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Abstract

The continuously increasing number of Wireless Fidelity (WiFi) access points have resulted in
increased congestion in already congested indoor networks. In recent years, Light Fidelity (LiFi) has
presented itself as upcoming access technology to complement WiFi owing to its vast spectrum, high
data rates, and secrecy. Infrared (IR) is widely adopted in the uplink of LiFi-based systems. Due to
the limited availability of energy in the Internet of Things (IoT) nodes, energy efficiency is vital. This
paper presents a client-based adaptive IR uplink transmit power algorithm to enhance energy effi-
ciency while satisfying the data rate requirement of IoT nodes. With hardware-based experimentation
with LZ1 IR-LED and Heidi lens, the need for such an adaptive transmit power mechanism is first
demonstrated. Simulation-based evaluation is then performed, showing that the proposed algorithm
outperforms random and fixed uplink optical powers in terms of energy efficiency and satisfaction
of data rate requirements of IoT nodes. The results clearly show the need for hardware design of
IR-based IoT nodes with integrated adaptive uplink transmit power algorithms for LiFi IoT networks.

Keywords: LiFi, IoT networks, energy efficiency, adaptive transmit power, infrared uplink

1 Introduction

Internet of Things (IoT) devices vary in their func-
tionalities, ranging from small sensors to high-end
processing devices. Around 25 billion IoT devices
are expected to be connected by the year 2025 [1].
Such a massive deployment of IoT devices poses
several challenges for Beyond 5G networks, includ-
ing multiple-access, quality of service, scalability,
and reliability [2]. Another critical challenge posed

by the limited availability of power on IoT devices
is the need for energy-efficient communications.

Wireless Fidelity (WiFi) has been dominantly
used as a Radio Access Technology (RAT) in
indoor Wireless Area Networks (WANs). How-
ever, the WiFi Access Points (APs) are expected
to increase to 549 million by 2022, with 80% of
mobile traffic occurring indoors [3]. This would
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result in massive competition in the already con-
gested and limited frequency spectrum. Conse-
quently, wireless communications in the higher
frequency spectrum have been researched. Light
Fidelity (LiFi), sometimes also referred to as Vis-
ible Light Communication (VLC), has appeared
to be the most promising candidate with an
enormous 300 THz spectrum and expected data
rates of up to 10 Gbps [4]. In addition, LiFi
also offers other benefits, including better data
security and no Radio Frequency (RF) emissions.
The LiFi technology also faces specific challenges
like obstructions, blockages, and smaller coverage
areas [5]. It is worth mentioning that LiFi aims to
complement WiFi and not replace it.

Several potential uplink technologies for LiFi
have been considered, including Infrared (IR),
VLC, and RF [6]. RF for uplink seems to be the
most convenient solution. However, it would fur-
ther increase the congestion in already congested
RF networks. As LiFi is also considered a potential
candidate in electromagnetic interference sensitive
areas, using RF in uplink would also not be possi-
ble in such situations. Using VLC in uplink might
not only interfere with the VLC downlink channel
but will also cause discomfort to the user’s eyes
because of visible light traveling upwards [7]. IR
has the advantage of being similar in properties to
the visible light signal and is in the region invis-
ible to human eyes. The achievable data rates by
an IR uplink have already been demonstrated [8].
IR uplink design has been significantly researched
in the literature. An omnidirectional transmitter
and receiver system has been proposed to improve
the quality and robustness of the uplink IR chan-
nel [9]. An adaptive beam steering mechanism is
proposed to improve uplink performance, enhance
received optical signal power, and mitigate chan-
nel delay spread [10]. A resource allocation scheme
for multi-user systems has also been proposed,
coping with inter-symbol interference and inter-
user interference by choosing the most suitable
Light Emitting Diode (LED) [11].

Energy efficiency has been researched in var-
ious hybrid networks, including RF, LiFi, and
Power Line Communication (PLC) networks, dis-
cussed next in the related work. All of these
techniques focus on minimizing energy consump-
tion in the downlink direction at the AP and
reducing the overall network’s energy consump-
tion. However, energy is more limited at IoT

nodes, and hence energy-efficient uplink commu-
nications are even more vital. Our previous work
proposes a novel client-side technique for energy
efficiency in hybrid WiFi and LiFi networks [12].
To the best of the authors’ knowledge, extend-
ing our previous work, this paper presents a
first-of-its-kind adaptive uplink transmit power
mechanism to improve energy efficiency in IR-
based LiFi IoT networks. Such an energy-efficient
mechanism is vital for reducing energy consump-
tion at IoT nodes, thus increasing the lifetime of
energy-constrained devices. The proposed mech-
anism distributively runs on each node, avoiding
network scalability issues and the need for exces-
sive network signaling.

