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ABSTRACT Visible light communication (VLC) is capable of satisfying the escalating data rate demand in
indoor scenarios. The lighting infrastructure may also be exploited in the downlink of a wireless local area
network (WLAN), where light-emitting diodes are used for transmitting information. The backhaul of VLC
access points (APs) constitutes a potential bottleneck inWLANs, especially in large roomswhere the number
of APs is high. Thus, an alternative reflection-based cooperative wireless system concept is proposed, where
no wired connections are required for connecting the APs. Then, its data rate analysis is developed based on
the signal-to-noise ratio attained. The results show that the performance of the cooperative wireless system
advocated closely approximates the performance of the traditional wired backhaul. Finally, we demonstrate
by using Jain’s index of fairness that the proposed scheme provides fair coverage quality for all users.

INDEX TERMS Cooperative transmission, joint transmission, relaying techniques, visible light communi-
cation.

I. INTRODUCTION
There is an ever-increasing demand for wireless data ser-
vices that ultimately requires new spectrum beyond the radio-
frequency (RF) [1] band. Visible light communication (VLC)
is a promising technique capable of simultaneously provid-
ing both high data rates and illumination. Since VLC uses
optical wavelengths, it does not interfere with RF systems
and its propagation can be controlled, whilst additionally
improving the physical layer security. RF and VLC systems
can work together and complement each other [2], creating
a heterogeneous network, as considered in the new mobile
communication standards [3], [4].

VLC typically uses intensity modulation/direct detection
(IM/DD), which means that the signals have to be real-
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valued and unipolar. Light-emitting diodes (LEDs) act as
transmitters, whereas photodiodes (PDs), which operate as
receivers, directly collect the optical power and convert it into
an electrical signal. Orthogonal frequency divisionmultiplex-
ing (OFDM) schemes have found their way into numerous
standards and have also been adapted to optical signals, lead-
ing to optical-OFDM (O-OFDM) schemes [5].

VLC has mainly been studied in indoor scenarios, albeit
there is also an outdoor solution in the open literature [6].
The light-fidelity (LiFi) concept was coined by Haas [7] and
refers to a fully networked VLC system, where light fixtures
are interconnected for providing Internet access to all users
in a room. Each light fixture serves as an access point (AP)
that creates a small-cell network known as an attocell net-
work [8], which is reminiscent of the femtocell concept [9].
However, the use of small cells tends to impose increased
inter-cell interference (ICI) in regions where more than one
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AP provides coverage. Besides, VLC suffers from line-of-
sight (LoS) link blockage events between the LED and the
PD. Several techniques have been proposed for mitigating ICI
in attocell networks and for providing coverage from more
than one AP in order to make LiFi realizable. Cheng et al. [8]
proposed joint transmission techniques for improving the
throughput, while fractional frequency reuse techniques [10]
were invoked for striking a compromise between the cell-
edge performance and the system throughput. As a further
development, space division multiple access (SDMA) tech-
niques were proposed for attocell networks in [11]. The
application of multiple-input multiple-output (MIMO) VLC
solutions was advocated for example by Zeng et al. [12]
and Azhar et al. [13]. Furthermore, some studies of cooper-
ative techniques have already been carried out for overcom-
ing the LoS-link blockage using on-off keying (OOK) and
direct current-biased optical OFDM (DCO-OFDM) in [14]
and [15], respectively.

However, all these techniques rely on a wired backhaul
that is often assumed to be ideal [16], i.e. lossless, noiseless
as well as instantaneous, which theoretically assumes having
unlimited capacity. Naturally, this is an unrealistic scenario.
A backhaul link is essential in cellular networks [17] either
for connecting base stations (BSs) as in Long Term Evolu-
tion (LTE) [18], or for linking BSs with a central controller
that manages the traffic as in the Global System for Mobile
communications (GSM) standard [19]. Thus, the study of
a backhaul link is crucial for realistically evaluating the
overall performance. A variety of wired backhaul techniques
have been proposed for VLC. For example, Song et al. [20]
implemented indoor broadband broadcast systems based on
a sophisticated combination of VLC and power line com-
munication (PLC), where they used the power line network
as the backbone. Ethernet-based VLC can also be employed
for providing connectivity to the fixtures, as Delgado et al.
demonstrated in [21]. Naturally, optical fibers may also serve
as the backbone [22].

However, the use of wired backhaul imposes an extra cost
and cabling infrastructure, resulting in an increased complex-
ity, especially when the network becomes larger, i.e., when
cell densification and cooperation is required. It has been
richly documented in [23] that a wired backhaul deployment
complicates the deployment of a LiFi network, although, nat-
urally, it would indeed improve the quality of backhaul com-
munication. Thus, practical wireless backhaul links have been
studied using RF systems [24] or free-space optical (FSO)
communications [25]. The installation of a LiFi system in a
room can be even more costly, if significant alterations to
the room are necessary to equip the light fixtures with LiFi
capabilities. To this end, the first treatise on the viability of
a wireless backhaul in LiFi systems was published in [23].
Furthermore, relay-assisted techniques were considered as
suitable alternatives to support the main link and improve the
system throughput. In this context, Narmanlioglu et al. [26]
presented a cooperative VLC system using an intermediate
light source that acts as a relay terminal. Na et al. [27]

FIGURE 1. Reflection-based relaying scenario.

proposed a relaying technique using an asymmetrically
clipped direct current biased optical OFDM (ADO-OFDM)
scheme to relay information and to transmit its own data
using odd and even subcarriers, respectively. Furthermore,
Kizilirmak et al. [28] investigated the bit error ratio (BER)
performance of a relay-assisted VLC system, where the main
light source on the ceiling and an additional desk light are
used.

