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Abstract—Optimizing the energy efficiency (EE) of wireless
networks, is one of the key priorities in the design of beyond 5G
mobile technologies. In this pursuit, the use of new frequency
bands, in combination with advanced multiple access protocols
and cooperative communications strategies, has recently shown
promising results. To this end, this paper investigates an indoor
wireless network that aggregates communication resources in
visible light and radio frequency (RF) bands, taking advantage of
the complementary advantages offered by each of these wireless
communication technologies. More specifically, a non-orthogonal
multiple access (NOMA) scheme is introduced in the visible
light communication (VLC) downlink, such that cell-edge users
experiencing a weak signal over VLC reinforce their aggregated
data rate with the aid of cooperative communications over RF
sidelinks (i.e., device-to-device). The optimal resource allocation
over both VLC and RF bands is derived aiming at the EE
maximization based on Dinkelbach’s algorithm and successive
convex approximation. Additionally, for the sake of flexibility, a
weighted EE metric is proposed for the characterization of the
aggregated VLC/RF network performance. Simulation results are
provided to validate the proposed analysis, revealing the impact
of various design and system parameters, such as the weighting
factors, quality of service requirements, and channel conditions.

Index Terms—Visible light communications; Resource alloca-
tion; Energy efficiency; Aggregated VLC/RF networks; Cooper-
ative NOMA; Sidelink communications.

I. INTRODUCTION

Conventional radio-frequency (RF) communications deal
with the looming spectrum scarcity crisis due to the ever
increasing number of devices requesting wireless connectivity,

K. G. Rallis and V. K. Papanikolaou are with Wireless Communication and
Information Processing Group (WCIP), Department of Electrical and Com-
puter Engineering, Aristotle University of Thessaloniki, 54 124, Thessaloniki,
Greece (e-mails: konralgeo@ece.auth.gr, vpapanikk @auth.gr).

P. D. Diamantoulakis and S. A. Tegos are with the Department of Applied
Informatics, University of Macedonia, 54636 Thessaloniki, Greece (e-mails:
padiaman@ieee.org, sotiris.a.tegos@gmail.com

A. Dowhuszko is with the Department of Information and Communica-
tions Engineering (DICE), Aalto University, 02150 Espoo, Finland (e-mail:
alexis.dowhuszko @aalto.fi)

M.-A. Khalighi is with Aix-Marseille University, CNRS, Centrale Marseille,
Institut Fresnel, Marseille, France (e-mail: ali.khalighi @fresnel.fr).

G. K. Karagiannidis is with the Wireless Communications & Informa-
tion Processing Group (WCIP), Aristotle University of Thessaloniki, 54124
Thessaloniki, Greece and with the Cyber Security Systems and Applied Al
Research Center, Lebanese American University (LAU), Lebanon (e-mail:
geokarag @auth.gr).

This work was based upon work from European Union’s Horizon 2020
COST Action CA19111 (European Network on Future Generation Optical
Wireless Communication Technologies, NEWFOCUS).

This paper was presented in part at the 17th Int. Symp. Wireless Commun.
Systems (ISWCS) [1].

in particular in IoT applications, which also request for higher
amounts of data traffic to be transported without a linear scal-
ing on the energy that is consumed. More specifically, Ericsson
forecasts that a smartphone’s monthly usage will be about
35GB by the end of 2026, and that majority of this mobile
traffic will be generated indoors [2]. Moreover, according to
Cisco [3], video devices will considerably increase as well,
creating a multiplier effect on the data traffic to be supported
by future mobile networks. To tackle this issue, academia and
industry have shifted their attention to unexploited parts of
the electromagnetic spectrum, especially in situations where
connectivity issues may hinder the development of novel ap-
plications that will shape the landscape beyond 5G (B5G) [4].

Within this context, optical wireless communication (OWC)
has been recently considered as a complementary technology
to RF-only communication systems. More specifically, visible
light communication (VLC), which uses the abundant and
unlicensed bandwidth that is available in the visible spectrum,
has shown potential to support a significant part of the new
indoor traffic that will be generated B5G. In this sense, VLC
is considered as a promising technology that makes use of
light-emitting diodes (LEDs), as high energy-efficient light
sources, to offer both communication and illumination services
simultaneously. Other advantages of the VLC technology
include the high physical layer security and the possibility of
using a high frequency reuse factor, since visible light signals
do not penetrate opaque objects such as walls. Nevertheless,
since line-of-sight (LoS) can be easily interrupted by the
movement or rotation of the user device, VLC networks can
often experience link outages [5]. Since VLC does not interfere
with RF signals [6], the study of wireless networks combining
both technologies has become notably attractive due to the
complementary benefits of each of them has [7]. This consti-
tutes the key idea behind hybrid VLC/RF wireless networks,
which can be further categorized into aggregated and non-
aggregated according to the approach that is used to combine
communication resources in both frequency bands [8]. In brief,
aggregated VLC/RF networks utilize both VLC and RF to
receive information simultaneously over both bands, making
decisions in a much faster scheduling time interval scale which
resembles the carrier aggregation concept of 3GPP [9]; in
contrast, non-aggregated VLC/RF networks use only one of
these technologies in a much longer time scale, with the aid of
a specific time switching mechanism that resembles a vertical
handover operation between the two networks [9].

The interplay between VLC/RF technologies and other



promising enablers of BSG wireless access, such as the use of
non-orthogonal multiple access (NOMA), is critical for the im-
provement of key performance indicators (KPIs) related to the
massive connectivity of devices and the spectral efficiency of
point-to-point wireless links [10]. The advantages of NOMA,
when compared to the conventional orthogonal multiple access
schemes, have been demonstrated in several recent works [11],
[12] and experimental studies [13], validating its use as a
promising multiple access method for VLC networks. Note
that specific degrees of freedom of VLC networks, such as
the reception angle, can enhance the performance of NOMA
even further. Meanwhile in the design of such schemes, energy
efficiency (EE) should be considered as a critical criterion [14],
as the network/device energy consumption per transmitted bit
needs to be reduced due to both environmental and economic
reasons [15].

