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Abstract—In this paper, we propose and evaluate a hybrid
visible light communication (VLC)/radio-frequency (RF) net-
work architecture, where a VLC access point serves two user
equipments (UEs), which also act as RF relays in order to
extend the network’s coverage to a third UE outside the VLC
cell. The proposed protocol is inspired by uplink rate-splitting
multiple access to efficiently route the messages to the UEs. In
more detail, the proposed protocol utilizes the nuances of the
specific network architecture to efficiently utilize the wireless
resource blocks for both coverage and throughput. The protocol
is then optimized by maximizing the minimum achievable rate.
Simulation results show that the proposed method achieves
superior results compared with a more conventional benchmark
scheme, that is also optimized under the same constraints.

Index Terms—Visible light communications, resource alloca-
tion, max-min rate, hybrid VLC/RF, coverage extension

I. INTRODUCTION

Visible light communication (VLC) networks are considered
as a promising energy efficient alternative for enhanced indoor
network access in future wireless access, as we pave the way
for the sixth generation (6G). A blessing and a curse, the
seemingly ultra small cells (e.g., atto-cells) that are created by
the VLC access points (APs) allow for an ultra-dense VLC net-
work to be built with a high frequency reuse factor. On top of
that, VLC APs are built with highly energy efficient and low-
cost light emitting diodes (LED) that are concurrently used
for illumination purposes [1], [2]. However, to enable high
data rates in VLC, usually a line-of-sight (LoS) component is
required, so nodes being outside the coverage area of the VLC
AP can severely impact performance. Furthermore, LoS can
be blocked either by obstacles or by the device orientation.
To counteract the aforementioned issues, the hybrid network
topology with a radio-frequency (RF) sub-network has been
promoted as an alternative. In this direction, hybrid VLC/RF
networks have offered interesting results that showcase how
the heterogeneous composite network offers the best of both
worlds, i.e., high achievable rate, coverage, energy efficiency
(3], [4].

Naturally, the combination of the hybrid VLC/RF network
architecture is considered to operate with novel multiple access
schemes to improve performance. Non-orthogonal multiple
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access (NOMA) techniques have been widely examined in
this type of network with remarkable results [2], [5]. A
less common, but very promising way to break orthogonality
is rate-splitting multiple access (RSMA). Although RSMA
enables the use of the available resources in a non-orthogonal
way, it is based on a different principle compared to what
is commonly referred as NOMA. Its main characteristic is
its capability to provide important advantages compared to
orthogonal multiple access (OMA) in terms of connectivity,
delay, throughput, energy efficiency with acceptable complex-
ity, which do not vanish under practical conditions. In brief,
the key behind realizing these benefits is the ability of rate-
splitting (RS) to partially decode interference and partially
treat interference as noise by splitting messages. To this end,
RSMA provides flexible decoding and, thus, a more general
and robust transmission framework in comparison with the
conventional NOMA mechanism.

In the existing literature, most works on RSMA investigate
the downlink scenario. In downlink RSMA, the message
transmitted to the users is divided into a common message and
a private message. The common message is a message decoded
by multiple users and the private message is a message
that only a specific user intends to receive [6]. Therefore,
adjusting the split of common and private messages can control
the computational complexity and the data rate achieved by
RSMA. To this direction, it was proven that downlink RSMA
unifies NOMA and space-division multiple access for both
RF [6] and VLC [7]. In the context of VLC, downlink RSMA
was investigated in [8], where signal-to-interference and noise
ratio expressions are derived and then used to evaluate the
performance in terms of weighted sum rate in a two-user
scenario. Moreover, in [9], one-layer RSMA was used in multi-
cell indoor VLC networks by considering the Lambertian
radiation model.

Regarding the uplink scenario, there is a subset of users
that simultaneously transmit more messages than the number
of users belonging in this subset. The utilized decoding order
of the users’ messages is not necessarily fixed, but it can
be chosen by the AP, based on the instantaneous channel
state information. It should be highlighted that uplink RSMA
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enables any point in the capacity region of the multiple access
channel (MAC) to be achieved with successive decoding [10].
Specifically, in [11], the RS principle was applied in an uplink
NOMA network and its performance in terms of outage prob-
ability and achievable sum rate was investigated. Moreover,
in [12], an uplink NOMA network with RS consisting of
two users was investigated and it was shown that the fairness
among users and the outage performance improve. Also, in
[13], the performance of an uplink RSMA network with two
sources was investigated in terms of outage probability and
throughput, considering all possible decoding orders. Further-
more, in [14], two novel cooperative-NOMA and cooperative-
RSMA schemes were proposed for uplink user cooperation,
the achievable rates were derived and two optimization prob-
lems were formulated to maximize the minimum rate of two
users, while the performance in terms of ergodic rate was
investigated in [15] for cognitive radio inspired NOMA and
RSMA.