In contrast to the existing studies, this paper proposes
a cooperative VLC system based on relay-assisted tech-
niques, where the signal-reflections gleaned are beneficially
exploited as relaying links. Relaying techniques were utilized
in [23], but 6 extra LEDs in addition to several PDs were
needed in order to build a mesh network. In our solution,
only a single additional PD is needed per AP, which reduces
the hardware complexity. This way, the knowledge of the
neighboring APs location or network topology is no longer
required, which would speed-up the deployment of a LiFi net-
work. This relaying-based principle makes our LiFi proposal
beneficial in the presence of blocking elements, which is a
common indoor scenario, because the system performance
remains satisfactory even in case of LoS blockage events.

This paper is organized as follows. Section II discusses the
system model. Section III carries out a downlink study where
signal-to-noise ratio (SNR) equations are derived for various
relaying techniques. Then, SNR optimization is carried out in
Section IV. SectionV presents a realistic squared-lattice sce-
nario and derives a performance bound. Finally, in SectionVI
we discuss the results obtained and in SectionVII we offer our
conclusions.

II. SYSTEM MODEL
Fig. 1 illustrates the reflection-based relaying technique pro-
posed. The system supports one source S, one selected relay
R and one destination (user) D. The source is the AP closest to
the destination and the relay selected is the neighboring AP,
which is closest to the user. The channels spanning from S
and R to D are represented by |HSD

LoS| and |H
RD
LoS|, respectively,

both with their corresponding non-line-of-sight (nLoS) paths
denoted by |HSD

nLoS| and |H
RD
nLoS| (see Fig. 1). Every AP is

formed by one LED and one PD, both having a vertical
downward orientation. The self-interference produced at R
is represented by the |HRR

| channel due to full-duplex trans-
mission and reception [1]. The relay R takes advantage of the
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FIGURE 2. Illustration of the channel impulse responses in a simple scenario, where the coordinates of the source S, relay R and destination D are
in meters [0.5; 2.5; 3], [3; 2.5; 3] and [1.5; 2.5; 0.75], respectively. Parameters: ρfloor = 0.6, ρceil = 0.8, W = 280 MHz, nref=1.5, ψFoV = 90◦,
φ1/2 = 60◦, Gf = 1, Ar = 8.72 mm2.

reflections produced by the floor
(
|HSR
|
)
to receive the signal

transmitted by the source S, to process it and forward it to
the destination D. As a worst-case scenario, only reflections
from the floor are considered, since not all the APs are located
close to a wall. Nonetheless, reflections from the walls could
readily be considered, which would make the relaying path
stronger. Although numerous contributions assume that wall-
reflections are negligible, they have been demonstrated to be
dependent on the specific material, finish, color and shade
of the surfaces [29], [30]. The field-of-view (FoV) at the
receivers is assumed to be wide enough for allowing commu-
nication among the S, R and D. In that way, the loss caused
by a LoS blockage at any link can be mitigated by exploiting
this relaying principle.

A. CHANNEL MODEL
The channel model is essentially determined by the front-end
devices (LED and PD) and the free-space transmission.
The frequency domain channel transfer function (FDCHTF)
between the LED p and PD q is formulated as∣∣Hpq[k]

∣∣ = |Hfe[k]| ·
∣∣Hpq

fs [k]
∣∣ , (1)

where |Hfe[k]| is the FDCHTF of the front-end devices in the
k-th subcarrier modeled as defined in Eq. (1) of [31] or Eq. (8)
and (9) of [32]

|Hfe[k]| =

√
exp

(
−
kW
KFfe

)
, (2)

where K is the number of frequency domain (FD) subcarriers
spanning the total bandwidthW and Ffe is the so-called band-
width factor that controls the FD characteristics. The free-
space FDCHTF

∣∣Hpq
fs [k]

∣∣ between the AP p and q is derived
from the channel impulse response (CIR) by the discrete

Fourier transform as
∣∣Hpq

fs [k]
∣∣ = ∫

∞

0 hpqfs (t)e
−

2π jWtk
K dt . The

CIR is composed by the LoS and nLoS components as

hpqfs (t) = 1pqblockh
pq
LoS(t)+ h

pq
nLoS(t), (3)

where 1pqblock is 1 or 0, if either LoS or nLoS propagation occur,
respectively. The LoS component is expressed as [32]

hpqLoS(t) =
(m+ 1)GfGcAr

2π
(
r2pq + d2v,pq

)
× cosm(φpq) cos(ψpq)1(ψpq)δ(t − τLoS)

=
(m+ 1)GfGcArdm+1v,pq

2π
(
r2pq + d2v,pq

)m+3
2

1(ψpq)δ(t − τLoS), (4)

where m is the Lambertian emission order defined as
m = −1

log2 cos(φ1/2)
, where φ1/2 is the half-power semi-angle of

the LED. The optical filter’s loss at the receiver is denoted
by Gf and Gc = n2ref/ sin

2(ψFoV) represents the concen-
trator gain, where nref is the refractive index of the mate-
rial that composes the concentrator and ψFoV is the FoV
at the receiver. The PD’s physical area is denoted by Ar,
while rpq and dv,pq are the horizontal and vertical distances
between the transmitter p and the receiver q, respectively.
The angle of irradiance between p and q is denoted by φpq,
whereas the angle of incidence is ψpq. The delta function is
denoted by δ(·) and the propagation delay of light between
p and q is determined by τLoS =

√
r2pq + d2v,pq

/
c, where

c ≈ 3 · 108m/s is the speed of light in vacuum. Still referring
to (4), the Boolean variable 1(ψpq) indicates whether the LoS
transmission is within the FoV of the receiver or not and it is
defined as

1(ψpq) =

{
1, if ψpq ≤ ψFoV

0, if ψpq > ψFoV
(5)
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The nLoS component of the CIR between p and q hpqnLoS(t)
seen in Fig. 1 may be formulated according to the analytical
method presented in [29], which relies on the transmitter and
user locations in the room, on their orientations, as well as
on Ar , m, ψFoV and the reflectances of the surfaces ρfloor
and ρceil.
Fig. 2 shows the CIRs in the time domain (TD) (Fig. 2a)

and the corresponding FDCHTFs (Fig. 2b) of the different
channel responses represented in Fig. 1. These curves have
been obtained according to (1)-(4) and to the parameters
described in the caption of Fig. 2. Observe that the link
characterized by the CIR between S and R

(
hSR(t)

)
and the

FDCHTF
∣∣HSR(f )

∣∣ is better than the nLoS CIR and FDCHTF
corresponding to the S→D link

(
hSDnLoS(t),

∣∣HSD
nLoS(f )

∣∣). This
means that in case of nLoS propagation, the power received
by D from second-order reflections is much lower than the
power received by R from S through first-order reflections.
Thus, if R is capable of reliably processing the signal gleaned
from S, R will forward it and the signal received by D relayed
from R will be stronger than in case of no cooperation.