1.1 Related Work

Energy efficiency in hybrid access technologies
networks, including RF/WiFi, LiFi, and PLC net-
works, has been researched recently. One of the
first studies investigating the benefits of energy
efficiency in hybrid RF/VLC networks formulates
an energy maximization problem subject to power
and data rate constraints [13]. With numerical
results, it is shown that VLC enhances energy effi-
ciency in a hybrid RF/VLC system considering
various factors such as availability of line of sight,
number of LEDs, number of end-devices, and fixed
power of VLC APs. An extension to this work
includes power allocation algorithms for RF and
VLC networks [14]. In another work, an energy
efficiency resource allocation problem is formu-
lated for software-defined heterogeneous VLC and
RF networks [15]. With simulations, it is shown
that the proposed algorithm converges within
a few iterations while also increasing through-
put at specific power consumption. Another work
presents an approach to use a VLC AP when
illumination is available and an RF AP when
there is no illumination [16]. A power consump-
tion minimization problem formulation is further
sub-divided into two sub-problems. The first sub-
problem evaluates VLC APs that need to be
illuminated, whereas the second sub-problem pro-
poses using an online algorithm to satisfy users’
real-time requests. Considering Quality of Ser-
vice (QoS) requirements from the users present
in femtocells, an energy efficiency maximization
algorithm is presented [17]. Energy efficiency is
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achieved by reducing circuit powers of VLC and
RF APs.

The aspects of energy efficiency and spectral
efficiency are discussed by introducing VLC in
a two-tier RF network [18]. An energy-efficient
resource allocation scheme, subdivided into user
association and power control, is proposed. Sim-
ulation results show that the three-tier network
has significantly increased throughput, energy effi-
ciency, and spectral efficiency. In another work,
by analyzing dimming control and power con-
straints, optimal power allocation schemes for
hybrid RF/VLC systems with single and mul-
tiple LEDs are developed for energy efficiency
maximization [19]. Numerical results show that
higher gain channels are first assigned power to
maximize energy efficiency. The issue of overall
power consumption minimization is also consid-
ered in hybrid RF/VLC/PLC networks with QoS
constraints [20, 21]. A significant improvement
in comparison to RF-only networks is shown for
such hybrid networks in energy efficiency and
throughput.

Power allocation and subchannel allocation
optimization problem in VLC systems for energy
efficiency is formulated as non-convex problem
and then converted to several convex problems
[22]. An iterative solution with fast convergence
is proposed. Simulation results show that the pro-
posed scheme outperforms conventional schemes
in terms of energy efficiency. An energy-efficient
Non-Orthogonal Multiple Access (NOMA) tech-
nique is presented for multi-user VLC systems
[23]. In the proposed multi-access technique, the
user QoS is guaranteed by an optimal power allo-
cation strategy to minimize the overall consumed
system transmit power, thus maximizing energy
efficiency. In another similar work, an adaptive
channel and QoS-based user pairing approach is
proposed based on channel gain and QoS require-
ments of the users [24]. Multiple Input Multiple
Output (MIMO) is combined with NOMA to pro-
vide a high data rate and low error rate downlink
system [25]. The proposed system achieves trans-
mitter and receiver diversity by using repetition
coding and equal gain combiner. A methodol-
ogy based on optimal transmitter configuration
using lighting constraints is proposed to improve
the signal to interference plus noise ratio [26].
The optimal parameters selection at the transmit-
ter are used to obtain an uncorrelated channel,

mitigating co-channel interference from neighbor-
ing nodes and inter-symbol interference due to
multipath reflection.

There has been some recent research inter-
est in using machine learning for hybrid WiFi
and LiFi networks. A reinforcement algorithm
running on a central controller selects optimal
AP for load balancing between WiFi and LiFi
networks [27]. An artificial neural network has
been used for handover between WiFi and LiFi
APs, based on resource availability, mobility, and
channel quality [28]. Another work focuses on
improving AP selection using two different online
learning algorithms based on historical rewards
for APs [29]. As the LiFi channel blockage detec-
tion is not very accurate at the client-side, Sup-
port Vector Machine (SVM) has been used at
a central unit to correlate blockages between
adjacent periods [30]. All these machine learn-
ing approaches are centralized and require much
additional processing, as well as learning. Specifi-
cally for the expected massive deployment of IoT
nodes in Beyond 5G networks, using distribu-
tive approaches would avoid network scalability
and excessive signaling issues [31]. Therefore, such
machine learning-based approaches are not con-
sidered for our proposed distributed algorithm.

The related work on the energy efficiency in
LiFi networks and the proposed technique is com-
pared in Table 1. The comparison is based on
access networks used, network devices consid-
ered for energy efficiency, solution method, QoS
constraint, and experimental parameters.