A. State-of-the-Art

Recent papers have extensively investigated different ap-
proaches to improve the EE of hybrid VLC/RF networks. In
particular, for non-aggregated VLC/RF networks, a plethora of
use cases and scenarios have been considered so far in [15]-
[19]. For example, in [15], the power consumption of a hybrid
VLC/RF network was minimized while fulfilling the data
rate request of users and maintaining the illumination level
requirements. Moreover, in [16], the use of power line com-
munication (PLC) backhauling for a hybrid VLC/RF system
was considered, studying the optimal resource allocation to
maximize the sum-data-rate of users under the assumption of
both perfect and imperfect channel state information (CSI).
The authors in [17] minimized the power consumption of
both VLC and RF APs while verifying a target link outage
probability constraint. Similarly, the data rate maximization
of a VLC AP that provides simultaneously energy harvesting
and RF relaying services to users in a cooperative fashion was
considered in [18]. Also, cooperative hybrid VLC/RF systems
with simultaneous lightwave information and power transfer
(SLIPT) were studied in [19], where the authors proposed
a cognitive-based resource allocation policy and introduced
bounds for the harvested energy.

Although a number of works have also considered the
design of aggregated VLC/RF networks, to the best of the
authors’ knowledge, they are not as extensively studied as the
non-aggregated setups. For instance, the authors of [20] proved
the non-surprising superiority of the aggregated over the non-
aggregated approach in terms of the average system delay.
Also, in a proof-of-concept experiment reported in [21], it was
shown that the the use of VLC/RF aggregation has potential to
enable a three-fold gain on the average achievable throughput
with respect to the client-server distance. When considering
the use of a PLC backhaul for VLC APs, the authors of [22]
optimized the allocation of communication resource to maxi-
mize the EE of a PLC/VLC/RF network, while the authors in
[23] defined as aggregated RF/VLC system the one that uses
cellular RF links and wireless VLC links to offer connectivity
to outdoor and indoor users, respectively. Moreover, in [24],
self-adaptive medium access control protocol was proposed to

find a convenient trade-off solution between network delay,
energy consumption, and probability of collision, while im-
proving the overall data rate of the VLC/RF network. However,
although the authors claimed to study an aggregated VLC/RF
network, they actually focused on a non-aggregated one, since
uplink was implemented exclusively over RF and downlink
over VLC, respectively. In contrast, in [25], APs that operate
in both bands in downlink were utilized and the optimization
of EE was studied, while in [26] a similar approach based
on 802.11 MIMO was investigated for defining an aggregated
VLC/RF network.

Regarding the utilization of NOMA for VLC, it has been
extensively studied in the context of non-aggregated VLC/RF
networks [27]-[32]. Specifically, aiming at solving the optimal
user grouping problem, the use of coalitional game theory
was considered in [27]. Moreover, the performance of a
cooperative hybrid OWC/RF relay network with NOMA was
examined in terms of outage probability in [29], utilizing
for this purpose a cross-band selection diversity combining
scheme to improve the overall system performance. In [30] and
[31], power allocation and user pairing were further studied in
a cooperative setup similar to the one in [29]. Also, in [32],
cooperative diversity over RF links was utilized to improve
the link reliability and to boost the outage performance of
a NOMA-based VLC system. However, it is obvious that
NOMA has not been investigated in the context of aggregated
VLC/RF networks.

B. Motivation and Contribution

The aggregation of data rates in NOMA VLC systems
with cooperative RF sidelink communications is crucial to
capitalize the complementary advantage offered together by
both wireless technologies. When compared to non-aggregated
VLC/RF systems, multi-link operation in a hybrid system
using the aggregated approach can be utilized to provide more
degrees of freedom to find a suitable trade-off betweenhigh
data rate delivery and power consumption (or EE). It is
important to highlight that the concept of aggregated VLC/RF
networks varies notably in this paper with respect to the
literature, since both wireless communication technologies are
used simultaneously in every user’s terminal. To this end, the
main contributions of this work can be summarized as follows:

« Firstly, an aggregated transmission protocol is proposed
based on VLC NOMA and cooperative RF (sidelink)
communications. Here, the cell-center user acts as a
decode-and-forward relay, receiving the information over
the VLC link and forwarding part of it over an RF
sidelink. Then, the cell-edge user can aggregate the infor-
mation received over both VLC and RF links, enhancing
its performance.

e A resource allocation problem is formulated aiming at
maximizing the EE of the considered VLC/RF network
using the proposed cooperative NOMA protocol, while
fulfilling the quality of service (QoS) requirements of the
users and taking into account power consumption con-
straints of the VLC/RF network. The formulated problem
is solved using Dinkelbach’s algorithm, the difference



of convex (DC) structure of the resulting optimization
problem, and successive convex approximation (SCA).

« Simulation results are presented to prove the superior-
ity of the proposed cooperative NOMA protocol versus
benchmarks that do not use NOMA and/or cooperative
sidelink communications. Moreover, the effect of the
weights of the EE and the RF channel is investigated,
while the utilization of the RF link is examined for
different user requirements and RF channel quality.

C. Paper Structure

The rest of the paper is organized as follows: Section II
presents the system model and the formulas that have been
selected to model the achievable data rate on both VLC and RF
links. Section III proposes the aggregated VLC/RF protocol
based on VLC NOMA and RF sidelink. Section IV derives
the algorithm to optimize the EE of the proposed cooperative
NOMA protocol, whereas Section V presents the numerical
results with their detailed interpretation. Finally, conclusions
are drawn in Section VI.