B. IMPLEMENTATION
The proposed reflection-based relaying technique can be
established as follows:

1) The user D indicates through the uplink (UL) the index
of the AP from which the strongest signal is received.
Naturally, it is usually the closest AP which will act as
the source S.

2) We stipulate the idealized simplifying assumption that
the user has the perfect knowledge of the FDCHTF
|HSR
| · |HRD

| with respect to the adjacent APs and
decides about the best candidate to harness as its relay
R. In this first study of wireless backhaul provision
the estimation of these quantities is set aside for future
research.

3) The user notifies the corresponding AP selected as
his/her relay. Furthermore, the user also informs the
relay of the source AP identifier.

Following these initialization actions, the reflection-based
relaying scenario illustrated in Fig. 1 is set up.

III. DOWNLINK STUDY
As Fig. 1 illustrates, the generic proposal is composed by the
cooperative transmission between two APs, one performing
as a source S and the other as a relay R, without using any
wireline based backhaul link. The signal received by the
destination D, is represented by

yD(t) = ηpd,D · hfe(t)

⊗

(
xS(t) ⊗ hSDfs (t) + xR(t) ⊗ hRDfs (t)

)
+ n(t), (6)

where ηpd,D is the responsivity of the PD at the destination,
hfe(t) is the TD CIR of (2), xS(t) and xR(t) are the signals
transmitted by S and R in the TD, respectively, and n(t) is
the receiver noise in the TD. The noise obeys a zero-mean
Gaussian distribution with variance σ 2

n =
N0 W
ξ2

, where N0

FIGURE 3. Half-duplex and full-duplex cooperative relaying, where the
source S transmits a symbol to the destination D.

is the power spectral density of the noise dominated by the
thermal noise in an indoor scenario [6]. Since some subcarri-
ers do not carry energy, a normalization factor ξ is needed to
distribute the total transmitted power among the subcarriers
carrying energy. If DCO-OFDM is invoked [33], we have
ξ =
√
K/ (K − 2).

The most popular relaying techniques considered in the
literature are [34]:
• Amplify and forward (AF): The relay R receives the sig-
nal coming from the source S, amplifies it and forwards
it to the destination D.

• Decode and forward (DF): The relay R receives the sig-
nal coming from the source S, decodes it and forwards
it to the destination D. This technique requires extra
signal processing for detecting and channel-decoding
the signal, but in exchange, errors can be corrected by
the relay.

Furthermore, both of them can be performed in two different
modes, as represented in Fig. 3:
• Half duplex (HDX) mode [35]: The cooperation
between S and R relies on having two different time
slots in Fig. 3. In the first one, S transmits its signal
to R and D, leading to y(1)D (t) at D. The second time
slot of Fig. 3 is then utilized by R in order to relay the
signal received from S, leading to the signal received
by D in the second time slot y(2)D (t). This mode avoids
interference between S as well as R and it makes a low-
complexity relay design possible. However, it halves the
spectral efficiency. Note that the AF relaying technique
is capable of operating in HDX mode, as long as a
suitable buffer and a switch are installed at R.
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• Full duplex (FDX) mode [36]: The relay transmits and
receives simultaneously. Thus, it is capable of almost
doubling the HDX throughput at the cost of imposing
self-interference (SI) owing to leakage of its own trans-
mission into the receiver. This SI has to be cancelled by
using interference cancellation techniques. In this paper
we study cooperative relaying techniques both with and
without SI cancellation and compare their performances.

To make a fair comparison between the HDX and FDX
modes, the total electrical transmit power P is shared between
S and R. Thus,

• In HDX we have

P = PS,tx = PR,tx, (7)

where PS,tx and PR,tx are the transmit power of S and R,
respectively.

• In FDX we have

P = PS,tx + PR,tx, (8)

where PS,tx and PR,tx are defined:

– In AF/FDX as follows:

PS,tx = β · P, (9)

PR,tx = (1− β) · P, (10)

where β ∈ (0, 1] is the power sharing factor.
– In DF/FDX as follows:

PS,tx[k] = β[k] · P/(K − 2), (11)

PR,tx[k] = (1− β[k]) · P/(K − 2), (12)

where the power sharing factor of each subcarrier k
can be optimized.

In the HDX mode, maximal ratio combining (MRC) [37],
[38] [39] may be used upon assuming perfect synchroniza-
tion. Thus, in both cases the SNR can be expressed as

0total,∗/HDX[k] = 0SD,∗/HDX[k]+ 0SRD,∗/HDX[k], (13)

where 0SD,∗/HDX[k] is the SNR in HDX mode of the k-th
subcarrier received by D from S and 0SRD,∗/HDX[k] is the
SNR in HDX mode of the k-th subcarrier received by D
coming from the relay path S→R→D. The ‘*’ symbol can
be either AF or DF and it is a way to jointly represent both
cases. Again, HDX suffers from halving the throughput due
to transmission in two time slots per channel use.

