between the RF source and receiver via the RIS. Therefore,
the RIS performs an additional function in comparison to the
previous scheme which is the pre-coding of the reflected wave
to correct the polarization mismatch.

Let lV and lH reflecting elements excite solely verti-
cally and horizontally polarized wave, respectively, such that
∆ϕ

m
= 0, ∀m ∈ MV and ∆ϕ

m
= π, ∀m ∈ MH , where

MV = {1, 2, ..., lV} and MH = {lV + 1, lV + 2, ...,M}, while
lV + lH = M . Consequently, the reflected wave from the RIS
defined in (6) becomes

u = η


∑

m∈MV

ej(ψm+ϕ
m,1

)

∑
m∈MH

ej(ψm+ϕ
m,1

)

 = η

aV

aH

 , (14)

and the composite channel can be formulated as

h = η cos (β)

[
aV + aH tan (β)
aH − aV tan (β)

]
. (15)

Then, the phase shift of the excited slant 45◦ polarization
state is chosen to maximize the composite channel power at
the targeted polarization state which can be performed based
on (14) and (15) as

ϕ
m,1

=

{
−ψ

m
+
π

2
[1 + (−1)bsign(tan(β))]∀m ∈MV

−ψ
m
∀m ∈MH

,

(16)
where sign(·) denotes the sign operator, while (16) guarantees
the coherent addition for the components at the targeted polar-
ized antenna. Thus, the vertically and horizontally polarized
composite channel power, as a function of the information data
bit, becomes

|hV |
2

= η2 cos2 (β)
[
lV − (−1)blH |tan (β)|

]2
|hH |

2
= η2 cos2 (β)

[
lH + (−1)blV |tan (β)|

]2. (17)

Moreover, lV and lH are chosen such that the composite
channel vanishes on the horizontally and vertically polarized
channels in case of b = 1 and b = 0, respectively, which by
observing (17) becomes

lV =

{
b M

1+|tan(β)|e if b = 1

b M
1+|cot(β)|e if b = 0

, (18)

where b.e is the operator that rounds to the nearest integer
number, while lH = M − lV . Now, given that (16) and (18) are
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fulfilled the data bit detection can be performed directly based
on the maximum power detector of the DP received signal as

b̂ =

{
1 if |yV | ≥ |yH |
0 if |yV | < |yH |

. (19)

Moreover, by substituting (18) in (17) the received SNR at
the targeted polarized antenna becomes

γ
2
≈ M2η2p

t

σ2 [ 1 + |sin (2β)| ]
, (20)

where the approximation is due to the rounding operation in
(18). It is important to note that the received SNR in this
scheme degrades in comparison to the previous scheme where
the equalization is performed in the receiver. Thus, the RIS
correction for the polarization mismatch comes at the expense
of the performance. However, this scheme allows for non-
coherent data bit detection without the need of polarization
mismatch estimation and correction at the receiver which
simplifies the receiver structure. The theoretical BER in this
scheme becomes [13]

BER ≈ 1

2
e−

γ2
2 . (21)

IV. SIMULATION RESULTS

The simulation parameters are shown in Table I. We rely on
the plate scattering-path loss model which is used given the
far-field operation of the RIS as shown in [14] and we use the
radiation pattern of the reflecting element introduced therein.
Thus, the large-scale fading channel becomes

η =

(
∆
√
GtGr

4πr
1
r

2

)
[cos(ζ1) cos(ζ2)]

qo , (22)

where qo = 0.285 given the square shape reflecting element
of half-wavelength as a side length [14], while Gt, Gr, and ∆
are the gain of the RF source antenna, 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,
ζ1 and ζ2 represent the angles between the normal of the RIS to
the incident and reflected waves, respectively. Importantly, the
received SNRs in (12) and (20) that govern the performance
of the schemes are proportional to A2

RIS where ARIS = M∆
denotes the surface area of the RIS. Thus, in our simulations,
we rely on the RIS’ 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, (23)

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
, (24)