II. SYSTEM MODEL

The system model for the hybrid VLC/RF system in the
downlink direction of communication is shown in Fig. 1, and
consists of one VLC-AP and two users U; and U,. Without
loss of generality, the VLC-AP is placed at a height of L with
respect to the height of the users, and user U; (cell-center
user) is closer to the VLC-AP when compared to Us. The
location of user with index i is described by polar coordinates
(pi,w;), where p; is the distance from the reference point and
w; is the angle from the reference direction. Without loss of
generality, the reference point is in the horizontal plane that
contains both U; and Us, just below the VLC-AP, and the
reference direction points north on the same horizontal plane.

The position of U; is uniformly distributed on a circular
disk of radius Ry, whereas the position of Uy is uniformly
distributed on an annular area bounded by inner radius R,
and outer radius R,, respectively. The VLC-AP uses NOMA
to handle simultaneous data transmission to both users. In
order to improve the data rate of cell-edge user Us, cell-
center user U; further acts as a decode-and-forward (DF)
cooperative relay, receiving information on the VLC downlink
and forwarding it to the final destination over an RF sidelink.

We note that proposed system model can be extended for
the case of more than two users. However, since this can add
significant signal processing complexity at the receivers that
perform successive interference cancellation (SIC), with the
potential to introduce error propagation due to failures in the
symbol detection phases, user pairing can be used instead. To
this end, the network can provide wireless access to more than
two users at any time by grouping one cell-center with one
cell-edge user in a pair, and applying an orthogonal multiple
access (OMA) scheme on top of that to serve user pairs,
e.g., time division multiple access (TDMA) and/or orthogonal
frequency division multiple access (OFDMA). Note that since
the size of a VLC cell is relatively small (i.e., only few meters),
only few users will participate in the pairing process described

—»VLC {7} LED
— RF Viny
o, ¢2

x[(f’): Message via link a
to user b

Xy = xéz)

Fig. 1. System model to implement the proposed cooperative VLC NOMA
protocol. Cell-center user (U;) performs SIC to recover its own message
and the message to be forwarded over the RF sidelink. Cell-edge user (Us)
aggregates the data rate from its own VLC reception (no SIC) and the sidelink
communication.

above. In addition, the speed at which the sum data rate
performance gain NOMA grows tends to be reduced as the
number of users participating in the scheme is increased.

A. VLC NOMA Transmission

We consider that intensity modulation and direct detection
(IM/DD) is used with NOMA signaling over the VLC down-
link. In this situation, the transmitted signal becomes

x = Pra1+ Py xo, (D

where P, P, are the transmitted optical power allocated to
U; and Us, respectively, and z;, xo are the corresponding
messages in the electrical domain. To maintain illumination
levels while verifying eye safety and hardware constraints, the
maximum transmitted optical power is limited to PYLC, i.e.,

max °?

P+ P, < PVLC, )

max

Then, the received message at user U; can be expressed as

Yi = npp by T + Ny, 1=1,2, 3)

where 7pp is the photodetector (PD) responsivity, h; is the
DC-gain of the VLC channel from the AP and the user with
index 4, and n; is additive white Gaussian noise (AWGN).
Assuming a LoS condition in the VLC link, we have that

m+1

h =22
27 d?

App cos™ (i) T(i) (i) cos(vhi), ()
where App is the sensitive area of the PD (which is the
same for both users), ¢; and 1; denote the irradiance and the
incidence angles for user U;, respectively (see Fig. 1), while
m 18 the Lambertian emission order, which is defined as

m = —In(2)/In( cos(®1/2)), %)

where ®,,, being the transmitter semi-angle at half-
power. The distance between AP and user U; is given by
d; = \/m, where p; is the radial coordinate of the user
and L is the height at which the VLC-AP is placed. T'(1);)



and ¢(1);) denote the gains of the optical filter and the optical
concentrator, respectively, i.e.,

1/2
g(ths) = 4 5 T 0<% < Vpov
0, i > Vpov

where U,y denotes the field-of-view (FoV) of the PD placed
at the VLC receiver and v is the refractive index of its lens.

Without loss of generality, we assume that the PD of each
user is pointing upwards, verifying ¢; = ;. Then, using polar
coordinates to represent distances, the VLC channel gain from
the AP to the user U; becomes

_ AT()g(¥:)

m+1)C; L™*!
( ) m-+3 ) O’L - 45_ - (7)
(07 +12)% T

According to the power domain NOMA principle, the cell-
edge user Us decodes its own message with an achievable
data rate RY by treating the message for U; as noise. At
the cell-center user U;, where the received VLC signal is
stronger, the message of Us is first decoded and removed
via SIC. Here, the rate at which user U; can decode the
message intended to user Us is denoted by RY ;. Following
this, U; decodes its own message without interference with an
achievable data rate equal to R}". Due to IM/DD is utilized in
the downlink direction, the standard Shannon formula cannot
be used to evaluate the channel capacity since there are
additional constraints to be verified, such as the non-negativity
of the electrical signal that modulates the optical intensity of
the visible light and the constraint on the maximum optical
transmit power emitted by the LED. Instead, using a lower
bound of the corresponding capacity region, the corresponding
maximum achievable rates are given by [33]

; (6)

hi =

2

R;/%l:BU 10g2 1+ (T]hlp2) 5 _€¢7 (8)
((nh1P1)2+90'2) (1 + 6“)
hy Py)?
V_ g1 (1 (nh1 Py )_

R 82 +9O'2(1+6H)2 4 ©)

ha Py)?2
RY = B, 1 (1 (nh2 Py )— (10
2 082 \ 1+ ((nheP1)?+902) (14¢,)? €,(10)

where B, is the electrical bandwidth of the VLC signal, o2
is the noise variance, and €4 = 0.016, ¢, = 0.0015.