1.2 Contribution

The related work shows that the current focus
of optimizing energy efficiency in LiFi networks
is in the downlink direction at APs. Our previ-
ous work presented a first-of-its-kind client-based
energy minimization technique for QoS provision-
ing in hybrid WiFi and LiFi networks [12]. This
paper extends our previous work, and presents a
novel adaptive uplink transmit power mechanism
to optimize energy efficiency distributively at the
client-side. The new contributions made by this
paper include:

• An IR-based uplink energy efficiency maximiza-
tion problem is formulated.
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Table 1 Comparison of related work on energy efficiency in LiFi networks

Referred
Study

Access
Net-
work(s)

Energy
Effi-
ciency
Device(s)

Solution
Method

QoS
Con-
straint

Experimental Parame-
ter(s)

[14] Hybrid
RF & LiFi
(VLC)

APs Optimization
Theory

Data rate Number of users, number of
LEDs, transmit power, Line of
Sight (LoS) availability

[15] Hybrid
RF & LiFi
(VLC)

APs Optimization
Theory

Data rate Number of users, half power
semi-angle, size of room, num-
ber of LEDs, LoS availability

[16] Hybrid
RF & LiFi
(VLC)

APs Optimization
Theory

- Number of users, data rate
requirement

[17] Hybrid
RF & LiFi
(VLC)

APs Optimization
Theory

Data rate Transmit power

[18] Hybrid
RF & LiFi
(VLC)

APs Optimization
Theory

Data rate Number of users, data rate
requirement

[19] Hybrid
RF & LiFi
(VLC)

APs Optimization
Theory

Data rate Number of LEDs, data rate
requirement, number of RF
antennas, transmit power

[20] Hybrid
RF, LiFi
(VLC) &
PLC

APs Optimization
Theory

Data rate Transmit power, data rate
requirement

[21] Hybrid
RF, LiFi
(VLC) &
PLC

APs Optimization
Theory

Data rate Number of users

[22] LiFi
(VLC)

APs Optimization
Theory

Data rate Number of users, transmit
power, sub-channel bandwidth

[23] LiFi
(VLC)

APs Optimization
Theory

Data rate Number of users, horizontal
separation

Proposed
Technique

LiFi (IR) IoT Nodes
or Clients

Optimization
Theory

Data rate Number of users, data rate
requirement, transmit power,
vertical separation

• A novel algorithm for maximizing energy effi-
ciency while considering data rate requirements
of IoT nodes is proposed.

• For proof-of-concept, hardware-based experi-
mentation is performed to demonstrate the need
for such an adaptive transmit power mecha-
nism.

• With the help of simulations in IR-based LiFi
networks, the energy efficiency benefits of the
proposed algorithm are demonstrated.

The rest of the paper is organized as follows.
The system model and problem formulation are
presented in Section 2. Section 3 presents the pro-
posed solution along with the proposed algorithm.
Hardware experimentation for proof of concept
is presented in Section 4, whereas the simulation
results are shown in Section 5. Section 6 concludes
the paper.
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2 System Model

This section presents the LiFi channel model
and formulates the energy efficiency maximization
problem.

2.1 LiFi Channel Model

Consider N nodes to be the number of IoT nodes
under the coverage of a single LiFi AP, specified
by set N . The LiFi IR uplink data rate rn between
the LiFi AP and the n-th node is defined as:

rn = tn
B

2
log2

(

1 +
e

2π
SNRn

)

. (1)

Here, B is the bandwidth assigned by the LiFi
AP to an IoT node, tn is the proportion of time
offered by the AP to the node, e is the exponential
constant, and SNRn is the signal-to-noise ratio
between the node and the AP. The equation 1 used
for calculating data rate is different from Shannon
capacity, usually used to calculate data rate in RF
networks. This is because of a gap between the
Shannon capacity and the actual capacity of a LiFi
channel because of the non-negative nature of LiFi
signals [32].

A Time Division Multiple Access (TDMA)
mechanism is used among the IoT nodes under
a single LiFi AP, assuming that no interference
occurs between them. It is also assumed that no
interference occurs from nodes of neighboring LiFi
APs because of physical separation and clock syn-
chronization among multiple LiFi APs. In such a
scenario, SNRn can be given as: [33]

SNRn =
(Rpd Hn Pn / κ)

2

Nn B
. (2)

Here, Rpd is the responsivity of the photode-
tector, Hn is the LiFi channel between the AP and
the node n, Pn is the optical transmission power at
node n, and κ is modulation coefficient for optical
to electrical conversion. Whereas, Nn is the Power
Spectral Density (PSD) of noise between node n
and LiFi AP.

The IR uplink propagation geometry is shown
in Figure 1. The angle of irradiance (φ) is the angle
defined with respect to the perpendicular axis of
the IoT node. Whereas the angle of incidence (ψ)

Fig. 1 IR uplink propagation geometry

is defined with respect to the perpendicular axis
of the LiFi AP. Assuming the signal received at
uplink by the AP is made up only of the LoS
component, Hn can be given as: [33, eq. (1)]

Hn =
(m+ 1)Apd

2πd2n
cosm(φ)gfgc(ψ) cos(ψ). (3)

Here, Apd is the physical area of the photode-
tector at the AP, dn is the distance between the
AP and the node n, and gf is the optical fil-
ter gain. The half-intensity radiation angle, where
the intensity of uplink reduces to half of the
main beam, is defined by Φ1/2. The Lambertian
emission order m is then given as: [33, eq. (2)]

m =
−ln(2)

ln(cosΦ1/2)
. (4)