To this end, in the existing literature, the concept of RSMA
has not been utilized in hybrid VLC-RF networks. Motivated
by this, in this work, we investigate a hybrid VLC-RF network
aiming to serve three user equipments (UEs). The two UEs,
which are located inside the VLC AP coverage area, are served
in an orthogonal way based on TDMA, ensuring interference
free transmission and providing an additional degree of free-
dom as adaptive time allocation is utilized [16]. Considering
that the third UE is located outside the coverage area of
the VLC AP, the other two UEs act as half duplex relays
and transmit through RF the third UE’s message which has
been encoded by the VLC AP in their respective messages.
When the two UEs simultaneously transmit to the third UE,
the principles of uplink RSMA are utilized. Focusing on the
fairness of the proposed system, we maximize the minimum
rate of the three UEs. The non-convex formulated optimization
problem is transformed into a convex one and is solved.
Simulations indicate the effectiveness of the proposed system
compared to benchmarks.

II. SYSTEM MODEL

We consider an indoor network, where a VLC AP, located
L meters vertically from the receivers’ plane, serves two UEs,
namely U; and Us. These UEs are located in the AP’s coverage
area, which is considered as a cyclic disk of radius Dyrc. A
third UE, denoted as Us, which is located outside the VLC
coverage area, i.e., the annular area bounded by radii Dvyi,c
and Dgrp with Dypc > Drr, is served by half duplex relay
RF links from the two VLC UEs. Utilizing polar coordinates,
UEs’ locations can be given by (p;, 6;) pairs.

A. VLC Transmission

The received signal at the i-th UE with ¢ € {1,2} is given
by

yi = nhY"Cx; +n;, (D

VLC link VLC AP

_____

Fig. 1. System model

where 7 is the photodetector’s responsivity, z; is the transmit-
ted signal to the i-th UE, and n; is the additive white Gaussian
noise at the -th UE. The VLC channel gain is given by [1]

hYLC = 7721 +21 Ay cos™ ()T g(1;) cos(¢i), 2)
md;
where A, is the photodetector’s area, 1);, ¢; are the incidence
and irradiance angles, respectively, d; denotes the distance
between the VLC AP and UE 4, and T is the optical filter
gain. Assuming that the light source is Lambertian, m denotes
the emission order, and is given by

In2

m= _lrl(cos(<l>1/2))7

3
where @45 is the transmitter’s semi-angle at half power. The
optical concentrator gain g(v;) is described as

n2
9() = {W EhE @

07 wz > \IJFOVa

where Wg,y is the field-of-view (FoV) of the receiver and n.
is the refractive index.

In order to approximate the achievable rate in VLC, we
utilize the following lower bound [17]

(™ Pyrc)”

902(1 +¢,,)? )_%’ )

where o2 is the noise variance, Pyy,c is the average constraint
of the transmitted intensity, Byrc is the VLC channel’s
bandwidth and €, = 0.0015, ¢4 = 0.016.

RYLC = BVLC 10g2 (1 +

B. RF Transmission

For the RF transmission, the Euclidean distance between
the ¢-th UE and the RF UE is given by

d?g = \/pg +p? — 2p3picos (0; —0s), i =1,2. (6)
The transmitted power Prp is affected by path loss, which
is modeled by the following formula L}* = (d}'§ /do)~¢,
where ( denotes the path loss exponent, dy = 1 m is the
reference distance. We consider Rayleigh fading, thus the RF
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channel coefficient hgp ~ CN(0, 1). To this direction, the RF
channel’s capacity is directly given by Shannon’s formula as
LRF|pRF 12 g
RFF:BRplogQ (1-‘!‘71 |;2 ‘ RF),

RF

0

where J%F is the noise variance and Brr denotes the RF
channel’s bandwidth.

