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Abstract—The present work investigates the performance of
non-orthogonal multiple access (NOMA) in a hybrid visible light
communication (VLC) / radio frequency (RF) wireless network.
In particular, we investigate the energy efficiency of the pro-
posed architecture assuming imperfect channel state information
(CSI), which is a realistic assumption that is encountered in
practical indoor and outdoor wireless communication scenarios.
We demonstrate that the performance of the proposed scheme
in terms of energy efficiency outperforms by four-fold the
corresponding performance of its orthogonal frequency division
multiple access (OFDMA) counterpart. In addition, it is shown
that the energy efficiency of the proposed scheme is more robust
to CSI errors and line of sight (LOS) variations than the
OFDMA-based scheme, which appears to be more susceptible
to the CSI error and the LOS availability probability. Finally,
our findings reveal that the performance gain of NOMA over
OFDMA in the considered hybrid VLC/RF set up is directly
proportional to the probability of LOS availability. These results
are expected to be useful in the efficient design and efficient
operation of hybrid VLC/RF wireless systems.

I. INTRODUCTION

The explosive growth of wireless devices and high data ser-

vices has led to the development of a new green communica-

tion paradigm which is capable of addressing the versatile and

demanding energy efficiency aspects of the next generation

wireless networks. It is known that future wireless systems

are envisioned to support high data rates with particularly

increased user connectivity and limited power consumption

and bandwidth resources. Therefore, the design of energy-

efficient wireless networks is a rapidly emerging trend due

to the continuously increasing energy costs and high data

rate requirements to support myriads of applications [1]-[2]

and the references therein. For example, the radio access

part of the wireless communication system is the primary

energy consumer in conventional wireless cellular networks,

accounting for up to 70% of the total energy consumption

[3]-[4]. Thus, increasing the energy efficiency of wireless

communication networks is of paramount importance in the

aimed mitigation of the aforementioned challenges.

In light of this, Visible Light Communication (VLC) has

been recently proposed as a promising energy-efficient so-

lution for the fifth generation wireless networks and be-

yond. VLC systems typically use off-the-shelf standard light-

emitting diodes (LEDs) to enable high speed data transmission

and to, simultaneously, transform the conventional lighting

infrastructures into highly capable access points. Such systems

are distinct for enabling both illumination and data communi-

cation, and they can reach data rates of up to 3.5 Gbps [5]-[7].

VLC is realized by modulating and demodulating the light

intensity of the LEDs in a process known as intensity mod-

ulation and direct detection (IM/DD). However, in spite of

the particularly promising advantages of VLC systems, their

main drawback is that their performance degrades considerably

in the absence of line of sight (LOS) components. This is

not the case in conventional RF signals, which are distinct

for exploiting the potential for non-line of sight wireless

communication. In addition, although VLC systems are par-

ticularly useful for downlink transmission, they are not rather

suitable for uplink transmission because it causes unwanted

irradiance. In this context, an effective method to mitigate

these drawbacks of VLC systems, is the hybrid VLC/RF

architectures which practically combine the benefits of VLC

and RF communications in a complementary manner. Based

on this, hybrid VLC/RF networks have been proposed as a

key solution for indoor communication networks since they

have been shown to enhance considerably the overall system

capacity, coverage, and energy efficiency [8]-[9]. In addition,

such systems provide solution to issues relating to undesired

fluctuations of the achievable throughput in VLC due to the

nature of the light, which is naturally confined within a

relatively small area. As a result, the synergistic combination

of VLC and RF is anticipated to improve significantly the

overall user experience.

Different aspects of hybrid VLC/RF systems have been

analyzed in a series of recent relevant contributions aiming to

exploit the benefits of both systems. Specifically, the authors

in [10] investigated the optimum operation characteristics

of a hybrid VLC-orthogonal frequency division multiplexing

system using an optimal bit-and-power allocation algorithm.

Likewise, the authors in [11] designed and studied a hybrid

VLC/Wi-Fi system, where Wi-Fi is used for the uplink trans-

mission and VLC is used for the downlink transmission. In



Fig. 1: Illustration of the hybrid VLC/RF wireless network.

the same context, Wang et al. analyzed hybrid VLC/Wi-Fi

system in [12], with main aim to exploit the high data rate

capability from the VLC part and the high link reliability from

the RF part. In [13], a hybrid LiFi/WiFi system was analyzed

in the context of load balancing, while considering handover

signaling and user mobility. The authors in [14] analyzed the

downlink of a hybrid VLC/RF system and showed that the

proposed system can significantly enhance the overall cover-

age by utilizing the Wi-Fi in addition to the VLC link. Finally,

an OFDM based hybrid VLC/RF set up was investigated in

[15] in terms of achievable capacity performance.