With the semi-angle of field of view given as
Ψmax, and f as the refractive index, the optical
concentrator gain gc(ψ) is given as:

gc(ψ) =







f2

sin2(Ψmax)
, 0 ≤ ψ ≤ Ψmax

0, , ψ > Ψmax

. (5)

By substituting equation 2 in equation 1:
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Table 2 System model descriptions and notations

Description Notation
Set of IoT Nodes N
Number of IoT Nodes N
Uplink data rate of node n rn
Bandwidth assigned by LiFi AP to a node B
Proportion of time offered by AP to node n tn
Exponential constant e
Signal-to-noise ratio between AP and node n SNRn

Responsivity of photodetector Rpd

Uplink channel between AP and node n Hn

Uplink transmit power of node n Pn

Optical to electrical conversion coefficient κ
Power Spectral Density (PSD) of noise between AP and node n Nn

Angle of irradiance φ
Angle of incidence ψ
Physical area of photodetector Apd

Distance between AP and node n dn
Optical filter gain gf
Half-intensity radiation angle Φ1/2

Lambertian emission order m
Semi-angle of field of view Ψmax

Refractive index f
Optical concentrator gain gc

rn = tn
B

2
log2

(

1 +
e

2π

(Rpd Hn Pn / κ)
2

Nn Bn

)

. (6)

The equation 6 shows that the available data
rate rn at node n is logarithmically proportional
to the transmit uplink power Pn. This indicates
that although rn will initially increase significantly
with increasing values of Pn, the rate of increase
of rn will keep on decreasing as the value of Pn

increases. All the notations used in the channel
model are summarized in Table 2.

2.2 Problem Formulation

If Qn is the power consumed by a node n for its
operation and Qp is the power consumed by the
proposed mechanism, the energy efficiency ηn at
node n is defined as: [12, eq. (12)]

ηn =
rn

Qn +Qp + Pn
. (7)

Ignoring the values that will not used for power
adaption, Qn and Qp, the energy efficiency ηn at
node n is defined as:

ηn =
rn
Pn

. (8)

Assuming node n has a bn bits data to trans-
mit, energy efficiency can be improved by opti-
mal selection of transmit data rate and transmit
power. We formulate the energy efficiency maxi-
mization problem at node n as:

max (ηn), (9)

subject to the following constraints:

C1 : Pmin ≤ Pn ≤ Pmax. (10)

C2 : rn ≥ rmin. (11)
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The first constraint C1 ensures that the trans-
mit power Pn at node n stays between Pmin and
Pmax. Here, Pmin could be the minimum power
required to establish a connection between the AP
and the node. On the contrary, Pmax could either
be the maximum transmit power of the node or
the maximum power at which the node saturates
the receiver at the AP. Another factor limiting
Pmax could be the maximum transmit power that
should be safe for human eyes, usually not more
than 1W for infrared. The second constraint C2
ensures that the available rate at node rn should
be greater than the minimum required rate rmin.
Various factors could impact the selection of rmin,
including the data to transmit bn, buffer size,
application, and use-case requirements. For exam-
ple, real-time audio communication might require
a certain minimum data rate.

There is also a possibility that constraint C2
could not be satisfied when a rate desired by
the node could not be provided. Communication
could still take place in such a situation. How-
ever, constraint C1 should never violate the upper
boundary, i.e., the power Pn must never exceed
Pmax.

3 Proposed Solution

Scalability would be a considerable challenge
with the massive deployment of IoT devices in
Beyond 5G networks. We propose a scalable and
distributed mechanism to solve the formulated
problem at the client-side without any additional
signaling. Such a solution would not introduce
additional control traffic as well as no additional
load on network-core devices. Only the number of
connected clients to an AP is added to the AP’s
continuously broadcasted information in beacons
to all the clients.

The equation 2 defines the SNR for the uplink
channel. The same equation could be used for
computing the SNR of the downlink channel,
whereas the Signal Strength (SS) would only
be the numerator of the equation. Modern-day
devices know the downlink SS from an AP, SSDL.
Using this information, the downlink channelHDL

can be computed as:

HDL =
κ
√
SSDL

Rpd PAP
. (12)

Here Rpd is the responsivity of the photode-
tector at the node, and PAP is the transmit power
of the LiFi AP. The values of κ, Rpd and PAP are
constants, and it is assumed that all the IoT nodes
already know these values. It is also assumed that
the transmitters and receivers are co-located with
the same orientation, and the Lambertian emis-
sion order and the area of photodetectors are the
same. If these assumptions do not hold, the cor-
responding parameter value has to be transmitted
from the AP to the nodes.