B. Sidelink RF Transmission

During RF transmission, the baseband equivalent received
signal at cell-edge user Us is given by

Yr = \/ Lrr Prr hrF TR + NR, (11)

where Ly, Prr, Tr and ngr denote the path loss attenuation,
the available RF power for retransmission at user Uj, the
transmitted signal intended to user Uz, and the instantaneous
noise at the RF receiver of Us, which is statistically modeled as
AWGN with zero mean and variance 0%, respectively. Without
loss of generality, we consider a Rician fading model for the
fast fading coefficient of the RF sidelink channel hgg, which
follows the Rice distribution with parameters K., denoting
the ratio of the power of the LoS component to that of the

multipath reflections received through non-LoS propagation,
and (2, denoting the total sum received power from LoS and
non-LoS components.

Given the considered scenario and using the polar coor-
dinates for the positions of users U; and Us, the Euclidean
distance between the two users can be calculated as

drr = \/P% + p3 — 2p1p2 cos (62 — 61),

where 0; and 65 are the angular coordinates for the positions
of users Uy and Us, respectively. Regarding the path loss atten-
uation, we consider the formula L} = L3P —10¢ log; o (%)
which gives the value of the attenuation in dB, where ( is the
path loss exponent, and Lg? = —68dB is the attenuation at
the reference distance dy = 1 m [34]. Then, using the Shannon
capacity formula, the achievable data rate for the RF sidelink

from user U; to user Us is given by
Lry Prr|hrr|?
R?F = BRF 10g2 (1 =+ —RF Rl;‘| RF| ),

9R

where Brr denotes the bandwidth of the RF signal.

(12)

13)

III. PROPOSED PROTOCOL

In this section, we propose an aggregated VLC/RF protocol
based on VLC NOMA and RF sidelink. As it can be seen
from (1) and Fig. 1, the VLC AP transmits the superposed
x, which contains z; and zo. We assume that x; is the sum
of Uy’s desired information azgl) and a part of Us’s desired
information denoted by m§2), while x5 contains a different part
of Usy’s desired information denoted by x§2). We note that the
way that :v(ll) and x(12) are separated at U; can be predefined
and shared between the AP and U;. A simple example of
operation can be that .7:%1) and .rf) are aggregated frames in
the single transmitted z;. It should also be highlighted that
3332) is independent from both xgl) and x§2>, thus U, does
not utilize selection combining scheme as in [1], but needs to
receive both x(12> and xg) in an aggregated VLC-RF signal.
To this end, the messages in the proposed protocol are given
as

(1) (2)

T =2 +xy7, (14a)

z0 =2, (14b)

With the assumption of point-to-point communication and the

. 1 2 .
independence of messages xg ) and x§ ), we can write

RV +RY <RV, (15)
where Rgl) and R?) denote the achievable rates of z\") and
xf), respectively. After decoding z;, U; separates xll) and

xf and re-encodes the latter to be transmitted via the RF
link to Us. Therefore, x§2) is relayed, according to the FD DF
protocol and the rate is limited by the RF link’s capacity, thus
it holds that

R{® < REF. (16)

Finally, U, receives its desired information a:gz) and xf)

via the VLC NOMA link and the RF link, respectively. As
stated in [35], the channel capacity of an aggregated VLC-RF



system is unknown, but we can obtain a lower bound for it.
Considering that (10) is a lower bound with the input following
the truncated Gaussian distribution and (13) is the classic
Shannon capacity with the input following the normalized
complex Gaussian, denoted by CN (0, 1), we can write

Ry = RYF 4+ RY. (17

Assuming that Us’s QoS requirements, denoted by R4,
must be satisfied, and combining (16) with (17) the following
constraint arises:

R® 4+ RY > Rpibr, (18)
Finally, U;’s QoS requirements, denoted by Rt constraint
can be written as

R > Ribr. (19)

Special Case: Non-aggregated Combining

As a special case to the aforementioned protocol, a simple
selection combining can be considered when either the pure
VLC mode is used without an operating RF link or the mixed
VLC/RF mode is used. Essentially, in this special case, either
Uy’s message is transmitted by the AP via the NOMA VLC
method or it is decoded and relayed by U; via the RF link.
This way, the message x; is not split and (18) can be written
as

R + (1 - qRY > Ry (20)
with
_ 0, for pure VLC mode, 21
1= 1, for mixed VLC/RF mode.

It is noted that in the mixed VLC/RF mode, U; decodes
Us’s message with achievable rate RY ,, since power domain
NOMA is used, thus the following constraint has to be fulfilled

RY ., > R, (22)

IV. ENERGY EFFICIENCY OPTIMIZATION

In this section, we define the EE of the considered network
and then investigate the resource allocation problem that max-
imizes it. In fact, EE expresses how effectively the available
power is utilized to achieve the desired transmission rates
and is measured in bps/Hz/W. Thus, EE can be defined as
the ratio of the network’s spectral efficiency to the total con-
sumed power. Here, we consider two weighting coefficients,
a € [0,1] and S € [0,1], which assist in adapting EE to
different scenarios. This way, the weighted EE is expressed as

. aR + (1-a) (R? + RY) o)

B BPLep + (1 - fB)Prr
where PLgp = P) + P, « is used to prioritize a user’s
throughput and f is used to focus on a specific power source.
Taking into account the QoS requirements for both users,
i.e., (18) and (19), and the expressions for the achievable rates,
as well as hardware and illumination constraints, described

in the previous section, we can write the EE optimization
problem as follows:
aR{V+(1-a) (R +RY )
Pl,Pz,PR,F,Rgl),R§2) BPLED+(1—B)PrF
s.t. Cy : RYY > Ribr,
C2: R + RY > R™,
Cs: R®) < RRF,
Cs: R +RY < RY,
Cs: P+ P, < PVLC

— max

Cg: Prr < PRF

— max?

max

(24)

where C; and Cy denote the QoS requirement constraints, Cs
is the RF link’s capacity constraint, Cy4 is the AP-U; link’s rate
constraint and Cj, Cg are the power consumption constraints.
It is noted that the SIC constraint, i.e., R} ,, > R4 — Rgz)
is always fulfilled, because of Cs and the fact that h; > ho
results in RY ., > RY.