Differently, in the FDX mode, by invoking coding tech-
niques [40], and either joint decoding or successive interfer-
ence cancellation (SIC) techniques [41], [42] for SI rejection,
the total SNR can be written as

0total,∗/FDX[k] = 0SD,∗/FDX[k]+ 0SRD,∗/FDX[k]− ε, (14)

where ε > 0 means a decrease in SNR due to not being able
to perform MRC. Its value for every case will be given in the
following subsections.

A. AMPLIFY AND FORWARD RELAYING
In AF scenarios, the signal transmitted by R is

xR(t) = GAF · yR(t), (15)

where GAF =

√
PR,tx
PR,rx

is the amplification factor and yR is the
signal received by R. Both variables depend on the specific
mode invoked,

1) HDX MODE
As Fig. 3 shows, in HDX mode xR(t) is only transmitted
in the second time slot per channel use, whereas the first
time slot is dedicated for the transmission of xS(t) by S.
In AF/HDX, yR(t) is composed of the signal xS(t) transmitted
by S in addition to the noise n(t), formulated as

yR(t) = ηpd,R · xS(t) ⊗ hSRfs (t) ⊗ hfe(t) + n(t), (16)

where ηpd,R is the responsivity of the relay’s PD. Bearing in
mind (7), the AF gain can be expressed as

GAF/HDX =

√√√√ P

η2pd,R·P·E
[∣∣HSR

fs [k]
∣∣2] ·E [|Hfe[k]|2

]
+ σ 2

n

,

(17)

where E[·] represents the expectation and PR,rx is the electri-
cal power received by R.

The total SNR formulated in (13) can be expressed by using
the SNR of the k-th subcarrier received by D from S, given
by

0SD,AF/HDX[k] =
η2pd,D·ξ

2
·P· |Hfe[k]|2 ·

∣∣HSD
fs [k]

∣∣2
σ 2
n

(18)

and the SNR of the k-th subcarrier received by D impinging
from the relay path S→R→D, which is formulated as

0SRD,AF/HDX[k]

=

η2pd,Dξ
2G2

AF/HDXη
2
pd,RP |Hfe[k]|4

∣∣HSR
fs [k]

∣∣2 ∣∣HRD
fs [k]

∣∣2
σ 2
n

(
1+ η2pd,D |Hfe[k]|2

∣∣HRD
fs [k]

∣∣2G2
AF/HDX

) .

(19)

2) FDX MODE
In the AF/FDX mode the signal received by R is calculated
as

yR(t)= ηpd,R ·
(
xS(t) ⊗hSRfs (t) +xR(t)⊗hRRfs (t)

)
⊗hfe(t)+n(t),

(20)

where xR(t) ⊗hRRfs (t) is the SI at R. In this AF/FDX scenario,
the AF gain is expressed as (21), shown at the bottom of the
next page.

Thus, the SNR equations needed for computing 0total[k]
indicated in (14) are

0SD,AF/FDX[k] = β0SD,AF/HDX[k]

=

η2pd,D·ξ
2
· β·P· |Hfe[k]|2 ·

∣∣HSD
fs [k]

∣∣2
σ 2
n

(22)
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and the one represented in (23) that is located in this page. The
parameter ε for this mode is expressed as (24), also located
in this page. Due to the low value of ε, it can be assumed as
negligible for our scenario.

B. DECODE AND FORWARD RELAYING
In DF, the signal transmitted by R is defined as

xR(t) = x̂S(t), (25)

where x̂S(t) is a result of decoding and processing the signal
xS(t) transmitted by S. Note that the signals received by R in
the DF/HDX andDF/FDXmodes are the same as in AF/HDX
and AF/FDX, which were defined in (16) and (20), respec-
tively. Again, the SNR equations depend on the transmission
mode:

1) HDX MODE
Recall that in the HDXmode there is no interference between
xS(t) and xR(t) due to using different time slots. In DF/HDX,
the SNR of the S→D link is the same as in the AF/HDX case:

0SD,DF/HDX[k] = 0SD,AF/HDX[k]. (26)

By contrast, the SNRof the signal received byD arriving from
the relay path S→R→D is determined by the weaker of the
independent S→R and R→D links as [43], [44].

0SRD,DF/HDX[k] = min
(
0SR,DF/HDX[k], 0RD,DF/HDX[k]

)
.

(27)

Due to using two different time slots for the transmission of
S and R, no SI is present in the HDX mode and the SNR of
the link between S and R is obtained from (16) as

0SR,DF/HDX[k] =
η2pd,R · ξ

2
· P · |Hfe[k]|2 ·

∣∣HSR
fs [k]

∣∣2
σ 2
n

,

(28)

whereas the SNR of the link between R and D is formulated
as

0RD,DF/HDX[k] =
η2pd,D · ξ

2
· P · |Hfe[k]|2 ·

∣∣HRD
fs [k]

∣∣2
σ 2
n

.

(29)

2) FDX MODE
In DF/FDX, the SNR of the S→D link can be expressed as

0SD,DF/FDX[k] = β[k] · 0SD,DF/HDX[k]

= 0SD,AF/FDX[k]. (30)

Again, the SNR of the S→R→D relaying link is formulated
as

0SRD,DF/FDX[k] = min
(
0SR,DF/FDX[k], 0RD,DF/FDX[k]

)
,

(31)

where 0SR,DF/FDX[k] and 0RD,DF/FDX[k] are the SNR in the
k-th subcarrier in the links S→R and R→D, respectively,
when the DF/FDX technique is employed. In the presence of
SI, the SNR of the S→R link is obtained from (20) by

0SR,DF/FDXSI [k]

≈

η2pd,Rξ
2β[k]P |Hfe[k]|2

∣∣HSR
fs [k]

∣∣2
σ 2
n + η

2
pd,Rξ

2 (1− β[k])P |Hfe[k]|2
∣∣HRR

fs [k]
∣∣2 . (32)

By contrast, this SNR is considerably improved if perfect SI
cancellation is achieved, yielding

0SR,DF/FDXnSI [k]≈
η2pd,Rξ

2β[k]P |Hfe[k]|2
∣∣HSR

fs [k]
∣∣2

σ 2
n

.