As the uplink and downlink channels are
nearly similar, the value of HDL could be used as
Hn in the uplink channel. With any rate rn satis-
fying constraint C2, the corresponding minimum
uplink power Pn satisfying constraint C1 can then
be computed by using equation 6:

Pn =
κ

Rpd Hn

√

√

√

√

(

2

2rn
tnB − 1

)(

2π Nn B

e

)

. (13)

With the values of rn, tn, and Hn known, and
an estimated fixed value used for Nn, all other
values are constant in equation 13. As the data
rate requirement of the node rn varies over time,
the power Pn can be adapted accordingly. For this
purpose, an algorithm is proposed next.

3.1 Algorithm

The Algorithm 1 is presented for the proposed
adaptive uplink transmission power selection for
energy efficiency, and is derived from our ear-
lier proposed algorithm [12]. The algorithm runs
distributively at all nodes. At the time t, var-
ious parameters are input to the algorithm, as
shown in line 1. The output of the algorithm is
the calculated adaptive uplink transmit power Pn

at time t. Such an Algorithm 1 is considered as
a non-cooperative game-theory based distributed
algorithm. In such a game, the set of nodes N is
considered as the set of players, and the possible
uplink transmit powers can be considered as the
set of strategies.

The downlink channel HDL is estimated using
equation 12 in line 4. Based on input values of
Pmin and Pmax, the data rate lower bound rl and
upper bound ru are calculated using equation 6
in line 5 and line 6, respectively. Line 7 checks to
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Algorithm 1 Proposed algorithm

1: Input: SSDL, Rpd, PAP , tn, Bn, Nn, rmin,
2: bn, Pmin, Pmax

3: Output: Pn

4: while true do
5: Estimate HDL from equation 12
6: Calculate rl using Pmin from equation 6
7: Calculate ru using Pmax from equation 6
8: if bn > 0 then
9: if rmin > ru then

10: Break; no possible solution exists
11: else
12: rtemp = max(rl, rmin)
13: while rtemp ≤ ru do
14: Calculate Ptemp using rtemp

from equation 13
15: Calculate ηtemp using rtemp and

Ptemp from equation 8
16: if ηtemp > η then
17: ηn = ηtemp

18: Pn = Ptemp

19: end if
20: rtemp = rtemp + δ
21: end while
22: end if
23: end if
24: end while

calculate Pn only if there is any data in the buffer.
If rmin is greater than ru in line 8, the next line
9 breaks while-loop because the constraint C2 is
violated. A temporary data rate variable rtemp is
initialized with maximum value from rl and rmin

in line 11.
Different values of rtemp are used up to ru with

increments of δ in inner while-loop from line 12
to line 20. For each value of rtemp, uplink power
Ptemp and energy efficiency ηtemp is calculated in
line 13 and line 14, respectively. Line 15 checks if
energy efficiency is improved. If yes, the ηn and Pn

are updated in line 16 and line 17, respectively. At
the end of each iteration of the inner while-loop,
the transmit power Pn that provides the highest
energy efficiency among tested values of rtemp is
available.

The value of δ used in line 19 could impact
the output of the algorithm. For a smaller value,
the optimality of the algorithm may improve.
However, the number of iterations of the inner
while-loop will increase. On the other hand, a

higher value of δ may reduce the iterations of the
inner while-loop but may also reduce the chances
of finding a more optimal solution.

3.2 Complexity and Convergence

The Algorithm 1 has two nested loops. The outer
loop is repeated for every time instant. At each
time instant, the inner while-loop is repeated (ru−
rtemp)/δ times. In Big O notation, the algorith-
mic complexity at each time instant is linear i.e.
O((ru − rtemp)/δ).

The non-cooperative game with the set of
nodes N as the set of players and the possible
uplink transmit powers as the set of strategies,
is guaranteed to converge to Nash Equilibrium,
where each node considers its selection to be opti-
mal given the choices of all other nodes (Theorems
1 - 3, [34]).

4 Proof of Concept:
Hardware Experimentation

For the proof of concept, a hardware-based setup
shows that although the data rate increases with
increasing transmit power until saturation point,
the rate of increase in data rate reduces at
higher transmit power. This ultimately results in
lower energy efficiencies with increasing transmit
power. To the best of the authors’ knowledge,
there is no LiFi equipment available in the mar-
ket that dynamically adjusts its transmit power.
The LiFi APs and clients transmit at constant
power. Although, a pureLiFi LiFi-XC generation
AP allows to manually adjust the transmit power
of the LED in the downlink direction. Using an
IR-based LED in downlink direction with LiFi-XC
AP and manually adjusting the transmit power,
we can argue that similar behavior can be seen
in an IR-based uplink direction with an adaptive
transmit power mechanism integrated inside the
IoT node.

