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Impact of the Refractive Index on the Achievable
Rate of Liquid Crystal-Based Digital-RIS
Indoor VLC Systems

Alain R. Ndjiongue

Abstract—In wireless networks, reconfigurable intelligent sur-
faces (RISs) have recently been proven to have a significant impact.
The RIS has been incorporated into wireless communication sys-
tems to improve security, increase coverage, reduce interference,
and improve transmission quality. Digital RIS (DRISs) have also
proven to provide better reflection management. However, the
impact of the DRIS intrinsic parameters on the system’s achievable
rate, has not yet been investigated. Due to their availability and
easily reconfigurable properties, liquid crystals (L.Cs) appear as
suitable materials for use in DRIS, specifically in optical com-
munication systems. This paper analyzes the effect of the LC’s
refractive index on the achievable rate of LC-based DRIS in-
door visible light communication systems. Based on a set of dis-
crete phase shifts, required refractive indices have been evaluated.
The reflected power and achievable rates are determined with
respect to incoming light wavelengths at 510 nm, 550 nm, and
670 nm. According to the obtained numerical results, there is
no linear relationship between refractive indices, corresponding
transition coefficients, phase shifts, light power, and achievable
rate.

Index Terms—Digital reconfigurable intelligent surfaces (DRISs),
indoor visible light communication systems, liquid crystal-based
DRIS, transmission rate, emerged light power.

1. INTRODUCTION

HERE is an increasing interest in optical wireless commu-
T nication (OWC) systems, including visible light commu-
nications (VLC) and free-space optical communications (FSO).
These technologies are reported to be crucial components of be-
yond 5G and 6G networks [1], [2], [3]. This interest is primarily
motivated by the advantages they offer as recently demonstrated
in [3] and [4]. These advantages include cost-effectiveness,
license-free frequencies, wider bandwidth, and higher channel
capacities [3], [4]. Despite these advantages, the implementation
of OWC technologies faces several challenges. For example, the
directional nature of the FSO signal renders the FSO system vul-
nerable to obstruction from buildings, trees, or flying vehicles.
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On the other hand, indoor VLC can be affected by blockage
of the line-of-sight (LoS) path by users [5]. A practical solu-
tion to this issue is the use of digital reconfigurable intelligent
surfaces (DRISs), which also provide a partially reconfigurable
channel.

The RIS is a newly introduced technology that is primarily
used to improve signal coverage in wireless communication
systems [3], [5]. In addition, the RIS technology provides
wireless systems with a special advantage in terms of chan-
nel reconfiguration. It has also been used in radio frequency
and VLC systems, to improve the quality of non-light-of-sight
(NLoS) links, enhance coverage, reduce interference, and ensure
security [2]. Recently, a digital version of the RIS, namely DRIS,
has been proposed [6]. Its elements are fully digitized, with a
code sequence made of £ bits and composed of three main parts.
The first part of the £ bits activates the DRIS module, the second
part controls the DRIS phase shift, while the third part represents
the transition coefficient.

Among the plethora of materials available to be used in
DRIS, liquid crystals (LCs) present the advantage of providing
digital and smooth control of their intrinsic parameters. LCs
are anisotropic materials, characterized by a refractive index,
n, which is a combination of the ordinary and extraordinary
refractive indices, n, and n., respectively. LCs are also charac-
terized by their optic axis, which is the direction in which a ray
of transmitted light does not suffer birefringence. Birefringence
is the double refraction experienced by light rays while crossing
the LC’s structure. All rays that are parallel to that direction
are not affected by the LC’s double refraction. As a result of
the LC’s anisotropic property, a light ray that passes through
an uni-axial LC is generally split into two rays: the ordinary
ray, which passes the crystal without any deviation, and the ex-
traordinary ray which is deviated at the air-crystal interface. The
two emerging rays, ordinary and extraordinary, have orthogonal
polarization states. The LC’s substance impacts incoming light
rays on two main factors: the direction and intensity, which
can be fully controlled by its refractive index, n. Thus, n has
a noticeable impact on the system’s achievable rate. For a noise
power spectral density (PSD) in the range of 107° to 104, up to
217.50 kbps of transmission rate variation can be observed. The
specific objective of this paper is to investigate the influence
of LC’s intrinsic parameters, such as the refractive index, on
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Fig. 1. LC-based DRIS-assisted VLC systems.

LC-based DRIS-assisted VLC systems’ achievable rate. The
contributions can be summarized as follows:

® Anindoor VLC system assisted by DRIS is proposed and

its achievable transmission rate is analyzed. Relationships
between the LC’s tilt angle and refractive index, and be-
tween phase shift and the externally applied voltage are
discussed.