(33)

In both cases, the SNR of the R→D link is given by

0RD,DF/FDX[k]≈
η2pd,Dξ

2 (1−β[k])P |Hfe[k]|2
∣∣HRD

fs [k]
∣∣2

σ 2
n

.

(34)

GAF/FDX =

√√√√ (1− β)P

η2pd,RP
(
βE

[∣∣HSR
fs [k]

∣∣2]+ (1− β)E [∣∣HRR
fs [k]

∣∣2]) ·E [|Hfe[k]|2
]
+ σ 2

n

. (21)

0SRD,AF/FDX[k] =
ξ2η2pd,RβP |Hfe[k]|2

∣∣HSR
fs [k]

∣∣2
σ 2
n

(
1

η2pd,DG
2
AF/FDX

∣∣HRD
fs [k]

∣∣2|Hfe[k]|2
+ 1

)
+ η2pd,R (1− β)P

∣∣HRR
fs [k]

∣∣2 |Hfe[k]|2
. (23)

εAF/FDX =
ξ2η2pd,DβP |Hfe[k]|2

∣∣HSD
fs [k]

∣∣2
σ 2
n

−

ξ2η2pd,DβP |Hfe[k]|2
∣∣HSD

fs [k]
∣∣2

σ 2
n + η

2
pd,D |Hfe[k]|2 G2

AF/FDX

(
η2pd,R (1− β)P

∣∣HRR
fs [k]

∣∣2 |Hfe[k]|2 + σ 2
n

) ∣∣HRD
fs [k]

∣∣2 . (24)
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Note that, if SI cancellation techniques are invoked,
ε ≈ 0. Differently, when SI is not cancelled at R and
0SR,DF/FDXSI [k] < 0RD,DF/FDX[k],

εDF/FDX

≈

β[k]η2pd,D·ξ
2
·P· |Hfe[k]|2 ·

∣∣HSD
fs [k]

∣∣2
σ 2
n

−

β[k]η2pd,D·ξ
2
·P· |Hfe[k]|2 ·

∣∣HSD
fs [k]

∣∣2
σ 2
n + η

2
pd,Rξ

2 (1− β[k])P |Hfe[k]|2
∣∣HRR

fs [k]
∣∣2 , (35)

which is negligible for the total SNR calculation.

IV. SYSTEM ANALYSIS
In the context of our study, we have to choose betweenAF and
DF to attain the best performance in our application, which is
expressed as

argmax
AF,DF

0total[k], (36)

where 0total[k] is formulated in (13). This expression is valid
for both the FDX and HDX modes, provided that the SI
is successfully cancelled as previously indicated. It will be
determined by comparing

0total,AF/∗[k] = 0SD,AF/∗[k]+ 0SRD,AF/∗[k] (37)

and

0total,DF/∗[k] = 0SD,DF/∗[k]+ 0SRD,DF/∗[k], (38)

where ‘*’ represents either HDX or FDX. As seen in (26) and
(30), we have 0SD,AF/∗[k] = 0SD,DF/∗[k]. Thus, (36) can be
simplified to

argmax
AF,DF

0SRD[k]. (39)

In HDX, according to (19), (27), (28) and (29)
we have 0SRD,AF/HDX[k] ≤ 0SRD,DF/HDX[k], because
0SRD,AF/HDX[k] ≤ 0SR,DF/HDX[k] and 0SRD,AF/HDX[k] ≤
0RD,DF/HDX[k]. Additionally, in FDX, by comparing (23)
to (31), (32), (33) and (34), note that 0SRD,AF/FDX[k] ≤
0SRD,DF/FDX[k]. Thus, we conclude that DF offers a better
performance than AF, both in the HDX and FDX mode.
Hence, from now on, the study focuses on the DF relaying
technique.

Recall from Section III-B that the FDX mode requires the
system to share the total available power P between S and
R, as indicated by (11) and (12). The power sharing factor
between S and R is denoted by β[k] and the optimum value
in DF/FDX is given by

βoptDF/FDX [k] =
{

1, if LoS in S→D link
βthDF/FDX [k] , if nLoS in S→D link. (40)

The proof of (40) is given in AppendixA and βthDF/FDX [k] is
provided in Appendix B.

Typically, cooperative communication is managed by a
central entity, which processes and distributes the data using a
wired backhaul to allocate and transmit data through different
APs. As an upper bound, we also want to characterize the
wired backhaul by optimizing its power sharing factor βbh
and comparing it to our proposed solution. The total SNR
of a wired backhaul-based cooperative scheme is formulated
by (41), as shown at the bottom of this page, which is maxi-
mized upon using a βopt,bh[k] value of

βopt,bh [k] =

(
1+

∣∣HRD
fs [k]

∣∣2∣∣HSD
fs [k]

∣∣2
)−1

. (42)

Naturally, the optimal power sharing depends on the channels
between the APs and the user.

Fig. 4 represents the optimal value of β against the ratio
between the horizontal length of the SD and RD links. For
the sake of simplicity, only results for k = 1 are repre-
sented, although the total electrical bandwidth is divided into
K = 512 frequency subcarriers. Note that an SNR compar-
ison considering any other subcarrier would reflect similar
relative SNR trends to those seen in Fig. 4, due to the pass
filtering effects imposed by the FDCHTF that affect all tech-
niques similarly. The results of the following six schemes
representing different backhaul techniques are discussed:
a (b): wired backhaul and LoS (nLoS) propagation between

S and D.
c (d): DF/FDX-based wireless backhaul in the presence of

SI, when we have LoS (nLoS) propagation between S
and D.

e (f): DF/FDX-based wireless backhaul with perfect SI
cancellation, when we have LoS (nLoS) propagation
between S and D.