4.1 Setup

A pureLiFi LiFi-XC generation system has an
Ethernet-based AP providing a full-duplex data
rate of 43 Mbps and a USB-A-based receiver LiFi
dongle [35]. By using TDMA, the LiFi-XC system
can support eight users simultaneously. Figure 2
shows the hardware experimentation setup. The
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Fig. 2 Hardware experimentation setup

LiFi dongle is inserted in Laptop 2, whereas
another Laptop 1, also running DHCP server, is
connected with the AP via the Ethernet interface.
An LZ1-00R7021 infrared LED is connected to the
AP through the LED driver. In some measure-
ments, Heidi2 lens is used along with the LED.
The vertical separation between LiFi AP and the
LiFi dongle is 120 cm, while the angle of incidence
and the angle of irradiance are both 0°. The LZ1
LED operates at 940 nm and has an ultra-small
footprint of 4.4 mm x 4.4 mm. The Heidi lens
has an approximately 50° x 11° oval beam and a
dimension of 21.6 mm x 11.7 mm.

The data rate measurement is performed using
the iperf utility by running an iperf server on Lap-
top 1 and an iperf client on Laptop 2. The data
rate is measured for a single client in our setup.
For multiple clients, the data rate would be dis-
tributed among them due to the use of TDMA.
Each experiment is repeated ten times for results,
with the data-point representing the mean value
and the error bar showing the standard deviation.

To evaluate the available data rate and energy
efficiency, the LED current is varied. The AP
allows for varying the current provided to the LED
with an LED driver up to 700 mA. In our exper-
imentation, the current is varied from connection

1[Online]. Available: https://media.osram.info/media/
img/osram-dam-5412883/LED Engin Datasheet LuxiGen LZ1-
00R702 rev2.pdf, accessed in July 2022

2[Online]. Available: https://www.ledil.com/data/prod/
Heidi/12949/12949-ds.pdf, accessed in July 2022

Fig. 3 Typical forward voltage vs forward current char-
acteristics of LZ1 LED

establishment to receiver saturation in steps of 35
mA. The corresponding forward voltage curve for
different forward current levels for LZ1 LED is
shown in Figure 31.

4.2 Results

The data rate measurement results for our hard-
ware experimentation setup are shown in Figure 4.
For only LZ1 LED in Figure 4a, the connection is
established at 210 mA, with the data rate increas-
ing till 525 mA. As the data rate decreases beyond
525 mA, indicating saturation, the region from
210 mA to 525 mA is considered the operational
region. A lens is responsible for concentrating
light-emitted by the LED. Therefore, LEDs with
the lens are more focused but have a smaller cov-
erage area. The impact of a lens on LED is shown
in Figure 4b. As the Heidi lens focuses the beam
from the LZ1 LED, the connection establishes at
smaller current values of 70 mA and saturates ear-
lier, with data rate decreasing beyond 280 mA.
The operational range of LED is considered to be
from 70 mA to 280 mA with the lens. Another
advantage of using a lens is an improved data rate.
For LED only, the measured data rates varied from
3.6 to 16.2 Mbps, whereas for LED with lens, the
data rates varied from 13.4 to 29.1 Mbps. Both
graphs in Figure 4 also confirm the trend that the
data rate initially increases rapidly with increas-
ing current. However, as the current values become
higher, the rate of increase of data rate reduces
till it becomes stable before going into saturation
point.

For energy efficiency comparison, there is a
need to map the current to the consumed power.
Such a mapping can be performed by using
approximate forward voltage values from Figure 3.
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(a) With LZ1 LED (b) With LZ1 LED and Heidi lens

Fig. 4 Measured data rate by varying LED current

(a) With LZ1 LED (b) With LZ1 LED and Heidi lens

Fig. 5 Energy efficiency for different transmit powers

The current values in our setup range from 70 mA
to 525 mA. We consider the approximate voltage
value to be 2.7 V till 385 mA, and 2.8 V till 525
mA. Using this mapping and Figure 4, the energy
efficiency is plotted in Figure 5.

The energy efficiency is dependent on the data
rate. The energy efficiency increases initially as
power increases. However, as the rate of increase
of data rate reduces, energy efficiency starts to
decrease. As shown for LZ1 LED in Figure 5a,
the maximum energy efficiency of 16.6 MbpJ is
observed at a transmit power of 756 mW. The
data rate available at this point is 12.5 Mbps.
Beyond 756 mW, the data rate increases, but

energy efficiency continuously decreases. A maxi-
mum data rate of 16.2 Mbps is observed at 1470
mW transmit power, but the energy efficiency is
just 11 MbpJ. A similar trend can be seen for
LZ1 LED with Heidi lens in Figure 5b. However,
as higher data rates are achieved by using a lens,
the energy efficiency is also significantly higher. In
this graph, the energy efficiency increases up to 74
MbpJ till transmit power of 283.5 mW, with an
available data rate of 21 Mbps. For a higher data
rate requirement, higher transmit powers could be
used with 756 mW transmit power providing 29.1
Mbps, but the energy efficiency of only 38.5 MbpJ.
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These results indicate that our proposed con-
cept of adaptive uplink transmit power, keeping
in mind the required data rate, is highly desir-
able for energy-efficient transmission as well as the
quality of service. Based on the constraint of data
rate requirement, the transmit power should be
adapted to the value at which energy efficiency
can be maximized.