® Considering a set of impinging light wavelengths, the

emerged light power and achievable transmission rate are
evaluated, and numerical results are presented.

To the best of the authors’ knowledge, such an analysis has not
been previously published in the open literature. The remainder
of this paper is organized as follows. The system and channel
models, and the control process of DRIS elements are presented
and discussed in Section II, while the achievable transmission
rate is derived in Section III. Numerical results are provided in
Section IV. Finally, the implementation complexity is discussed
and conclusions are drawn in Section V.

II. SYSTEM MODEL, DRIS ELEMENTS, AND
CONTROL OPERATION

A. System and Channel Models

Fig. 1 depicts a DRIS-based VLC system, where the LoS link
from the light source can be randomly disrupted. In this situation,
a non-LoS (NLoS) path can be provided by a deployed DRIS.
The DRIS, made of LC-based elements, reflects the light toward
the users. The DRIS element’s structure, depicted on the right
hand side of Fig. 1, reveals a number of parallel transparent
plates. The top layer is a glass substrate with an anti-reflective
characteristic, followed by an Indium tin oxide (ITO) electrode
to connect the externally applied electric field, in conjunction
with the aluminum (Al) electrode on the other side of the
LC substance. Two alignment layers sandwich the LC layer,
and a Silicon (Si)-complementary metal-oxide-semiconductor
(CMOS) layer is used to control the cell’s temperature while
acting as a perfect mirror. The structure sits on a printed circuit
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board (PCB). The LC layer, which constitutes the core of the
DRIS element, depends on its substance and dye, and is charac-
terized by its phase shift and transition coefficient. In this paper,
we assume that, except the LC layer, no other plate induces a
phase shift and multiplication coefficient to the incoming light
ray.

Considering a point-source, the direct current (DC) gain of the
LoS link between a light source and a receiver, which follows a
geometric model, can be expressed as [5]

g AiG+1)

27 (d; )2 cos () cos(i) s, (1)

where A; and (; are the detector’s effective area and the lam-
bertian order, respectively, ¢; is the angle of irradiance from the
light source to the receiver, ; is the angle of incidence of the
ray from the light source to the receiver defined as 0 < ¢; <
field-of-view, and d; is the distance from the light source to the
receiver. Finally, U; = f(y;)g(y;) is the product of gains of the
optical filter and non-imaging concentrator. Note that the index
¢ specifies the VLC links, which are light sources (LS)-user,
LS-DRIS, and DRIS-user (see Fig. 1).

B. The DRIS Elements and Control

The DRIS is composed of LC-based elements that are char-
acterized by their refractive indices and are sensitive to external
fields. Two parameters characterize the emergent signal when a
lightis reflected on an LC’s surface: its power and its direction. It
is important to note that these two parameters are influenced by
the LC’s refractive index. Therefore, a change in the refractive
index results in a change in the light power and orientation. It
should, however, be noted that the emerged power is calculated
based on the impinging light incidence angle.

The DRIS is made of M digital elements [6]. Depending on
the power and users’ positions, L elements, L. < M, are active at
a time. These may or may not be made from the same substance
and dye. Depending on the substance and dye used, the DRIS
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TABL

E1

EXAMPLE OF CONTROL INDICES AND CORRESPONDING Vg, M), AND Jy, [9], AND THE EXPECTED 1), FOR ¢ = 45°.

Sequence index, k 0 1 2 3 4 5 6 7 8
Phase shift, 1. (°) 0 z z 3T z o 3 = ™
sin(y) 0 0.38 071 092 1 0.92 0.71 0.38 0
k-th control voltage, vy (volts) 1.5 1.6 1.8 2 2.2 24 2.6 2.8 3
k-th refractive index, ny 1.74 1.5 1.71 1.67 1.64  -1.61 -1.6 -1.56  -1.55
k-th tilt angle, dy, (°) 450 10.82 21.80 320 41.18 4923 56.16 62.03 66.95
n(0e) 0 022 042 055 061 057 045 024 0
k-th angle of refraction, 6y, (°) 0 12.6 24.6 33.4 37.7 35 26.7 14.1 0
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element may exhibit positive or negative refractive indices,
leading to positive or negative reflections [6]. Each element’s
refractive index (i.e., the birefringence) is tuned independently,
resulting in the element being controlled individually. K control
sequences, S, are simultaneously transferred to the DRIS at a
time to this effect.! The control of the LC’s refractive index
and birefringence, A,,, which is defined as A,, = n, — ne,
is achieved through the adjustment of the externally applied
voltage. The LC’s tilt angle, §, which is the manifestation of
birefringence, is therefore controlled by the same voltage and
related to both n,, and n. by [6]
1 cos?(6)  sin®(d)
n2(0) — n2(6)  n3(6)
Note that, in the sequel, n means n(d). Since the phase shift is
a function of the tilt angle [9], (2) also defines the relationship
between refractive indices, n,, n., and the phase shift, y;,, given
between the emerged light and the normal to the LC’s surface.
The refractive index being dependent on the externally applied
voltage, vy, the tilt angle, phase shift, and transition coefficient,
7k, are also dependent on vy, where k € {0,1,2,..., K} is the
element type and k + 1 is the maximum number of DRIS types,
while L = 2% is the number of active DRIS elements. Each &
control sequence is mapped to a control voltage, vy, to which
the LC substance reacts with a refractive index, ny. The impact
of the externally applied voltage on the LC’s tilt angle can be
modeled as [6]

