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Abstract— Visible light communication (VLC) is an emerg-
ing wireless technology to support high transmission rate for
indoor devices by using existing lighting infrastructure, and
VLC-based indoor localization is capable of providing high-
accuracy localization. However, current VLC-based localization
systems suffer from several key challenges such as sensitivity to
random tilting of the receiver, which limits its full potential in
real-world applications. In this paper, we design an integrated
visible light communication and localization (VLCL) system
to simultaneously support accurate real-time localization and
communication services for indoor devices. To achieve this,
an advanced differential phase difference of arrival (A-DPDOA)
localization design is developed to simplify hardware and improve
tracking robustness. In addition, a joint adaptive modulation,
subcarrier and power allocation scheme is also proposed, which
aims to improve the communication data rate and localization
accuracy. Extensive experiments are performed to demonstrate
that the proposed integrated VLCL system achieves higher
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localization accuracy and transmission data rate, compared to
existing systems and schemes. Experiments also illustrate that the
localization algorithm is more robust against the random tilting
of the receiver under device movement in two-dimensional and
three-dimensional scenarios.

Index Terms— Visible light communication, visible light local-
ization, adaptive transmission, robust scheme, indoor devices.

I. INTRODUCTION

INDOOR localization is important for object or device
positioning, tracking, and navigation in factories, hospitals,

airports, offices, train stations, and warehouses [1], [2], [3].
Radio-frequency (RF)-based localization is a typical field
of application for indoor localization, tracking and navi-
gation, which has been widely investigated to identify or
track the location of mobile objects [2]. However, in indoor
RF-based localization systems, the localization accuracy is
significantly impaired by indoor multipath reflections and
shadowing effects [3], [4].

In recent years, researchers have reported that white light
emitting diodes (LEDs) can be installed to set up visible
light communications (VLC) systems to support wireless
communications and to estimate the locations of mobile
devices in indoor environments, such as in office, supermarket,
hospital, airport, and factory [2], [3], [4], [5], [6], [7], [8].
Thus, relying on homogeneously deployed lighting infras-
tructure, VLC-based LEDs has been recently regarded as a
potential technique for fifth-generation (5G) communication
networks and beyond, as it can not only support illumina-
tions and high-speed communications rate, but also provide
high-accuracy localization in indoor environments.

On the one hand, VLC based LEDs is an potential technol-
ogy for indoor communications with the benefit of high data
rate, no RF interference and license-free. The literature [9],
[10] provided a fundamental investigation on VLC systems,
where the system principle was discussed in detail. After
that, the development of VLC has achieved much interests
from both academia and industry. The references [11], [12],
and [13] presented VLC systems for indoor communication
applications, and actual experiments were presented to show
the effectiveness of their designed VLC systems in indoor
environments. The work in [14] used high-quality LEDs to
obtain a data rate of 500 Mbit/s in VLC systems.

In [15], the adaptive modulation designs combining with
orthogonal frequency division multiplexing (OFDM) were
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presented in VLC systems to maximize the data rate, where
signal-to-noise-ratio (SNR) is acted as a reference to choose
modulation levels at different subcarriers. Different optical
versions of OFDM were developed for optical communications
and the VLC technology, such as optical OFDM [6], asymmet-
rically clipped optical OFDM [16], DC biased optical OFDM
[17], and asymmetrically clipped DC biased optical OFDM
[18]. Dissanayake et al. in [17] summarized the advantages
of these OFDM techniques and compared their communica-
tion performances. Furthermore, the work in [19] and [20]
experimentally studied weighted pre-equalization schemes to
enhance the communication data rate by compensating fre-
quency attenuation of VLC.