5 Simulation-Based
Evaluation

5.1 Setup

A single LiFi AP network is considered for
simulation-based evaluation, with the number of
nodes varied from two to eight. All the nodes are
located in the coverage area of the AP. Both the
angle of irradiance and the angle of incidence are
selected randomly from 0° to 45° for each node. As
IoT nodes that can not only transmit some sens-
ing data but also real-time audio and video are
considered, each node requests a random data rate
between 5 Mbps and 20 Mbps, corresponding to
an average per node data rate of 12.5 Mbps. An
example topology with eight nodes, represented
by black dots, is shown in Figure 6. For simplic-
ity, the uplink coverage area of only two IoT nodes
is shown. All the other nodes would have similar
uplink coverage areas.

Fig. 6 Simulation setup

Table 3 Simulation parameters

Parameter Value

LiFi bandwidth, B 20 MHz
Noise PSD, Nn 10-21

A2/Hz
Physical area of photodetector, Apd 10-4 m2

Responsivity of photodetector, Rpd 0.53 A/W
Optical filter gain, gf 1
Refractive index, f 1.5
Optical to electrical conversion coeffi-
cient, κ

1

Half-intensity radiation angle, Φ1/2 45°

Photodetector semi-angle of field of
view, Ψmax

60°

Angle of irradiance, φ 0 - 45°
Angle of incidence, ψ 0 - 45°
Distance between LiFi AP and IoT
node, dn

1 - 2 m

Data rate increment, δ 0.1 Mbps

Our proposed adaptive uplink transmit power
algorithm, abbreviated as PA, can transmit at
powers ranging from 10 mW to 1000 mW. We
compare PA with random and fixed uplink trans-
mit power mechanisms. The random mechanism
uses uniform distribution to select transmit power
randomly between 100 mW and 1000 mW. Two
different fixed uplink transmit powers of 100 mW
and 1000 mW are used. The comparison is based
on offered data rate, consumed power, energy effi-
ciency, and data rate requirement satisfaction. If
the required data rate is provided to the node,
it is assumed that the data rate requirement is
satisfied. Each data point shown in this section
is an average of 10,000 simulation runs, whereas
the error-plot represents the standard deviation
of these simulation runs. All parameters used for
simulation are summarized in Table 3.

5.2 Results

The achieved per node data rate available in the
uplink direction for all the schemes are shown in
Figure 7. Figure 7a shows the data rate when the
distance between the node and AP is 1-meter,
and Figure 7b shows the data rate with a 2-meter
distance. The data rate is directly related to the
signal strength. As the signal strength is inversely
proportional to the distance between the nodes
and AP, the respective data rate of each scheme
is higher for a 1-meter distance compared to a
2-meter distance. For all schemes, the data rate
decreases with the increasing number of nodes, as
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(a) With 1-meter distance (b) With 2-meter distance

Fig. 7 Achieved per node uplink data rate with varying number of nodes

(a) With 1-meter distance (b) With 2-meter distance

Fig. 8 Uplink transmit power with varying number of nodes

the same channel is divided by time slots among
a higher number of nodes. For random and fixed
power, the data rate continuously decreases with
the increasing number of nodes. However, for PA,
the decrease in the data rate is not very signifi-
cant. Due to the integrated mechanism to improve
energy efficiency, the PA technique transmits at a
data rate optimal for energy efficiency. Although
PA could achieve higher data rates similar to 100
mW and 1000 mW techniques, it provides an
average per node data rate of 13.09 Mbps at 1-
meter and 12.15 Mbps at 2-meter. These data
rates are close to the average per-node data rate
requirement of 12.5 Mbps.

The uplink transmit power is compared next
in Figure 8, with a 1-meter distance between the
nodes and the AP in Figure 8a, and a 2-meter
distance in Figure 8b. As 100 mW and 1000
mW techniques transmit at constant power, the
curve can be seen as a flat-line, irrespective of
the number of nodes and distance between the
node and the AP. The random technique also
has a nearly flat-line because of a large number
of simulation repitions. However, the PA adapts
the uplink transmit power to optimize energy effi-
ciency. With increasing nodes, the PA increases
transmit power to satisfy the nodes’ data rate
requirement. The transmit power for a 1-meter
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(a) With 1-meter distance (b) With 2-meter distance

Fig. 9 Energy efficiency with varying number of nodes

distance varies from 11 mW (for two nodes) to 217
mW (for eight nodes), crossing the 100 mW curve
for more than six nodes. In comparison, the trans-
mit power varies from 40 mW to 340 mW with a
2-meter distance, crossing the 100 mW curve even
earlier at five nodes. However, the transmit power
of PA is still significantly lower than random and
1000 mW techniques.