5r = {0, Ve > vy,
k Z —2tan ! [exp(Ve —wvi)], v > Vi,

@)

3)

where V. is the minimum value of v, that creates a change
in the LC. The DRIS control follows the steps s —
vy = fr(p,n,1,n), where sy is the k-th control sequence
and ¢ is the light incident angle. Let si € {so, $1,...,8K}»
vk € {vo,v1,...,9k}, nk € {ng,n1,...,nK}, and Y €
{0, %1, ...,%K}. The mapping function, fx(p,n,1,n), can
begivenby fk<@7 n, Y, 77) € {(507 no, Yo, 770)’ (907 ni, 1, 771)""’
(p,nK, Vi, i)} ¢ and ¢y, are defined in [0, 7] and can re-
spectively be expressed as (¢, Vi) = (v, 7k/K). The transition
coefficient 1, = 1,3, where 7, and (j, are the initial transition
coefficient and a factor depending on the required power at the
user, respectively. Examples of vy, ng, vk, Ok, and 6y, values for
k=0,1,2,3,4,5,6,7,8, corresponding to nine DRIS element
types, are provided in Table I.

Note that more than one DRIS element can be controlled with the same code
sequence [6], [7], [8].
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Fig.2. Impact of externally applied electric field on refractive index and phase

shift.

C. Control of the Transition Coefficient, ny

Considering that light reflection at the bottom of the DRIS
unit is lossless, each of the values of 7 are obtained from a
double refraction coefficient happening as the impinging signal
enters and exits the DRIS structure. Assuming an un-polarized
incident light, the transmittance, 77 1, as light penetrates into the
DRIS structure, is expressed as [10]

) 1 (Z—’:)QCOS(@) - (%)2 — sin?(ip)
ik =1—5
() costo) + 4 (22)” —sint(e)
2 .
B % cos(p) — (ﬁ) — sin®(p) | W

cos(p) + (Z—:)Q —sin?(p)

where n, is the air refractive index. The two negative terms in
(4) are related to the p— and s—polarization of the impinging
light, respectively [10]. The same Fresnel formula in (4) can
be exploited to find the transmittance as the light ray goes out
of the DRIS structure, T, ;, where ny/n, becomes ng,/ny,
and ¢ is replaced by 6. We obtain 7} ;, € {0.4891, 0.4891,
0.4901, 0.4913, 0.4922, 0.4931, 0.4939, 0.4944, 0.4946} and
T, € {0.4635, 0.47, 0.4904, 0.4929, 0.3085, 0.4902, 0.4940,
0.4808, 0.4767}, leading to the Fresnel reflection coefficient
F, 1 €{0.2267,0.2299,0.2403,0.2422,0.1518, 0.2417, 0.2440,
0.2377, 0.2358}. The retardation angle, ¢, shown in Fig. 2,
can be approximated as ¢, = a + bdy, (a,b) € R? [9]. Thus,
the angle of refraction can be expressed as 0, = ¢ — (a + bdy,).
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Algorithm 1: DRIS Control Process.
1 Input: no, do, 70, B;
procedure Mapping function fo, n, 9, n
Obtain the angle of incidence, ¢;
Define the index, k;
Obtain the user position;
Increase vy;
while v;, > V. do
v = Vo — log[tan(T=~
9:  end while
10:  return vy ((5)) and 7 ((6))
11: end procedure

A A

T— 26;c )]

>

Based on Snell’s law, the phase shift, ¢, can be inferred from

(a+ bdg)) = M, 5)

sin (p — o~

where ¢y, is given in (3). Finally, the transition coefficient, 7y,
of the light ray through the DRIS is similar to that of a thin film
LC structure, and can be expressed as [11]

Fyp sin? (47r nkx)

1+ F, . sin (4”nk:z:)

Nk = (6)
where z is the thickness of the LC’s layer and X is the light
wavelength. The proposed DRIS control process is summarized
in Algorithm 1. The code sequence is made of three main
blocks, including the activation bit, {a} € {{0}, {1}}, the phase
profile {b1,bs,...,bx}, and the transition coefficient profile
{c1,ca,...,ck}, leading to a full code sequence structured as
{a}{b1,ba,...,bx}{c1,ca,...,ci}. Note that this aspect is not
studied in this paper.