The parameters used are the same as the ones indicated
in Fig. 2. For the wired backhaul case when there is LoS
between S and D (Fig. 4a), note that the closer the user D
to R, the lower βopt becomes, which means that a higher
power must be allocated to R. When D is exactly at the mid-
point of S and R, equal power allocation (EPA) must be used
between S and R (βopt = 0.5) in order to maximize the SNR
at D. When nLoS propagation prevails in the wired backhaul
solution (Fig. 4b), most of the power must be transmitted by
R. Note that still non-zero power

(
βopt ≈ 0.1

)
is allocated

to S when D is close to it, because at that location the signal
power transmitted from S and received through reflections is
substantial.

By contrast, when the DF/FDX technique is employed
in a LoS scenario (Fig. 4c and Fig. 4e), no cooperation is

0total,bh[k] ≈
η2pd,Dξ

2P |Hfe[k]|2
∣∣√βbh[k]HSD

fs [k]+
√
1− βbh[k]HRD

fs [k]
∣∣2

σ 2
n

,

(41)
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FIGURE 4. Representation of the optimum power sharing factor (βopt) for k = 1 against the horizontal distance ratio that
determines the user location when a wired backhaul (a)-(b), DF/FDX cooperative-relaying in presence of SI (c)-(d) or DF/FDX
cooperative-relaying with perfect SI cancellation (e)-(f) are employed. Also, SNR [dB] values for every β and rSD/rRD are
represented.

recommended because the information arriving at R through
the reflected relay path (S→R) is rather degraded. Thus, it is
better to assign all the power to S. When the S→D path is
blocked and no SI cancellation is employed (Fig. 4d), most
of the power must still be assigned to S, because the SI signal
received by R from its own transmission is harmful. However,
when the SI is cancelled in R and the S→D path is blocked
(Fig. 4f), most of the power must be assigned to R. The higher
the distance ratio, the closer D to R, which allows the power
transmitted by R to be reduced in favor of increasing the
power transmitted by S. As a consequence, this improves the

quality of the S→R path. By comparing Fig. 4d and Fig. 4f,
we realize how important it is to perform SI cancellation at
R, because a gain of around 7 dB can be obtained.

In general, a higher SNR is attained by the wired backhaul
solution, which hence constitutes an upper bound. However,
if near-perfect SI cancellation is carried out, a performance
close to that obtained by the wired solution can be achieved
(see Fig.4a-Fig. 4e and Fig.4b-Fig. 4f). Quantitatively, a max-
imum SNR of around 13 dB and 7 dB can be obtained, when
there is LoS and nLoS propagation between S and D, respec-
tively, for both the wired backhaul and for DF/FDX relying
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FIGURE 5. Square tessellation model.

on perfect SI cancellation. Note that SI cancellation is indeed
feasible because the relay knows the previous transmitted
symbol and the SI is only produced by the reflection of the
floor.

V. SQUARE-SHAPED LIFI ATTOCELLS
The most common LiFi network model is the square-shaped
tessellation based one, where the APs are distributed on a
square lattice, as shown in Fig. 5. It provides uniform illumi-
nation distribution and it is eminently suitable for rectangular-
shaped rooms. Hence, this study investigates this scenario.

In reality, only the discrete-input continuous-outputmemo-
ryless channel (DCMC) capacity can be achieved by practical
discrete modulation schemes [38]. Explicitly, when using
adaptive modulation and coding schemes (AMC), the SNR
range is divided into (L + 1) channel quality regions <l =
{γth[l], γth[l + 1]}, l = 0, 1, . . . ,L with γth [0] = 0 and
γth[L + 1] = ∞. For each region <l , a certain constella-
tion/coding scheme can be employed for transmitting ε[l]
bits/symbol. Below γth [1] no transmission is possible and the
system is said to be in outage. By contrast, above γth[L] the
maximum throughput is attained and no rate improvement is
possible with this AMC scheme.

The switching thresholds between the constellations
{γth[l]}l=1,..,L are established to satisfy the BER target of
the system [38]. The AMC throughput can be written as a
function of the SNR as

ηAMC = ε[l], SNR ∈ [γth[l], γth[l + 1]]. (43)

For a certain average SNR0, the average throughput under
AMC can be expressed as

E [ηAMC ] =
L∑
l=1

ε[l]·Pr{γth[l] ≤ 0 < γth[l + 1]}

=

L∑
l=1

ε[l]· [F0(γth[l + 1])− F0(γth[l])] , (44)

where F0(γth) is the cumulative density function (CDF) of
the SNR evaluated in terms of γth expressed as

F0(γth) = Pr {0[k] < γth}

=

Rsq∫
0

fY (y) · Pr {0[k] < γth|y}dy, (45)

where x and y are the Cartesian coordinates of D with respect
to the AP under study. Since the users are uniformly dis-
tributed in the cell, the joint probability density function of
X and Y is

fX ,Y (x, y) = fX |Y (x|y) · fY (y)

=
1

Rsq − y
·

1
Rsq

, x ∈ [y,Rsq], y ∈ [0,Rsq],

(46)

where 2 ·Rsq represents the edge-length of the square-shaped
cell, as indicated in Fig. 5. Thanks to the geometry of the sys-
tem, the study of the shaded region in Fig. 5 is representative
of the whole network, as long as the room is large enough.

If the S→D link exhibits LoS propagation, we have
βoptDF/FDX [k] = 1∀k . Then, with the aid of (4) and (30),
the total SNR in DF/FDX can be formulated as

0totalDF/FDX[k]
∣∣∣
LoS in S→D

= 0single[k]

=
U(

x2 + y2 + d2v
)m+3 , (47)

where 0single[k], expressed as in (18), represents the SNR
obtained when a single transmission from S to D takes place,
while

U =
η2pd,Dξ

2P |Hfe[k]|2 (m+ 1)2G2
f G

2
cA

2
r d

2m+2
v

4π2σ 2
n

, (48)

where all the variables were defined previously. Thus,
we arrive at

Pr
{
0totalDF/FDX[k]

∣∣
LoS in S→D < γth

∣∣∣Y}
= Pr

{
X2 >

(
U
γth

)1/(m+3)

− y2 − d2v

∣∣∣∣Y
}

= 1−

√(
U
γth

)1/(m+3)
− y2 − d2v − y

Rsq − y
. (49)

The CDF of the SNR, in case of DF/FDX and LoS in the
S→D link, can finally be calculated as

Pr
{
0totalDF/FDX[k]

∣∣
LoS in S→D < γth

}
=

Rsq∫
0

1
Rsq
· Pr

{
0totalDF/FDX [k]

∣∣
LoS in S→D < γth

∣∣∣Y}dy.
(50)

When DF/FDX is used and the S→D link exhibits nLoS
propagation, or the wired backhaul solution is employed,
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TABLE 1. System parameters.