It is recalled that energy efficiency is of paramount im-

portance in modern communications both in small-scale and

large-scale systems. In this context, some sporadic results

have been also reported recently on the energy efficiency of

hybrid VLC/RF network. In this context, the authors in [16]

investigated the energy consumption impact in a multihop

VLC network along with an RF network. Likewise, the authors

in [17] addressed an energy efficient resource allocation of

an OFDMA based hybrid VLC/RF system, consisting of a

single RF access point (AP) and a single VLC AP. However,

it is noted that a promising alternative to OFDMA in future

radio access networks is a recently proposed multiple access

paradigm called non-orthogonal multiple access (NOMA). The

concept of NOMA has been proposed as a mean to improve

considerably the achievable data rate and spectral efficiency

of the downlink in cellular networks [18]-[20]. The distinct

characteristic of NOMA is that it allows each user to utilize the

entire frequency bandwidth while multiplexing the users in the

power domain. This is realized through superposition coding

for the transmitter, and successive interference cancellation

(SIC) at the receiver in order to eliminate the resulting

interference and then decode the corresponding information

signals. Based on this, NOMA has been proposed as a highly

efficient technology in cellular networks [18]-[22] and in ad-

hoc wireless networks. In this context, the authors in [23]

investigated the potential and limitation of NOMA based

communications in the context of indoor VLC networks with

primary aim to increase the achievable data rate of the wireless

network.

Motivated by the above, the present contribution introduces

a NOMA-enabled VLC/RF scheme, which to the best of the

authors’ knowledge has not been previously proposed and/or

analyzed in the open technical literature. In this context, we

quantify its energy efficiency in the downlink transmission of

the considered network. This is realized by deriving an ana-

lytic expression for the energy efficiency of VLC/RF-NOMA,

which is then compared with an OFDMA counterpart scheme

in order to quantify the benefits of the considered approach.

Notably, these comparisons between the two approaches take

into account the practical wireless channel modeling of the

considered set up as well as a realistic incorporation of the

errors by the practically incurred imperfect CSI. It is shown

that the proposed scheme significantly outperforms its existing

counterpart. Also, meaningful insights are provided on the

behavior of NOMA based hybrid VLC/RF systems that are

of both theoretical and practical interest in the design and

effective operation of such hybrid architectures.

The remainder of the paper is organized as follows: Section

II describes the considered system model, whereas Section

III analyzes the corresponding energy efficiency performance.

Section IV demonstrates the corresponding findings along with

relevant discussions, while Section V concludes the paper with

some interesting remarks.

II. SYSTEM MODEL

We consider a downlink communication scenario with an

indoor hybrid VLC/RF network consisting of L VLC APs

and M RF APs, as illustrated in the example in Fig. 1. In

this context, each VLC AP is capable of covering a confined

attocell, unlike the RF APs which are equipped with an omni-

directional antenna covering the entire indoor environment.

We also assume that each RF AP uses a different operating

frequency band in order to avoid detrimental interference

effects. Furthermore, a total number of N Mobile Terminals

(MTs) are distributed uniformly in an indoor environment.

Also, the RF and VLC APs consume fixed powers of QRF and

QVLC, respectively, which are summed up as the overall power

consumption of the hybrid wireless network. In addition, each

RF AP is allocated a non-overlapping spectrum to avoid

interference, which is deemed acceptable since the underlying

VLC system is expected to carry a large portion of the data

traffic. Each Mobile Terminal (MT) is equipped with multi-

homing capability where it can aggregate resources from both

the RF and VLC networks simultaneously in order to achieve

higher data rates. Finally, we adopt the NOMA access scheme

in both networks, where each user is supposed to use the entire

RF bandwidth BRF and VLC bandwidth BVLC.