III. ACHIEVABLE RATE

The NLoS link contains the diffuse path and the specular
reflection link. It is assumed that the diffuse NLoS path has
no impact on the system’s performance. It is also assumed
that the number of users coincides with the number of control
sequences, i.e., U = K. Thus, the ratio L/K is the number of
DRIS elements used to connect a single user, provided that each
user is assigned the same number of elements. The total power
at the u-th user, P, ,,, is the sum of power components transiting
through the LoS and NLoS-DRIS links, and is given by

P,

P’Ivu = pu q- (7)

HY) + HynH,
W—/

H?

where p,, and P, are the receiver’s responsiveness and optical
power of the g-th LS, respectively. [}, and H, are the DC gains
of the LS-DRIS and DRIS-user links, respectively. Héf& is the
j-th link from the ¢ LS to the u-th user, 7 € {LoS, NLoS}.
Similarly, the received temporal signal, y, ,(¢), is the sum of
lights from the LoS and NLoS-DRIS links, and is given by

Yau(t) = Yo () + g () + nu(2), (®)
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where n,,(t) is the additive white Gaussian noise with zero mean
and variance o defined by n,, ~ N(0, o). For the transmitted
vector ¢ = [z, T2, ...,7q|", the LoS signal from the g-th LS
at the u-th user can be expressed as

y((l,)() Pu H(l)P'rq

LY

i=1,i#q

Pl‘t )

while the DRIS-based NLoS component can be expressed as

Q
ST HE Pt

i=1,i#q

(2) (¢

ysa(t) = pu | HE) Pyg (1) +

(10)

The transmitted signal, 2, ¢ € {1,2,...,Q},isbounded by 0
and 0, where 0 is the peak-input intensity, and the sum of individ-
ual powers, 2?21 P;, is upper bounded by p, [12], [13]. These
two constraints regulate transmission in indoor VLC systems.
The fact that illumination is calculated to satisfy the environment
usage places an upper limit on the optical power [12], [13].
Hence, p,/0 < Q/2, is a fair combination between the total
power, pg, and the peak-input intensity, 9, and yields an upper
bound to the point-source channel capacity of a VLC system
as [12], [13]

an

1 1
Cyu = §Blog2 {1 + exp(l) } ,

2 q,u

where B is the transmission bandwidth, exp(1) is the base of
the natural logarithm, and y, ,, is the signal-to-noise ratio at the
u-th user, which is given by

2
i (i ) v

q
0
N‘L’U«

Vau = ) 12)

where K /L is the portion of DRIS elements serving the u-th

user and the noise PSD, Nu > can be expressed as

2 o, Ko ’
o _ 2 2

Nq,u =0y + Pu ‘ 12# {(Hi,u + LHl,u> PZ} . (13)

i=1,i#q

Therefore, the system’s achievable transmission rate can be
expressed as

M), K @?
exp(l) p’L2,L {H(LU + fH(LU} Pt]2
2 Ngu

Blog, |1+

l\.')\)—l

noX

(14)
In case of total obstruction of the LoS link, the achievable
transmission rate in (14) reduces to

2
U 2 KH(Q)} P2
1 1 Pu{ q,u
R((IQ) — E §Blog2 1 + eXp( ) L q

u=1

2w Ng(u?)

(15)
rate due to the NLoS
In (15), NO& =42+

and represent the achievable
path through the DRIS

2
P L AEH Py

alone.
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IV. NUMERICAL RESULTS