F0(γth) can be obtained by numerical methods following the
same reasoning as before.

Upon using AMC schemes as defined in (43), the spectral
efficiency (SE) is expressed as

SE =
1
K

K
2 −1∑
k=1

L∑
l=1

ε[l] (Pr {0[k] < γth[l + 1]}

−Pr {0[k] < γth[l]}) , (51)

which is halved when the HDX mode is employed.
An additional metric of evaluating how the performance

varies among users is the popular Jain’s index of fairness [45]
formulated by

FJ =

(∑Nue
i=1 SEi

)2
Nue ·

∑Nue
i=1 SE

2
i

, (52)

where Nue is the number of users within a cell.

VI. PERFORMANCE RESULTS
To evaluate the performance results, the popular param-
eters of a VLC system are used, which are summarised
in Table 1 [46]. A realistic scenario associated with dimen-
sions of 12×12×3m is considered with a square tessellation
model, as represented in Fig. 5. A DCO-OFDM transmission
scheme is used. The front-end device bandwidth factor Ffe
is 35.6MHz, assuming the use of LED in [47]. The number
of UEs, each of them associated with a person, is modeled
by the variable λue, whereas the number of additional people
without a UEwho constitute blockers is denoted by λb. Every
person is approximated by a cylinder of a 0.15m radius and
a height of 1.75m [48]. The UE is located at a distance
of 0.3m separated from the associated human body, and
the azimuth angle follows a uniform distribution U (0, 2π ).
The reflectance factors depend on the materials, colors and
finishes that are employed on the surfaces. The typical val-
ues of [ρceil; ρfloor] = [0.8; 0.6] are selected in this work

TABLE 2. Adaptive modulation and coding SINR regions.

FIGURE 6. Cumulative Distribution Function of the SNR at subcarrier
index k=1 for different schemes with λb = 0.1. The DF/FDXLoS analytical
results were calculated from (50).

[49], [50]. A spectrally efficient AMC is considered [51],
whose operating regions are displayed in Table 2.

Fig. 6 represents the SNR when using different transmis-
sion schemes:

• Scheme 1: Single-hop transmission.
• Scheme 2: DF/HDX.
• Scheme 3: DF/FDX with perfect SI cancellation and an
equal power allocation (DF/FDXnSI,EPA).

• Scheme 4: DF/FDX with perfect SI cancellation and an
optimum power allocation (DF/FDXnSI,opt).

• Scheme 5: DF/FDXwith no SI cancellation and an equal
power allocation (DF/FDXSI,EPA).

• Scheme 6: DF/FDX with no SI cancellation and an
optimum power allocation (DF/FDXSI,opt).

• Scheme 7: Traditional wired backhaul solution in con-
junction with an optimum power allocation (upper
bound). Note that this scheme was mathematically
presented in (41) and (42).

For the sake of simplicity, only results for the first subcarrier
that transports data (k = 1) are represented. Note that the
DF/FDXSI,EPA scheme is also characterized for ρfloor = 0.1
as the worst case scenario, where the material of the floor
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FIGURE 7. Cumulative Distribution Function of the spectral efficiency for
different schemes.

barely reflects the light. In this case, D that suffers from
nLoS propagation with both S and R experiences extremely
low SNR values, because the power gleaned from second-
order reflections is very low. As a consequence, the users
are in outage. The DF/HDX scheme provides similar SNR
performance in Fig. 6 to the upper bound, since the maximum
available power is used by every AP, whilst relying on two
time slots. Both DF/FDXnSI,opt and DF/FDXSI,opt are seen
in Fig. 6 to offer a performance close to the upper bound
at high SNR values, in which case there is LoS propaga-
tion between S and D and then non-relayed transmission
corresponds to the optimum power allocation. By contrast,
the SNR performance of DF/FDXnSI,EPA and DF/FDXSI,EPA
degrades by about 3 dB at high SNR values compared to
the upper bound. Most of the CDF curves exhibit degrada-
tion at some SNR value, in the event of a LoS-link block-
age with respect to both serving APs (or the only AP in
the non-relaying transmission mode). The higher the SNR,
the closer the curves appear to be to the upper bound. Addi-
tionally, the simulation results closely match the analyti-
cal DF/FDXLoS curve of (50), which verifies the analytical
results obtained in SectionV. The lower the SNR value,
the higher the number of users that experience a LoS-link
blockage between S and D, hence the higher the differences
with respect to the analytical DF/FDXLoS curve become.
Fig. 7 represents the CDF of the spectral efficiency com-

puted from (51). Again, single transmission dispensing with
relaying can offer the best performance for users who experi-
ence LoS propagation. However, a zero-spectral efficiency,
which is equivalent to the outage probability, is obtained
with a 35% probability. By contrast, the rest of the schemes
reduce this outage probability to 15%, which means that the
use of cooperative schemes in indoor VLC scenarios may
be deemed beneficial. Note that these probabilities are the
same as the percentage of users that experience nLoS in Fig. 6
and suffer from a high SNR degradation. The DF/FDXnSI,opt
approaches the upper bound, whereas DF/HDX suffers from
halving the spectral efficiency because of using two time slots

FIGURE 8. Mean user data rate vs. blocker density.