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

wave-length, the Cartesian coordinates of the mth reflecting

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

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. 3, the received SNRs at the targeted polarized
antenna are shown for the two proposed schemes versus the
polarization mismatch angle for a RIS of ARIS = 1m2.
For scheme 1, the SNR is independent of the polarization
mismatch angle, whereas in scheme 2 the worst performance
of 3 dB loss occurs in case of β = 45◦. In addition, the SNR
curve is periodic with period equals to 90◦, and scheme 2
achieves the same performance as scheme 1 when β equals
multiples of 90◦ and when β = 0◦. Moreover, it is clear
from the performance of scheme 2 that the RIS correction
for the polarization mismatch comes at the expense of a
reduced performance relative to the polarization mismatch an-
gle. However, scheme 2 allows non-coherent detection which
eliminates the need for the polarization mismatch estimation
and correction at the receiver in contrast to scheme 1.

In Fig. 4, the theoretical and simulated BER curves for the
two proposed schemes are shown versus the surface area of the
RIS. In case of scheme 2 the performance is shown for three
different polarization mismatch angles of β = 0◦, 10◦ and
45◦. It is clear that scheme 2 achieves its best performance
when β = 0◦ followed by β = 10◦ and β = 45◦. In addition,
scheme 2 achieves similar performance to scheme 1 only when
β = 0◦. Furthermore, the performance of the two proposed
schemes are compared with the traditional RIS information
transfer scheme [6] where the RIS alternates the on and off
states of the reflecting elements to perform ASK modulation.
Thus, in case of b = 0, all the elements are set to the off states,
whereas in the case of b = 1, all the elements are set to on
states such that the phases of the two excited polarization states
are chosen to maximize the received SNR at the DP receiver
by fulfilling (7) and by setting ∆ϕ

m
= ∆ϕ ,∀m ∈M where

the performance is independent of the choice of ∆ϕ ∈ [0, 2π].

0 45 90 135 180 225 270 315 360
8

9

10

11

12

13

Fig. 3: SNR versus the polarization mismatch angle for a RIS
of ARIS = 1m2.
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Fig. 4: BER are shown versus the surface area of the RIS.

In this scenario, the received SNR in case of b = 1 is similar
to that in (12). Moreover, two possible detectors are performed
depending on the knowledge of β at the receiver. The first is
the matched filter detector as x̃

ASK,1
=
(
hH
o /|ho|

)
y where

ho = A[1 + ej∆ϕ, 1 − ej∆ϕ]T, followed by a hard decision:
x̃
ASK,1

b̂=1

≷
b̂=0

Mη
√
p
t
/2. Alternatively, in case of β is unknown

at the receiver a simple possible detector becomes x̃
ASK,2

=√
|yV |

2
+ |yH |

2 followed by a hard decision similar to the first
detector. It is clear from Fig. 4 that through the reasonable
performance region, i.e. BER< 10−1, the proposed scheme 1
achieves the best performance, while the performances of the
scheme 2 and that of RIS-aided ASK with matched filter
detector are comparable depending on the value of β. The
worst performance is for the RIS-aided ASK when the β is
unknown at the receiver.

In Fig. 5, the BER performance of the two proposed
schemes are presented given there are estimation errors in
the polarization mismatch angle. The estimation errors are
modeled as a zero-mean Gaussian distribution of standard
deviation denoted by σe which accounts for the accuracy of
the estimator. In the case of σe = 4◦, the degradation in the
performance are not significant, whereas in the case of σe = 8◦
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10-5

10-4

10-3

10-2

10-1

100

Fig. 5: BER are shown versus the surface area of the RIS in
the presence of estimation errors.

the degradation are noticeable. Thus, even imperfect estimator
of the polarization mismatch angle can be useful, especially
if error coding techniques are used.

V. CONCLUSION

We propose a novel RIS aided binary polarization shift
keying modulation method for the LoS environment. Two
schemes that exploit the polarization states of either the re-
flected wave from the RIS or of the composite channel between
the RF source and receiver to encode the information data bits
are presented. In the first scheme, the receiver corrects the
polarization mismatch which occurs in the wireless channel.
In the second scheme, the RIS itself pre-codes the reflected
wave to compensate for the polarization mismatch. Although
this comes at the expense of a degraded performance, it allows
non-coherent demodulation without the need for polarization
mismatch estimation and correction at the receiver.
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