The optimization in (24) is a non-convex optimization
problem. The reason of non-convexity is the existence of
logarithms with squared power terms in the expressions for
VLC achievable rates in (9) and (10). Additionally, the ob-
jective function has a fractional form. In order to efficiently
solve (24) in polynomial time, we need to transform it to
an equivalent convex one. Towards this direction, we first
introduce an auxiliary variable 75 subject to:

R <y < RY + R, (25)

This definition affects the objective function by removing from
its expression the non-convex term RY and replacing it with
the new variable ro. It also affects Co and introduces a new
constraint, C. To this end, (24) is modified as follows

QR§1)+(1—O()’I‘2

max BT A —
BPLED+(1—03) PrF
PlyP27PRF7R(11):R§2)aT2
1
st ¢y : RYY > Ribr,

C2 1o Z R%hr7

Cs : R < RRF

Cs: R{V + R < RY,
Cy: P +P < PVLC

— max ?

Ce : Prp < PRE

max?

C7ZT’2—RE2)§R¥.

(26)

Due to the fractional form of the objective function, we
utilize Dinkelbach’s algorithm for fractional programming,
which converges superlinearly [36]. This iterative algorithm
introduces a parameter u, which corresponds to the original
fraction, and solves an equivalent parametric program in order
to find the maximum wu. Specifically, considering the fractional
program max {U(z) = F(z)/G(z)}, Dinkelbach’s algorithm
solves the following equivalent parametric program:

H(u) = max{F(z) —unG(z)}. (27)

In iteration A, uy4; must be renewed, such that uy4; =
U(zx) = F(21)/G(2zx) until uyy; < e, where e denotes
the convergence accuracy. H(uy) is continuous, convex and
strictly decreasing in R. Note that 2™ is optimal if and only
if it is optimal for H(uy), where u is the only zero of H.



Dinkelbach also noted that if F' is concave and G is convex
and positive, this algorithm leads to a convex program. In our
case, F' = aRgl)—l—(l—a)rg and G = B(P1+DP)+(1—p)Prr
are both affine, continuous and positive functions. Thus, (26)
can be written as

max F (Rgl),m) —u;G(P1, P2, Prr)

st.  Cp:RY > R,
Cy 1o > RE,
Cs: R® < REF,
Ci: RV +RY < RY,
Cs: P+ P, < PYLC

max

C6ZPRF§PRF

max?

Criry— R <RY,

(28)

where z = [Py, Py, Par, B\"), R{?), r5] and u is fixed in each
iteration. Dinkelbach’s algorithm is presented in Algorithm 1,
where the outputs 2z and u™ denote the optimal resource

Algorithm 1: Dinkelbach’s Algorithm

Initialization: Set the initial point ug < ut, e.g.,
ug = U(z0) > 0 for some 2. Also, set iteration
index A = 0 and the convergence accuracy e;

while H(uy) > e (for a given ¢) do

Calculate an optimal solution z; of H(uy)
s.t. C1-C7 in (28);
Let uxt1 = U(zr);
A A+ 1;
end
Result: Optimal u™, 2+

allocation vector and the maximized EE, respectively.

Next, we have to deal with the non-convex constraints
C4 and Cy. For this, we apply the geometric programming
transformations P; = eP! and P, = eP2, which affects G, Cy,
Cs, C7 and z. It can be observed that this transformation does
not affect the convexity of G and Cs, but leads to a DC format
for C4 and C7. As a result unstable convexity issues of the
last two aforementioned constraints can be overcome, and the
problem can be solved in a tractable way. Thus, using (9), C4
can be written as

2(R(11)+R§2)+5¢)/Bu _ 1 — (pl) S O7 (29)
where v1(p1) = c1e?Pt and ¢; = %. Using (10)

and performing similar algebraic manipulations, C; can be
expressed as

log(2)

g (¢4 + )+ B¢

(7“2 - RY + 6¢>) —v2(p1,p2), (30)

2 e?r2 2 2
where v (p1,p2) = log (e P4+ 82), c2 = 90°/(nhz)
and ¢; = (1 + €,)? Therefore, C; and C; are now DC
functions.