For the case that both VLC UEs transmitting to Us, the
concept of uplink RSMA is considered. In uplink RSMA, only
one of the two UEs should split its message to achieve the
entire capacity region [10], thus without loss of generality,
we consider that the second UE splits its transmitted message
into two parts, i.e., x(j) with § € {1,2} and allocates
power pg ) to each of them. For these power levels is true
Z S—1 p2 ) < PRy* where PRE™ is the maximum power level
available for transmission. Therefore, at the receiver’s side, the
signal can be written as

— 4 /L1p§2)hRFI1 + /Lgp(;)thFl‘g)
+V/ LopM ST 2 () + ngp, (®)

while the considered decoding order is xg) — X1 — xéQ)

with the corresponding achievable rates being upper bounded,
respectively, as

(1)
o) Lo|h5" Pps
Ty’ < Brr logy <1 + T PTG .
1A Pp1 + Lalhs ™ [*py +URF(9)
L hRF 2
r1 < Brr log, (1+ RlF\ 2 (2|) 2] ) (10)
LQ‘]’LQ | +G'RF
I hRF2 (2)
r$?) < Brrlog, ( % : an
RF

III. PROPOSED PROTOCOL AND OPTIMIZATION
FRAMEWORK

We consider that before transmission, the VLC AP is
updated with the requested messages z; of all UEs. Next, the
AP splits RF UE’s message z3 into three parts, i.e., xﬁ{%, m%
and x93 and then adds them to the VLC UEs’ messages. To
this end, the AP transmits —|—x( ) +z(1 ?)) and x2 +x2 3 to Uy
and U, respectively, in a dynamlc TDMA way. The downlink
timeslot is split into three parts 7, where k € K £ {1,2,3}
and it holds that

+mn+m<1l 0<7 <1 (12)

e During T1: The first VLC UE receives and decodes
with rate RY"C the message 2, + x(l) (2) . Taking
into account that these messages are 1ndependent and
considering that the transmitting data rates should not
exceed the VLC link’s achievable rate, the following
constraint arises

ri+ s+ ) < nRYMC, (13)

o During 19: Uy performs the same receiving process as U

did before. Thus, it holds
ro + 123 < ToRYC. (14)

Simultaneously, U; relays via RF link the message :1:( )
The achievable rate should not exceed the RF lmk ]

capacity, hence we require
ri3 < R (15)

e During 73: Both VLC UEs are transmitting via RF link

to the third UE utilizing RSMA. More spemﬁcall%f
splits x93 into two parts, denoted by x and mz and
(14) can be rewritten as

ry + 199 + 153 < T RYLC, (16)

in order to ensure that Us received them during the
previous timeslot. According to the considered RSMA
scheme, (9), (10), and (11) are rewritten as

Lo|hy* [* Py
Lo|hEF 2 P+ Ly [BEF 2P +ofe /)

33 T3 Brr log, (1+
17
LR R\ o
Lo|h5F 2P + 03y )
Lo|hBF 2P(2)
2hs [P Py a9

’ré?g < TgBRF 10g2 <1 + 02
RF

r{%) < 7 Bry log, <1 +

To this end, we formulate an optimization problem aiming
to maximize the minimum rate of the considered system and
we propose a low complexity solution for it.

max R, (20)

r,P,7,Rmin
s.t. Cl
Ca i +7”( ) +7‘£ ) < TzR;]LC,
Cs: 7’513 < TQRR‘F
Cq: (17), C5:(18), Cg: (19),
Crim+m+1m<1,
Cs: r§13 + 7"(2) + 7“(1 + 7’(2) > w3Rmin,
C9 LT 2 wiRmin, 1€ {172}7
Cio : PyvLc < PTG,
1 2 max
Cu: PR+ P < P
Cro: PIY, P < PRE,
where r = [r;,7%)], P = [Pypc, B3], 7 = [n] and
the weighting factors w; are introduced to model the UEs’
priority. This program is non-convex. The main issues are
the expressions of C; — Cg, where 7, are multiplied with
logarithms. Squared term of VLC transmission power Pyi,c
and the uplink RSMA rate expressions also contribute to the
non-convexity. We aim to transform (20) to an equivalent

convex problem, in order to solve it in polynomial time. Thus,
we apply the following transformations

4 7,(1) (2) < TlRYLC7
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Rupin = effmin, ri=¢€", i€1,2,
) ) 7
rqg):ez,d, T = €7k,

@
PyLc = \/pVic, P =eris, if PLY) # P{Y).

After some algebraic manipulations, problem (20) can be
written as

max e Bmin (1)
r,P,7, Ruin
Fi—T1 4 A= 4 AT VLC
st. Ci:e +e3T T 4T < RY

P =(1) _ = =(2) _ =~
Cg . pf2—T2 _|_e’°2,3 To _"_61“2,3 To S R;/LC

(1)~
Cz:efs ™ < RYF
A1)

Cy : log(2™ /5w — 1) — log(Ly [hEF 2)
+ log( Lol hEF %555 + Ly |REF 267 4 02p)
- pgg <0

Cs - 1og(26”*3*;3/BRF — 1) — log(Lo|REF|2)

(2)
+log(La|h5TF P23 + ofp) — p*y <0

72z
Cg : log(2¢ 227"/ Bre _ 1)

— P +log(ofe) <0

Cr:et+e?4+e? <1

P R GO R ) .
CS 613+613+623+623>w36 'min
Cog : Rpin + log(w;) —7; <0, € {1,2}
Cio : pvirc < (PYFE)?