A. VLC Channel Model

In the considered investigation, we assume a standard LOS

indoor communication scenario where the optical channel gain

for the ith user is defined as [23]:

hli = CTS(θ)g(θ)cos
m(φ) cos(θ), 0 ≤ φ ≤ ΘFOV (1)

where C is a constant, given by

C =
(m+ 1)Ap

2πd2

while m is the Lambertian index, which is a function of

the half-intensity radiation angle θ1/2, expressed as m =

1/log2(cos(θ1/2)), Ap is the physical area of the photo-diode,

d is the distance from the VLC AP to the optical receiver, φ is

the angle of irradiation and θ is the angle of incidence. Also,

ΘFOV is the half angle of the receivers FoV, TS(θ) is the gain

of the optical filter, and g(θ) is the concentrator gain.

B. RF Channel Model

The RF communication link is assumed to experience the

following realistic path loss (PL), which was proposed in [17],

namely

PL[dB] = Alog10(dRF) +B + Clog10(
fc
5 ) +X (2)

where fc is the carrier frequency in GHz, whereas A, B,

and C are constants related to a particular propagation model.

Also, X is a term used for a specific environment, dRF is the

distance between the MT and the RF AP. It is recalled here

that unlike VLC systems, the RF part can operate even in the

absence of a LOS component; to this effect, we consider the

channel loss in both cases i. e. LOS and NLOS. To this end,

we consider the well-known WINNER II channel model for an

indoor office environment [24] with the following parameters:

i) A = 18.7, B = 46.8, and C = 20 for the LOS scenario; ii) A =

36.8, B = 43.8, C = 20, for the non-LOS (NLOS) scenario; iii)

X = 5(nw−1) for the case of light walls; iv) X = 12(nw−1)
for the case of heavy walls, where nw is the number of walls

between the RF AP and the MT. Consequently, the RF channel

gain for the ith user is given by hni = 10−PL[dB]/10.

Finally, we define the LOS probability availability as ρRF

for the RF channel, and ρVLC for the VLC channel. It is noted

here that this probability denotes the probability that there are

no objects in the link between the corresponding AP and the

MT.

III. ENERGY EFFICIENCY PERFORMANCE ANALYSIS

In this section, the total achievable data rate and the energy

efficiency of the VLC/RF-NOMA network are first derived

and then compared with the OFDMA counterpart scheme. In

this context, the total achievable data rate of the considered

scheme is expressed in bits/s, whereas the energy efficiency

is expressed in bit/J. Accordingly, the energy efficiency of the

underlying scheme is given by [17]

ξ =
RSUM

QVLC +QRF +
N
∑

i=1

PRF,i

(3)

where RSum denotes the total achievable sum rate of VLC/RF-

NOMA and
∑N

i=1 PRF,i is the total transmission power of the

RF network for N users. It is also noted that we consider the

case where the knowledge of the channel state information

is imperfect, which is a realistic assumption since CSI is not

ideal in practical communication scenarios. It is also recalled

that, typically, CSI can be straightforwardly determined at the

receiver site with the aid of periodic pilot signals; then, the

receivers feed back the quantized channel coefficients to the

transmitters through an RF or infrared (IR) uplink. To this

extent, the uncertainty in the VLC channel estimation arises

from the noise in the downlink and uplink channels as well as

from the mobility of users in indoor environments. Moreover,

analog-to-digital and digital-to-analog (AD/DA) conversion

of the channel estimates introduces quantization errors that

also contribute to the incurred channel uncertainty. Therefore,

quantifying the achievable performance limits of the con-

sidered set up under imperfect CSI can lead to meaningful

insights of both theoretical and practical usefulness.

In what follows, we analyze the energy efficiency of the

VLC/RF-NOMA network in the case of imperfect CSI. To this

end, we let hk represent the estimate for the channel between

the APs and the MTs. Based on this and by also assuming

minimum mean square estimation error, it follows that

ĥk = hk + en (4)

where en is the channel estimation error which follows a

complex zero-mean Gaussian distribution with variance σ2
e .

The received signal to interference plus noise ratio (SINR)

for the VLC system and the RF system is given by

γVLC =

L
∑

l=1

hliPli
∑

k>i

hliPlk + σ2
i + σ2

e

(5)

and

γRF =

M
∑

n=1

|hni|
2
Pni

∑

k>i

|hni|
2
Pnk + σ2

i + σ2
e

(6)

respectively, where the term hni can be substituted for both

cases of LOS or NLOS, Pl is the power allocation coefficient

for the ith user from the VLC AP, Pn is the power allocation

coefficient for the ith user from the RF AP, and σ2
i is the

variance of a complex additive white Gaussian noise with zero

mean. In addition, the achievable sum rate of the considered

VLC/RF-NOMA set up is expressed as

RSUM =BRFρRF log2
(

1 + γLOS
RF

)

+BVLCρVLC log2 (1 + γVLC)

+BRF(1− ρRF) log2
(

1 + γNLOS
RF

)

. (7)

Finally, the energy efficiency of the hybrid VLC/RF network

can be obtained by substituting (7) in (3), which yields the

following analytic solution



Fig. 2: Energy efficiency vs. ρ using NOMA scheme and

OFDMA scheme, with Two MTs.