To this end, we can use SCA procedure to approximate
the non-convex terms in each iteration by using first order
Taylor series approximation, which has been proven to have
linear convergence [37]. In [38], this method is considered as
an inner approximation algorithm for programs with convex

objective functions and a finite number of both convex and
non-convex constraints. It is noted that the approximating
functions must fulfill three properties for the algorithm’s
success, i.e.,

gor($> < gapp(x§xk> (31)
Gor (77) = gapp (23 2F) (32)
Agor(2%) /0 = Dgapp(z¥; 2%) /025, (33)

where g, represents any differentiable function and g, is
any convex function that approximates g.,. Also, k is the
iteration index for the SCA procedure. Moreover, Taylor series
approximation for a fixed point z* is given by the following

formula:
T{1,2} (z) ~ U{1,2}($k) + Vv{l,z}(xk)T(f - xk) (34)

and it can be easily proven, that (31)-(33) are valid. Replacing
v1 and vy with their closed-form expressions, we can write

ni(py) = T1 (pr:ph) = ere®t (14262 —2621) - (35)
and

va(p1,p2) = Ts (p1, p2; PY, P5) = va (p¥, p5)

dva (pi,p5) w |, Ova (pF,p5) "
+ — op (p1 —pf) +  opy (p2 —p5),
(36)
where 5 002
1
Bup |2 a7
op1 e 4 o te
d
an Ovs 2eP2?
= T (38)
Op2  cy(e?rr + % + ¢2)

are the first order derivatives of v, with respect to p; and po,
respectively. To this end, the considered optimization problem
can be written as

max aRM + (1= a)ra — up (B(ePr + eP2) + (1 — B) Par)

st Cp:R{Y >R,
CQ 1Ty > R%hr7
Cg N REQ) S RE{Fa
Cy s 2R +R 4e) /B 1 Ty (pys ph) < 0,
Cs: eP + P2 < PYLC

max ?
Ce : Prr < PRE,
Cr: log(e2p1 —+ 62) + %(TQ — Rgz) + €¢)
—Ta(p1, p2; P, §) <0,

(39)
which is a convex problem. As stated in [38], if (39) satisfies
Slater’s constraint qualification condition for convex programs,
SCA stops at a Karush—-Kuhn—Tucker (KKT) point of (28).
Considering that (39) is convex, it can be easily proven than
Slater’s condition is satisfied. Thus, in each iteration, we obtain
the global optimal values of z’/f“ until they converge. SCA is
presented in Algorithm 2.

The selection of a feasible initial point is an important issue
for the success of SCA [39]. Our goal is either to obtain
the initial z that fulfills both (29) and (30) or to show that

our problem is infeasible and stop the procedure. For this



Algorithm 2: SCA Algorithm

Initialization: Set the initial point 29\. Also, set
iteration index k£ = 0 and the convergence accuracy e;
while Cgca > € (for a given ¢) do
Calculate an optimal solution z];“ of (39);
Let Csca = [|z§ — 24713
k< k+1,

end
Result: Optimal (251)*

purpose, we formulate the power minimization problem of
the considered system to determine the feasibility, which is
presented below. If the solution satisfies the constraints C5 and
Cg of (24), we consider that (24) is feasible and its solution
can be used as initial point for the SCA procedure. To this
direction, the power minimization problem is formulated as

min B(ePr +eP?) + (1 — B) Pry
PLP%PR.F’R(lU:RgQ),m
s.t. C;: R+ RP < RY,

Cy:ry— RP < RY,
Cy: RYY < REF,
Cys: RV > RiPr,

C5 ) > R%hr.

(40)

Using the coefficient 6 € [0, 1] such that for the RF link’s
transmit rate it holds R§2) =0RY", e = Rgl) + Rgz) and
e~ "2 > Rghr —Rf), (40) can be equivalently transformed into

min B(ePr + eP2) + (1 — B)Prr
p1,p2,PrRF,T1,72,0
s.t. Cl : 72])1 — log(cl)

+log(2(¢" +e0)/Bv 1) <0,
Cy : log(e? + ¢2) — 2p2 + log(cs)
+log(2(€+e0)/Bv _ 1) <0,
C3 : ORY™ < RRY,
Cy:e MR pemgRMT <1,
Cs:e ™ ((1-0)RY™) <1,
CG :0 S 0 S 1.
(4D

Proposition 1: Considering a fixed 6, (41) is a convex
optimization problem.

Proof: The proof is provided in Appendix A. [ ]

Therefore, the most appropriate initial point is chosen from
the value of 6 and the corresponding solution of (41). To
determine the value of 6, we perform a complete linear search
in [0,1] with step jg and solve (41) at each step. Due to
its convex form, (41) can be efficiently solved with convex
optimization methods, such as the interior-point method, in
polynomial time.

After solving (41) and obtaining the optimal z; =
(7,75, p9,p8, Pig] for all 6, we first obtain the combi-
nation 6*,z;. which minimizes the objective function of
(41). Next, we check if the power consumption constraints
Cs and Cg in (39) are satisfied for p(f*, pg* and Pg;.
If they are not satisfied, we consider the problem infeasi-

ble. Otherwise, we obtain the initial feasible point zy, =
[R(l) Rfi)n, T2,in, P1,in; P2,ins PRF,in] as follows:

1,in>

~0*
Rg_%i)n e _ G*Rghr Rfl)n _ Q*Rghr

~0* *
Toin = €2 + 0* R Piin =D} (42)
P2,in = pg* Pryjin = P{{}.

The utilized algorithm is presented in Algorithm 3 which
provides the optimal values z*. Regarding the complexity of
the proposed algorithm, let ; denote the maximum iterations
of Dinkelbach’s algorithm and Ky the maximum iterations of
SCA procedure to verify the convergence condition. The worst
case complexity is O(K1K2N3), where A is the number of
optimization variables. Considering that a convex optimization
is solved to determine the initial point of this procedure, the
overall complexity is O(N3,) + O(K1K2N?3), where O(N3)
is the complexity of the interior-point method and N;,, denotes
the number of optimization variables of the initial point search-
ing procedure. If a different convex optimization method is
utilized with known complexity F(N'), the overall complexity
of the proposed algorithm will be F(N,,) + K1 Ko F(N).