The achieved energy efficiency is compared
in Figure 9. As the data rate decreases with
the increasing number of nodes for random and
fixed uplink power techniques, the energy effi-
ciency also decreases with increasing nodes. For
PA, although the data rate does not significantly
reduce as the number of nodes increases, the
transmit power increases. Therefore, the energy
efficiency in PA also decreases with the increasing
number of nodes. These trends are also visible in
Figure 9. The 1000 mW technique performs the
worst, with an average energy efficiency of 39.18
MbpJ at a 1-meter distance and 29.37 MbpJ at
a 2-meter distance. The random technique per-
forms better than the 1000 mW technique, having
an average energy efficiency of 79.35 MbpJ at a
1-meter distance and 54.23 MbpJ at a 2-meter dis-
tance. The PA outperforms the other techniques
for a 1-meter distance with an average energy effi-
ciency of 548.26 MbpJ. At 1-meter, the 100 mW
technique performs worse than PA but better than
random and 1000 mW techniques. The 100 mW
technique catches up with PA when the num-
ber of nodes becomes eight. However, the average
energy efficiency of 228.76 MbpJ of the 100 mW

technique is significantly less than PA. For a 2-
meter distance, the energy efficiency of the 100
mW technique becomes better than PA as the
number of nodes increases beyond four. Still, at a
2-meter distance, the average energy efficiency of
141.84 MbpJ of PA is slightly better than 131.61
MbpJ of the 100 mW technique. It can be assumed
that since the PA is designed to improve energy
efficiency, it should consistently outperform other
techniques for any number of nodes. However, it
should be kept in mind that the PA also considers
the data rate requirement of the node. If it is pos-
sible to satisfy the data rate requirement of the
node, the PA will compromise the energy efficiency
by increasing the transmit power.

The compromise of energy efficiency to sat-
isfy the data rate requirement of the node can be
seen in Figure 10. The percentage of nodes whose
data rate requirement is satisfied is shown against
the number of nodes. The PA clearly outperforms
the random and 100 mW techniques and performs
similarly to the 1000 mW technique. This clearly
shows that the PA adapts the transmit power as
per the data rate requirement of the node. Both
PA and 1000 mW techniques almost satisfy the
data rate requirement of 100% of nodes for any
network size at a 1-meter distance. For 2-meter,
both PA and 1000 mW technique completely sat-
isfy data rate requirement till five nodes and then
reduces to around 66% by eight nodes. The aver-
age data rate satisfaction of PA and 1000 mW
technique for 2-meter distance is approximately
92%. On the contrary, the 100 mW technique can
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(a) With 1-meter distance (b) With 2-meter distance

Fig. 10 Percentage of data rate requirement satisfied with varying number of nodes

completely satisfy the data rate requirement until
three nodes at 1-meter. The average data rate sat-
isfied by the 100 mW technique is approximately
80% for 1-meter distance and 48% for 2-meter dis-
tance. The random technique satisfies the data
rate requirement of all nodes till three nodes for 1-
meter distance and only a single node for 2-meter
distance. On average, the data rate satisfied by
random technique is 95.87% for 1-meter distance
and 81.31% for 2-meter distance.

5.3 Discussion

For discussion, the energy efficiency results from
Figure 9 and data rate satisfied results from Figure
10 have to be seen altogether. The PA and 1000
mW techniques perform similarly and outperform
the random and 100 mW techniques for the per-
centage of data rate satisfied for any number
of nodes and for any distance between the AP
and the client. However, the energy efficiency of
1000 mW is the worst. The random technique
has a slightly better energy efficiency than the
1000 mW but is outperformed by PA and 100
mW techniques. The PA outperforms the 100
mW technique for a 1-meter distance in energy
efficiency. Even at 2-meter, the average energy effi-
ciency of PA (141.84 MbpJ) is still slightly better
than the 100 mW technique (131.61 MbpJ).

At a 2-meter distance and network size of five
or more nodes, the 100 mW technique is slightly
more energy efficient than PA. However, the aver-
age data rate satisfaction at 2-meter for five or

more nodes is approximately 86% for PA and only
23% for 100 mW technique. The slight energy effi-
ciency gain in the 100 mW technique comes with
a significant reduction in data rate satisfaction.
Considering both energy efficiency and data rate
satisfaction, it could be concluded that the PA
comfortably outperforms all the other techniques.

6 Conclusion

Due to the expected massive deployment and
further congestion of already congested WiFi net-
works, an adaptive uplink transmit power mecha-
nism is presented in this paper for infrared-based
LiFi networks. The proposed algorithm distribu-
tively adapts uplink transmit power to optimize
energy efficiency at each node while also consid-
ering its data rate requirement. The distributed
algorithm with linear complexity does not require
any additional network component or signaling for
its functionality. For proof of concept, hardware-
based experimentation with LZ1 LED and Heidi
lens shows the need for the proposed algorithm for
energy efficiency. Simulation results with a single
LiFi AP covering up to eight IoT nodes show that
the proposed algorithm provides better energy effi-
ciency and data rate satisfaction when compared
with random and fixed uplink transmit powers.

The results demonstrate the potential of the
proposed algorithm. With no hardware available
in the market to adapt the uplink transmit power
for infrared LEDs as per data rate requirement,
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this paper clearly shows the need for the hardware
development of such a LiFi system.
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