ξ =
BRF

(

ρRF log2
(

1 + γLOS
RF

)

+(1− ρRF) log2
(

1 + γNLOS
RF

))

QVLC +QRF +
∑N

i=1 PRF,i

+
BVLC (ρVLC log2 (1 + γVLC) )

QVLC +QRF +
∑N

i=1 PRF,i

. (8)

The above expression is novel and it is evident that it has

a rather simple algebraic representation since it is expressed

in closed-form in terms of common elementary functions. As

a result, its computation is straightforward and its analytical

tractability renders it convenient to handle in future analyses.

Also, its simple algebraic form renders it rather suitable for

the development of relevant optimization algorithms.

IV. RESULTS AND DISCUSSION

In this section we employ the derived results in the energy

efficiency analysis of the considered hybrid network architec-

ture. To this end, we consider a standard room of size 4m×
4m× 2.5m with a single VLC AP and RF AP installed on the

ceiling. The VLC AP has a fixed power of 4 Watt, and the RF

AP has a fixed power of 6.7 Watt. The conversion efficiency

of each VLC AP is 1 Watt/Amps, and its half-power angle

is 50◦. The photodetector at the receiver has a physical area

of 1 cm2, a responsivity of 0.28 Amps/Watt, and a FOV of

45◦. We assume the overlapping region of coverage from both

the VLC and RF APs. The main aim of these results is to

quantify the efficiency of the system when adopting NOMA

within a hybrid VLC/RF network, and comparing the results

with an OFDMA counterpart which acts as a benchmarker for

assessing the corresponding improvement. Finally, we assume

fixed power allocation policy for all involved users. Fig. 2

Fig. 3: Energy efficiency vs. ρ using NOMA scheme and

OFDMA scheme, with Five MTs.

shows the normalized energy efficiency as a function of LOS

availability probability with two users. Each of these users is

capable of receiving both RF and VLC signals simultaneously.

Finally, the transmit Signal to Noise Ratio (SNR) is 150 dB,

and we assume that the LOS availability probability for both

RF and VLC are equal (i.e., ρVLC=ρRF=ρ). It is evident

from Fig. 2 that the introduced VLC/RF-NOMA system out-

performs the OFDMA based VLC/RF counterpart regardless

of the LOS condition. The second observation is that as the

LOS availability parameter increases, the performance gain of

NOMA over OFDMA also increases. For instance, with ρ =

0.1, the normalized energy efficiency of the OFDMA case is

0.15 bit/joule whereas for NOMA is 0.45 bits per joule, which

corresponds to a 0.3 bit/joule increase. However, for the case

of ρ = 1, the normalized energy efficiency for the NOMA

case is 4.1 bit/joule, which is higher than that of the OFDMA

case by 2.7 bit/joule. Overall, the difference between the two

schemes is considerable since the achieved normalized energy

efficiency of the NOMA-based VLC/RF system outperforms

the OFDMA-based VLC/RF counterpart by several multiples,

particularly in moderate and high LOS availability probability.

In the same context, Fig. 3 shows the normalized energy

efficiency as a function of LOS availability probability with

five users. Finally, the transmit Signal to Noise Ratio (SNR) is

150 dB, and we assume that the LOS availability probability

for both RF and VLC are equal (i.e., ρVLC=ρRF=ρ). Different

from the previous figure, it is evident from Fig. 3 that the

additional number of users has a noticable impact on the

performances of both schemes (i.e. NOMA and OFDMA). It

can be seen that NOMA still largely outperforms OFDMA

scheme; however, in the conditions where the line of sight



Fig. 4: Energy efficiency vs. VLC AP power consumption

using NOMA scheme and OFDMA scheme, with two MTs.

availability probability is less than 0.32, OFDMA outperforms

the NOMA case. At ρ = 0.32, the normalized energy efficiency

of both schemes coincides to 1.59 bit/joule. On the contrary,

when ρ = 1, the NOMA system outperforms the OFDMA

counterpart significantly by more than two orders of mag-

nitude. Therefore, adding more users have compromised the

superiority of NOMA over OFDMA in the conditions where

the line of sight availability probability is less than 0.32.