FIGURE 9. Jain’s index of fairness vs. cell radius for different schemes.

per transmission. Note that the difference in SNRwhen a non-
reflective flooring material is used is not substantial in terms
of spectral efficiency, provided that an AMC is used.

Fig. 8 shows the mean user data rate computed from (51)
and multiplied by the total bandwidth, when it is supposed to
have a single user per source-relay association, upon varying
the blocker density. As expected, the higher the blocker den-
sity, the lower the mean user data rate, potentially approach-
ing a scenario where only reflections arrive to the destination.
In this extreme situation, all curves converge, because the
performance degradation is similar in all cases. In cases
where λb is low,we note that the proposed scheme approaches
the upper bound (wired traditional scheme) if both SI can-
cellation and an optimum power allocation are employed.
However, the EPA schemes attain lower performances. The
DF/HDX scheme, despite guaranteeing the best SNR, suffers
from throughput-halving, since two time slots per channel-
use are employed.

The reflection-based cooperative schemes offer a fairer
data rate performance, as Fig. 9 shows. The proposed
reflection-based scheme relying on SI cancellation
approaches the upper bound represented by the traditional
wired backhaul scheme. As expected, the higher the cell
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radius, the higher the differences between the users served
within the same cell and, as a consequence, the lower Jain’s
index of fairness becomes. Note that, when the radius is high,
all the techniques are equally affected.

VII. CONCLUSION
This paper proposed an alternative solution to an ordinary
wired backhaul system. Since the wired system involves
cumbersome installation, an ad-hoc wireless backhaul sys-
tem that hardly modifies the existing infrastructure, whilst
achieving a similar performance is proposed. This system
relies on reflections from the floor for conveying information
to the neighboring APs that act as relays. The AF and DF
relaying techniques were evaluated using both FDX andHDX
transmission modes. It was demonstrated that this system,
operating in the DF/FDXmode, achieves a similar SNR (with
a difference of around 1 dB) and data rate to the wired back-
haul system, as long as an optimumpower-sharing and perfect
SI cancellation techniques are employed at the relay. By con-
trast, if an equal power allocation is performed between the
source and the relay, the system degrades around 3 dB at
high SNR values. The blocker density affects equally both
the conventional wired and the proposed wireless systems,
with a negligible difference of around 5 Mbps of mean user
data rate at low blocker density values. Both analytical as
well as simulation results were presented and, as mentioned,
the data rate, spectral efficiency and Jain’s index of fairness
were evaluated. Finally, responding to the question posed
in the title, the proposed reflection-based relaying technique
may be expected to perform well in LiFi scenarios. However,
when implementing this approach, the associated reflectance
values and signal processing techniques at both the relay
and destination nodes should be carefully considered. Finally,
the processing time delay at the relay and destination will be
studied in our further work by considering a twin-component
objective function for both the SNR and delay variables,
as well as the throughput.

APPENDIXES
APPENDIX A
PROOF OF (40)
According to (30), (32), (33) and (34), the SNR values for
links S→D and S→R are increasing with β, whereas the
SNR for the R→D link decreases. These functions are exem-
plified in Fig. 10. Recall from (38), that 0total,DF/FDX[k] =
0SD,DF/FDX[k]+min

(
0SR,DF/FDX[k], 0RD,DF/FDX[k]

)
. Note

that βthDF/FDX maximizes the function min(0SR,DF/FDX[k],
0RD,DF/FDX[k]), whose value is highlighted by a blue square.

Fig. 10 establishes the only two possible solutions, high-
lighted by red circles, for βopt = argmaxβ 0total,DF/FDX[k],
which are

βoptDF/FDX [k] =

{
1, if1SD > 1SR

βthDF/FDX [k] , if 1SD ≤ 1SR
(53)

where 1SD = tan
∣∣∣ ∂0SD,DF/FDX[k]∂β

∣∣∣ · (1− βth) is the SNR
increase in the S→D link, when β goes from βthDF/FDX to 1.

FIGURE 10. Exemplification of SNR curves for different links to
demonstrate the optimal β values in DF/FDX mode.

And 1SR = max
(
min

(
0SR,DF/FDX[k], 0RD,DF/FDX[k]

))
=

tan
∣∣∣ ∂0RD,DF/FDX[k]∂β

∣∣∣ · (1− βth). According to (30) as well as
(34) and since the LoS distance between S and D is shorter
than the distance between R and D, 1SD ≤ 1SR is only
satisfied when there is no LoS-link between S and D. Thus,
(53) is equivalent to (40).

APPENDIX B
DERIVATION OF βthDF/FDX [k]
The βthDF/FDX [k] value is obtained by equating (34) and (32)
in presence of SI, and (34) and (33) when a perfect SI cancel-
lation is assumed. In the first case,

βthDF/FDX,SI [k] = 1+
BC + A−

√
4BFA+ (BC + A)2

2BF
,

(54)

A = η2pd,R
∣∣∣HSR

fs [k]
∣∣∣2 σ 2

n , (55)

B = η2pd,D
∣∣∣HRD

fs [k]
∣∣∣2 , (56)

C = σ 2
n , (57)

F = η2pd,R P |Hfe [k]|2
∣∣∣HRR

fs [k]
∣∣∣2 . (58)

Note that βthDF/FDX,SI [k] = 1 (single transmission from S)
when F→∞, which means that the SI→∞.
By contrast, if perfect SI cancellation is assumed (SI→ 0),

βthDF/FDX [k] is formulated as

βthDF/FDX,nSI [k] =

1+
η2pd,R

∣∣HSR
fs [k]

∣∣2
η2pd,D

∣∣HRD
fs [k]

∣∣2
−1 . (59)

As indicated before, note that if the LoS path between
S and D exists, single transmission is the best choice
(βoptDF/FDX[k] = 1). If not, the power allocation has to be
relied upon boosting either the S→R or the R→D path.
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