Algorithm 3: Utilized Algorithm

Data: Simulation parameters and
hlv h27 hRFv Rﬁhr» Rt2hr
Solve the convex problem 41 to obtain zj.;

if el 4+ ¢l < PYVLC and PY. < PRE then
Use (42) to obtain z;,,;
Set ¢ = 0 and begin Algorithm’s 1 iterations;
Set k = 0 and begin Algorithm’s 2 iterations;
Obtain optimal zT
else
| Consider problem infeasible

Special Case: Non-aggregated Combining

As it is presented in Section III, the special case of non-
aggregated combining reduces naturally to a simpler problem.
More specifically, as (25) is plugged into (20), it leads to the
following expression

R < ry < qRY 4 (1 —¢)RY. (43)

The resulting problem falls into the category of mixed integer
non-linear programming. Since the integer variable ¢ of the
problem can only take two distinct values, the problem can be
simplified by performing a search on ¢, solving the resulting
problem with the rest of the optimization variables and then
choosing the optimal g. To further elaborate on this, for each



value of ¢, the ensuing optimization problems are presented
below. For ¢ = 0, (39) is transformed into

max aRW 4 (1—a)ry—uy (B(eP +eP2)+(1 — B) Pgr)

st. Cy: R\ > Rtbr

C2 1T Z R‘§hr7

Cy 1 2R 4e)/ By 1 Ty (pys ) <0,

Cy : ePr +eP2 < PYLC

Cs : log(e? + cp) + B2 (ry + )

_TZ(p17p27p17p2) < 0.
(44)

Respectively, for ¢ = 1, the consequent problem is

max aRgl)—i—(l —a)re —uy (B(ePr +eP?) + (1 — B) Prr)

st. Cy: Rgl) > R,
Cairg > Rghrj
1
Oy 2R +e0)/ By 1 — Ty (py;pk) < 0,
Cy: ePr +eP2 < PVLC
C5 : PRF Pmax’
Cs - log(e2Pt + ¢ )+ =% log(2) (ro +€p)
—T2(p1,p2aplap2) < 0
C7:10g( P14 (nh )2 —2p2

+e
+log ((l—l—eu) 2 m " - 1)) <0.

REhr

(45)

Problems (44) and (45) are both convex and can be solved
with conventional convex optimization methods. Note that in
both special cases, Algorithm 3 is utilized, but the resulting
SCA procedure’s constraints differ from the general case.

V. SIMULATION RESULTS AND DISCUSSION

In this section, Monte Carlo simulation results are presented
for the proposed algorithm for 10 samples of users’ positions.
The convergence accuracy e for the two iterative algorithms
are set equal to 1075, while the step j5 = 1072, For the sake
of simplicity, unless otherwise stated, we consider that users
have common QoS requirements, which we denote as Rthr —
R = RIP* The utilized parameters for the simulation results
are presented in Table I. It is noted that the bandwidth of the
VLC subsystem is given with respect to the one of the RF
subsystem as B, = 4Bp.

TABLE I
SIMULATION PARAMETERS

Parameter | Value || Parameter | Value
PYLC 750 mW a2 5 x 10722A2
PRE 200 mW o2 4.002 x 10~ 14W

Ro 15m T(1;) 1
RU 3 m ‘IIFoV 71'/3
L 2.15m @,y /3

v 1.5 Ay 1 cm?
¢ 2 n 0.5 AIW
K, 2.41 Q 1

The performance of the proposed aggregated approach is
compared with a conventional network setup, i.e., a non-
aggregated counterpart, considered in [1]. Since NOMA’s

superiority, especially in two-user networks, has been estab-
lished over standard orthogonal schemes, these cases can be
considered as a benchmark scheme. As such, in Fig. 2, we
present the comparison between the proposed protocol and the
benchmark schemes, namely pure VLC, where the RF link is
not used, and the non-aggregated hybrid VLC/REF, for the same
fixed values of « and (. It is evident that the proposed protocol
outperforms the two modes of the hybrid non-aggregated
model in [1]. For low QoS requirements, the proposed system
exhibits better performance as x§2> is decoded by U; without
interference, while for higher target rates the performance of
the proposed protocol converges to the one of the VLC-NOMA
transmission in [1].

10°

EE (bps/Hz/W)
=
(@]

1= Proposed Method
1 |—e— Mixed VLC/RF
—a— PureVLC

10*

R (bps/Hz)

Fig. 2. EE versus R*PT comparison between non-aggregated special cases
and aggregated approach for a = 8 = 0.5.

In Fig. 3, the EE is plotted versus the R*™™ for different fixed
values of the throughput tuning weight «. It is noted that the
different values of « highlight whether priority is given to
one user over the other in terms of the achievable data rate.
Setting 5 = 0.5 means that both power sources are equally
accountable for the energy consumption of the network. It
can be observed that, while « increases, higher EE can be
achieved for low QoS requirements, but it has no impact when
higher rates have to be achieved. Obviously, when priority is
given, it is easier for U; to achieve a higher data rate with a
lower energy consumption compared to Us. In Us’s priority
scenario, i.e., for a < 0.5, a lower EE is inevitable, due to
the degraded VLC channel conditions, (because of the larger
distance from the VLC AP compared with U;) or due to the
RF link utilization.

In Fig. 4, we set a = 0.5, so that both users have the same
priority and investigate the impact of 8. To provide further
insights, low values of 8 (i.e., 5 < 0.5) represent scenarios,
where the LED is also used for illumination and, thus, it
is not necessary to focus on its power consumption. It can
be observed that this scenario is the most energy efficient,
regardless of the QoS requirements. On the other hand, when
the indoor illumination is not needed, 8 can be set higher than
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Fig. 3. EE of the aggregated network versus R*P" for different o values.

0.5, to highlight the cost of VLC-AP. As expected, this turns
out to be the least energy efficient scenario.

10°

EE (bps/Hz/W)
=
(@]

10*

R (bps/Hz)
Fig. 4. EE of the aggregated network versus R*P" for different 3 values.