Fig. 4 presents the normalized energy efficiency vs. VLC

fixed power consumption. We chose two LOS conditions, i.e.,

when ρ = 0.5 and ρ = 1. In this scenario, NOMA still outper-

forms OFDMA for the two comparable cases. Furthermore,

for ρ = 1, it can be seen from the figure that the fixed power

consumption value affects the normalized energy efficiency for

both NOMA and OFDMA cases. However, the impact on the

NOMA-based scheme is greater. Specifically, the normalized

energy efficiency in NOMA decreases by 3 bit/joule if we

increase the power consumption from 1 to 10 Watt. On the

contrary, the normalized energy efficiency in the OFDMA-

based system is reduced by only 1 bit per joule as the VLC

power consumption is increased from 1 to 10 Watt. In addition,

it is noticed that the impact of increasing or decreasing the

VLC power consumption becomes lower for both cases when

ρ = 0.

Fig. 5 demonstrates the normalized energy efficiency as

a function of LOS availability probability, with perfect and

imperfect CSI. In addition to the perfect CSI case, i.e., σ2
e = 0,

the impact of CSI error is shown by adding two cases where

the CSI error variance is 10−8 and 10−9, respectively. Similar

to the previous scenarios, the NOMA-based VLC/RF system

still outperforms the OFDMA counterpart for all considered

Fig. 5: Energy efficiency vs. ρ using NOMA scheme and

OFDMA scheme, under imperfect CSI, with two MTs.

comparisons. However, this scenario revealed an additional

advantage of NOMA over OFDMA, which is that NOMA is

less sensitive to the CSI error as compared to OFDMA. For

example, let us consider the case of ρ = 0.8; it is observed that

the normalized energy efficiency for NOMA case is decreased

from 6.6 bit/joule to 6.05 bit/joule if CSI error variance

increases from 0 to 10−9, yielding a total of 0.55 bit/joule loss.

On the contrary, the OFDMA normalized energy efficiency is

decreased from 2 bit/joule to 1 bit/joule, which yields a total

of 1 bit/joule loss for the same scenario. Finally, it is worth

noting that as the LOS availability probability decreases, the

impact of CSI error decreases and becomes almost identical

to the perfect CSI case, since the channel is already affected

by the NLOS condition which overpowers the impact of the

CSI error.

Finally, Fig. 6 demonstrates the normalized energy effi-

ciency as a function of the VLC fixed power consumption

QVLC, under different CSI conditions. Similar to Fig. 5,

the NOMA-based hybrid VLC/RF system appears to be less

sensitive to the CSI error compared to the OFDMA-based

counterpart. Also, there is a noticeable difference between

NOMA case and OFDMA case in terms of the impact of VLC

power consumption value under the effect of CSI errors. For

the NOMA case, the normalized energy efficiency increases as

we decrease the VLC power consumption. On the contrary, as

the CSI error increases in the OFDMA case, the normalized

energy efficiency becomes almost flat, which means that more

CSI errors will lead to a nearly fixed normalized energy

efficiency, regardless of the reduction of the VLC power

consumption.



Fig. 6: Energy efficiency vs. VLC AP power consumption

using NOMA scheme and OFDMA scheme, under imperfect

CSI, with two MTs.

V. CONCLUSION

A novel NOMA-enabled hybrid VLC/RF scheme was pro-

posed as an energy efficient solution for the wireless downlink.

In this context, we derived a closed-form expression for the

energy efficiency of the downlink in VLC/RF network, which

was subsequently used in the extensive energy efficiency

analysis of the proposed NOMA-based hybrid scheme. It was

shown that the proposed scheme outperforms the conventional

OFDMA scheme in terms of energy efficiency by four-fold.

Moreover, NOMA appears less sensitive to LOS availability

compared to the OFDMA-based counterpart. In addition, the

results demonstrated another advantage of using NOMA over

OFDMA; this is that NOMA is less prone against CSI errors,

unlike OFDMA in which the energy efficiency becomes almost

flat while changing the LOS availability probability from 0.1

to 1.
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