) @
Cll

ePz3 4 eP23 < PREX
Cyo . PU epL3 < pmax
12 - £1.35 — *RF -

— log(La|h3™|?)

Here, Cq, C5 and Cjs are convex, since their left-hand sides are
sum of exponential functions and their right sides are concave
as logarithmic functions. The Hessian matrix of the first term
of Cy is given by

Lo
| oy orsom | { q —q}
H= o 5% i P (22)
975071 o7}
It can be shown that the eigenvalues of matrix H are
29glog(2)(27 — glog(2) — 1)
v =2q =
(29 —1)? (23)
U2 = 07

where g = €257 73 / BRF-

Taking into account that ¢p = 29 — glog(2) — 1 is an
increasing function of g, and when 1*2?3 — T3 =+ —00, g —0
and @ — 0, it can easily be proven that v; > 0. This leads
to the conclusion that the first term of Cy is convex and
considering that the rest terms are a log-sum-exp term and
an affine one, C4 is proven to be convex. With the same
procedure, it is also shown that C5 and Cg are convex. Cy

and Cy; are convex as sum of exponential terms and the rest
constraints, i.e., Cg, Cyp, Cy2, are convex as they contain
only exponential and affine terms. The objective function has
now been transformed into a convex one, but since (21) is
a maximization problem, it needs to be concave. Thus, we
consider maximizing Rmin, which is equivalent to maximizing
effmin gince its an increasing one-by-one function of Rmm.
Also, Cg is still non-convex, but it can be written as difference
of convex function as follows

T

Rmin _ o133 _ oT1)3

Cg : wie —e" Y ng <0. 24)

Following that, we can solve the optimization problem in a
tractable way, utilizing the successive convex approximation
(SCA) iterative algorlthm We first appr0x1mate Cg’s concave
part, ie., f.=e'L 3 + s + e + e % with its first order
Taylor expansion as

of! (1, Of! (),
)( 1,3 TE,?),j)_F (2) (T _Té,PZj)
7"1,3 orys (25)
ff )y gy, O o @
+ =0 (Fo 3 —T23") + NE)) (T3 —T33"),
87“2,3 T2,3
of

where j is the iteration index of SCA algorithm and fJ, =
or(’3

are the evaluations of f,. and (A) , respectively, at r( ):J . This

approximation enables the convers10n of the non-convex part
of Cg into an affine one making it convex. After the equivalent
change in the objective function and the linearization of Cg,
the optimization problem can be re-written as

mag( Rmin (26)
r,P,7, Riin
~ ~ ~(1 ~ ~(2 ~

s.t. Cl s e +e7>§)%771 _,'_erg.%fn S RYLC
Cy: e 72 1T +6f§?§—%2 < RYLC
Cs: efﬂ%_%z < RRF

73

G log(2e™ /B _ 1) log (L [h*]?)

+ log(Lo|REF 6P + Ly|hET Pebis + o)
—pglg <0
@)
Cs :log(2 " /Pmr — 1) — log(Ls|hy™|?)
@)
+log(La|hEF[2er23 + o) — pi%) < 0
72)_#
Cg : log(2° 207"/ Bre _ 1)
— pi’} +log(ofp) <0
Cr:e™ + e +eP <1
~TF <0
Cy : Rmin + log(w;) — 7 <0
Cio : pvrc < (PH)?
Ci1: ePes + ePia < PR
Cio: Py, ePih < pmax,

— log(La|h3™[?)

Cs : wse Rumin
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Algorithm 1: SCA Algorithm
Initialization: Set the initial point zy. Also set
iteration index j = 0 and the convergence accuracy e;

while Csca > € (for given €) do
Calculate an optimal solution z;4; of problem (26);
Let Csca = [|2; — zj+1l[2:
JeJ+ L