In Fig. 5, we set « = 8 = 0.5 and we investigate the
pure EE, without emphasizing either on achievable rate or on
energy consumption. In this figure, the impact of higher QoS
requirement of the cell-center user U; is illustrated. When
U; requires higher data rate, the overall network becomes
less energy efficient even for low target rate. Additionally,
since the power consumption increases and tends to exceed
permissible limits, i.e., PYLC and PRF | our network cannot
operate efficiently in the region above 10 bps/Hz.

In order to get further insight to the proposed ng)twork’s

7391@/ the
ratio between the rate of decoded and retransmitted data by
U; and the total achievable rate of Us. In Fig. 6, O is plotted

operation, we denote as RF link’s usage © =

10°
& 10°
g 10° -
2
i —=—R]"/R) =1
thr ythr —
—e—R}"/RY" =2
thr ythr —
——R"/RI" =3
thr ythr —
—+—R"RY =4
10* T
1 10

RI" (bps/Hz)

Fig. 5. EE versus R*M" for different QoS requirements and weight settings
a=p=0.5

versus R with o = 3 = 0.5. It can be observed that for low
target rates the RF link is exclusively advantageous, while as
the QoS requirements increase, VLC plays a dominant role in
providing service to U that has a weaker received signal.

100 L

50

0 (%)

—=—R"/R]"=1
—e—R}"/R}" =2
—A—R]"/R] =3

o4 ¢ RI'R)" =4

AN

RI" (bps/Hz)
Fig. 6. RF link usage versus Rghr for weight settings o = 8 = 0.5.

Following that, we define v = Lmlh‘i‘ﬂ in order to
investigate its impact on both EE and ©.'In Fig. 7 the un-
weighted EE is studied by setting o« = 8 = 0.5, as illustrated
in Fig. 6, and R*"™ = 10 bps/Hz is set. Fig. 7 highlights that,
while v goes higher, EE increases by 2 x 10* bps/Hz/W, which
means that a high RF channel gain contributes significantly in
the improvement of overall system’s performance. Finally, the
red curve in 7 illustrates the RF link’s usage ratio ® which
increases as the RF channel gain improves, in a similar manner

as the EE.
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Fig. 7. EE and © of the aggregated network versus average « for settings
a=f=0.5and R = 10 bps/Hz.

VI. CONCLUSIONS

In this work, we investigated an indoor aggregated VLC/RF
network with an RF relay link from a cell-center user to a cell-
edge one, aiming to improve the latter’s performance with
the assumption that the cell-edge user receives its message
from both VLC and RF links in an aggregated manner.
In order to maximize the EE of the network, a resource
allocation optimization problem was proposed, which was
subsequently solved by combining Dinkelbach’s and SCA al-
gorithms. The presented numerical results validated proposed
analysis and provided further insight into the impact of the
involved parameters in the aggregated system’s performance.
Future research will encompass the multi-cell extension of the
network, investigating interference management solutions, as
well as user scheduling methods.

APPENDIX A
PROOF OF PROPOSITION 1

In (40), we let r; = R%l) + RgQ) to denote the sum-rate
decoded by U; which cannot exceed RY and 79 =19 — Rgz)
the rate that Us decodes xg), which cannot exceed Rg It
should be highlighted that r; must be greater than R{"™ +
R?). Similarly, 7 should satisfy the QoS requirement for cell-
edge’s user VLC channel, so 75 > R4 — Rf) = (1-0)REbr.
Therefore, (40) can be written as

min BlePr +eP2) + (1 — B) Prr
p1,p2,PrF,71,72,0
s.t. Cl i < R‘l/v
Coy:79 < R‘Q/,

Cs : ORY™ < REY, (46)
C4 i Z Rtlhr + aRghr,

Cs:79 > (1 — H)Rghr,

C@ :0 S 0 S 1.

Considering a fixed 6, employing the geometric program-
ming transformations €' = r; and e"? = 7, and after some

algebraic manipulations, (46) is transformed into a convex
optimization problem as follows
min

_ B(e’ +eP?) + (1 - B)Prr
p1,P2,PrF,T1,T2

s.t. Cy: —2p1 — log(cy)
+log(2(¢" +e0)/Bv 1) <0,
Cy : log(e?Pt + ¢3) — 2ps + log(cs)
+log(2(¢™+ee)/By — 1) <0,
C3 : QRghr S RQRF,
Cy:e™ > R 4 OREPT
Cs:e™ > (1—0)RY.

(47)

In order to prove the convexity, first we rewrite C4 and Cs
in (47), respectively, as
Cy:RPe™™ 4 9RMe™™ < 1
Cs:(1 —)Rre™" < 1.

(48)
(49)

It can be observed that C4 and Cs are convex, since 6 and
(1—0) are positive. Moreover, C; and Cs consist of linear and
convex terms, i.e., log(e?Pt + ¢y) is convex as a log-sum-exp
term and log(2(¢"* +¢¢)/Bv — 1) and log(2(¢"*+¢¢)/Bv — 1) are
convex, because their second derivative with respect to 7y and
79, respectively, is positive, as presented below. The derivative

is calculated as
e;1v2 € 8;1’2 €
log(Z)Q%GFL2 (ZB:rd) e 102(2) B 1)
. (50
ETT (50)
27 By —1

B,

. . mﬂ 71 5 log(2) . . .
Considering that § = 27 5o —e™ > == —1 is an increasing
fufnction with respect to 712 and when 715 — —o0, £ —
25, — 1 > 0, because ;—t > 0. Also, Cg is affine, Cs is
convex due to the concavity of RYY. Finally, the objective
function is also convex as sum of exponentials, so the proof

is completed.
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