Consider a DRIS-assisted indoor VLC system where the LoS
link is totally obstructed. The deployment of the RIS introduces
two sub-channels h and g as shown in Fig. 1. The first sub-
channel is characterized by d;, = 2 m, the active area of the
DRIS element is A, = w; X ws = 2.5 x 10~* m?, an incident
angle of ¢, = 45°, an angle of irradiance ¢, = 45°, the filter
function, ¥j, = 1, and a lambertian order, ¢, = 1. It is assumed
that the receiver is equipped with an adjustable receiving sys-
tem to considerably reduce the probability of reflected signal
obstruction, i.e., the PD orientation is adjusted to align with the
impinging light. The DRIS active area is small enough such
that light reflection on it is considered as a point source. For
the purpose of comparison, we consider nine users, all located
at a distance d, = 2 m from the DRIS structure. However,
each user is oriented in such a way to be linked by emerged
lights with phase shift 0, T 3» T 38”, 5 %’r, 3%, %T, and m,
see Table I-row 2. It is also considered that the filter functions
at the users is W, = 1. The users are arranged such that the
incidence angles, ¢, = 0°, and the light is distributed at the
DRIS with a lambertian order ¢, = 1. The users are equipped
with a photodetector of active effective area, 4, = 1073 m?
We consider a 10 W transmitter, a transmission bandwidth of
200 MHz, three different wavelengths, 510 nm, 550 nm, and
670 nm, and the LC parameters used are listed in Table 1. The
transition coefficient given in Table I is used to find the emerged
light power in the corresponding direction.

Figs. 3,4, and 5 depict the impact of the LC’s intrinsic parame-
ters on the DC channel gain and achievable rate. The non-linear
aspect of the LCs is demonstrated in the results presented in
these figures. This is clearly shown in Figs. 3 and 4, where the
DC gain and the achievable rate are provided considering the
refractive index, wavelength, and noise PSD. |ny| is used in these
two figures in accordance with the fact that the channel gain,
H, é?ﬁ, and the achievable rate, R((f), are positive for any values
of the refractive index. Fig. 3 also shows the non-linearity of the
DC channel gain with respect to both the refractive index and
wavelength. This can be observed on the DC channel gain that
fluctuates between 1077 and 7.5 x10~7 for |ny| € [1.6,1.67].
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Fig. 5. Achievable transmission rate of the NLoS link vs. noise PSD.

These are 6.444 x10~7, 8.758 x10~8, and 7.196 x10~7 for
A = 510 nm, 7.689 x1077, 1.147 x1077, and 3.532 x10~7
for & = 550 nm, 7.689 x10~7,5.616 x10~7, and 1.467 x10~8
for A = 670 nm, respectively. This non-linearity can also be
noticed in Fig. 4 where, for A = 550 nm, the achievable rate
presents a saw-tooth curve. For the same 10~* A%/Hz noise PSD,
the achievable rates are respectively 8.448, Mbps, 8.236 Mbps,
and 8.422 Mbps for nj, = 1.6, 1.64, and 1.67. For 10> A%/Hz
noise PSD, and considering the same values of n, 8.235 Mbps,
8.209 Mbps, and 8.211 Mbps can be achieved, respectively. For
a noise PSD in the range of 105 to 10~%, up to 217.50 kbps
of transmission rate variation can be observed. On the contrary,
Fig. 4 depicts an almost constant achievable rate of 8.211 Mbps
for np, = 1.6, 1.64, and 1.67. This means that the achievable
rate tends to its lower limit as the noise PSD approximates 103
A?/Hz for the considered system using a light with wavelength
A = 550 nm. Furthermore, Fig. 5 depicts the achievable rate
in terms of the noise PSD for a set of refractive index values,
ni € {—1.61 —1.6 —1.56 —1.55 1.64 1.67 1.71 1.74 1.75}. In
light of the results shown in this figure, it should be noted that
symmetric values of refractive indices do not lead to the same
achievable rate. The reason is that each value of n corresponds
to a different transition coefficient and phase shift, for an angle of
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incidence. There is no linear relationship between the refractive
index, transition coefficient, and phase shift.

V. IMPLEMENTATION COMPLEXITY AND CONCLUSION

The refractive index of the DRIS element is determined by the
user’s position. Therefore, the DRIS control steps are as follows:
(i) The user communicates its position to the DRIS. (ii) Based
on this, the necessary direction is calculated. (iii) The control
voltage is then adjusted to obtain an updated light orientation,
leading to the user’s connection. In practice, the implementation
of this control is not complex and has been well investigated in
the literature [14], [15].

In this paper, LC-based DRIS-assisted indoor VLC systems
are studied. The impacts of the DRIS’s intrinsic parameters
on the achievable rate are investigated. The DRIS control pro-
cess based on externally applied voltages is analyzed. The
corresponding values of the tilt angle, angle of refraction, re-
fractive index, transition coefficient, and phase shift are eval-
uated. These values are used to assess the received power and
achievable rate for a selected set of discrete phase shifts. This
assessment was made considering several values of noise PSD
and light wavelength. It is observed that the control of LC-
based DRIS elements, obtained emerged power, and achievable
transmission rate are not linear functions of the LC parame-
ters, and up to 217.50 kbps of transmission rate variation can
be observed.
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