end

Result: optimal 2",

which is a convex one and it can be solved by standard
convex procedures. We define z = [r, P, 7] as the set of the
optimization variables. According to SCA iterative procedure,
we first set an initial point defined as zp for j = 0. Next,
we solve (26) utilizing conventional convex optimization al-
gorithms (such as interior-point) iteratively and we obtain the
solutions z;1. In each iteration, we update the index j = j+1
and we calculate the convergence value Csca = ||z —2j+1]|2-
We break when we reach the convergence criterion defined
as Csca < €, where € denotes the desired accuracy. This
procedure is presented in Algorithm 1.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, numerical results from Monte Carlo simu-
lations are presented and discussed. The results are obtained
with the use of 10* realizations of UEs’ random locations.
SCA algorithm’s accuracy e is set equal to 1075, Unless oth-
erwise stated, the parameters of the simulation are presented at
Table I. It is noted that the radii of the coverage areas are con-
sidered as Dyr,c = L X tan (\IJFOV) and Drr = Dvyr.c + 1.5
measured in meters. Additionally, bandwidths of VLC and
RF subsystem are normalized fulfilling the equality Byrc =
4BRy.

TABLE 1
SIMULATION PARAMETERS
Parameter | Value || Parameter | Value
PRF 200 mW a2 10~16
A, 1 cm? o%n 1013 Bgrp
L 15m Ty 1
¢ 2 YRoy /3
ne 1.5 @,y /3
n 0.53 A/W

In order to compare the proposed protocol with a more
conventional scenario, a benchmark scheme, where no RF
transmission takes place during 7, is considered. According
to this benchmark, Us receives the entirety of its message
via uplink RSMA during 73. Benchmark scheme is optimized
following the same steps as in the previous section. In addition,
two network QoS configuration cases are investigated. Case 1
denotes the scenario where all UEs have the same requirements
(i.e., w; = 1/3), while case 2 stands for prioritizing the QoS
of Us. For case 2, the weight settings are w; = we = 1/6 and

The superiority of the proposed protocol over the considered
benchmark is clearly presented in Fig. 2 for both cases. In

T
—®— Protocol case 1
—e— Protocol case 2
—®— Benchmark case 1
—e— Benchmark case 2

e
-

L

0.2 0.4 0.6 0. 1.0
PYIE (W)

Fig. 2. Rpin vs Py for case 1 (w; = 1/3) and case 2 (w1 = wa = 1/6,
w3 = 2/3).
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more detail, in this figure, the optimal R,,;, with respect to

vie is investigated. UEs are able to achieve better spec-
tral efficiency in an equal weight configuration (i.e., case 1).
More specifically, the proposed protocol offers around 36%
improvement in minimum spectral efficiency for 1 W of trans-
mit power over the benchmark scheme. For case 2, where Us’s
performance is prioritized, a similar trend is observed. The
proposed protocol outperforms the benchmark significantly.
To be more precise, the proposed protocol requires less than a
fifth of the transmitted power to achieve a minimum spectral
efficiency of almost 29 bps/Hz. For transmit power of 1 W, the
proposed protocol offers around 30% better spectral efficiency
than the benchmark.

60
R —
\4\‘

50

40 ——

7 (%)

204 & 1
A g
04 4 ©
Proposed Protocol S
Benchmark /Jl/‘
0 ——
0.2 0.4 0.6 0.8 1.0

Pyic (W)

Fig. 3. Comparison of the optimal time portions for case 1 (w; = 1/3)

In Fig 3, the optimal time allocation is illustrated with
respect to PYS in case 1. Interestingly, over 90% of time is
allocated to the first two timeslots. while for the benchmark all
timeslots have similar duration. For this setup, the optimality
is nearly achieved when the RF UE is served by one VLC UE
at a time, not simultaneously. This fact is an advantage of the
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Fig. 4. Comparison of the optimal time portions for case 2 (w1 = wg = 1/3,
w3z = 2/3)

non-interfering coexistence of the two technologies.

Finally, the time allocation of the proposed protocol is
illustrated in Fig 4, prioritizing Us, according to case 2. The
duration of RF transmission via only one VLC UE is steady,
while the simultaneous transmission utilizing RSMA increases
while more power is consumed by the VLC AP. It is worth
noting that, in the benchmark scheme, since it is not allowed a
user to access the RF channel exclusively, the system is forced
to allocate bigger portion of time to the RSMA broadcast.

V. CONCLUSION

In this paper, the possibility to extend the coverage of a VLC
network has been examined through the use of cooperative
RF relaying between UEs. In more detail, a pair of VLC
UEs can utilize an RSMA inspired scheme to forward via
RF links a message intended for a third UE, which is located
outside the VLC cell coverage. The proposed protocol has
been optimized aiming to maximize the weighted minimum
achievable rate in the system, i.e., to fulfill the QoS constraints
of the UEs and simulation results have been obtained to
evaluate its performance. Ultimately, the superiority of the
proposed protocol has been proven by comparing it to a
benchmark scheme for a variety of system parameters.
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