On the other hand, localization and positioning using VLC
technology have been proposed to improve the localization
accuracy [4], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30], [31], [32] due to the less indoor multipath reflections
and shadowing effects compared to RF-based localization.
The studies in [4] and [21] provided a comprehensive review
of different localization techniques for VLC-based localiza-
tion, such as received signal strength (RSS), angle of arrival
(AoA), time-of-arrival (TOA) and time-difference-of-arrival
(TDOA). A real-time indoor positioning systems based on
VLC were experimentally demonstrated in [22], where differ-
ent cell layouts were designed to get the optimum frequency
assignment for LED-based coverage. Even though VLC-based
localization systems embrace the high-accuracy localization
benefit, several fundamental problems in terms of precision,
robustness, real-time operation, and reliability remain. For
example, VLC-based RSS localization adopts received power
to perform location estimation, which is sensitive to back-
ground noise and random tilting of photo-detector (PD) plane
in a real-world setting [23], [24], [25]. The AoA localization
algorithm can achieve high accuracy performance [26], [27],
[28] and Li et al. in [26] also demonstrated the localization
performance in 3D scenario. The localization algorithms, i.e.,
TDOA [29] and phase difference of arrival (PDOA) [30],
are capable of supporting high-accuracy localization, but they
require both expensive synchronized real local oscillators
(LOs) and high-speed analog-to-digital converters (ADCs),
where these two requirements hinder their practical imple-
mentation. Our previously work in [31] presented a hybrid
RSS/PDOA scheme to maintain the high localization accuracy
under receiver tilting, but it requires a high computational
complexity. Recently, Shao et al. [23] proposed an excellent
localization scheme achieve nearly 4 cm localization accuracy
performance, where a number of PDs (i.e., landmarks) are
mounted on any single unmodified light source to sense the
retroreflected optical signal (i.e., location signature). More-
over, in addition to providing high-accuracy localization in
VLC-based systems, communication services also need to be
supported simultaneously in the same system [3], where some
indoor scenarios may require high-speed transmission data,
e.g., augmented reality (AR) or virtual reality (VR) services
need a high-speed transmission data rate up to several hundred
megabits per second (Mbps) [32].

Recently, many works presented the integration of VLC and
VLL in the same system [3], [33], [34], [35], [36], called

integrated VLCL system, in order to support both communica-
tion and positioning applications instead of providing VLC [9],
[10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22] or VLL [23], [24], [25], [26], [27], [28], [29], [30],
[31] independently. For example, in a factory, some indoor
vehicles need the localization service to transport goods from
one place to another place, while some machines require to
download images or videos to perform manufacture, and thus
the system needs to provide both localization and communi-
cation for these devices at the same time in the same system.
In detail, the references in [33] and [34] combined orthogonal
frequency division multiple access (OFDMA) and RSS in
integrated VLCL systems, but the performance is degraded due
to severe out-of-band interference generated from OFDM sig-
nals. Additionally, an integrated VLCL system applying filter
bank multicarrier-based subcarrier multiplexing (FBMC-SCM)
was proposed to avoid effect of the out-of-band interference
(OOBI) and then improve the system performance [34], [35],
but it requires extra computational complexity for signal pro-
cessing at transmitters. In addition, Yang et al. investigated the
resource allocation for integrated VLCL systems with consid-
ering quality-of-service (QoS) requirements [36]. Furthermore,
considering the negative effect of receiver tilting on the system
performance in practical VLL systems, the authors in [25],
[33], [36], and [37] provided the analysis of receiver tilting on
the localization performance, where the random and unknown
tilt angle of receiver can cause significant localization errors
when mobile devices move in indoor environments. The works
in [25], [33], [36], and [37] used the RSS algorithm to perform
localization, where RSS adopts received power to implement
location estimation which is greatly sensitive to random tilting
of PD plane in a real-world setting. Hence, implementing both
communication and real-time indoor localization with high
robustness, precision, and reliability is still challenging.

Moreover, there are several new challenges of combining
VLL and VLC: 1) Communication bands on the visible light
spectrum leak OOBI to adjacent bands, which significantly
reduces the communication performance and localization
accuracy; 2) There exists a power allocation tradeoff between
VLC and VLL, and thus how to effectively allocate fixed or
limited transmission power for them to guarantee both the
communication and localization requirements is a challenge;
3) light-of-sight (LoS) blocking is an important issue in
the integrated system, and how to design a robust handover
mechanism to ensure both the communication and localization
performance under LoS blockages is also a challenge.

To overcome the challenges mentioned above, this paper
experimentally designs an integrated VLCL system (com-
bine OFDMA and a presented advanced differential PDOA
(A-DPDOA)) to support both the communication and real-time
localization services. A joint adaptive modulation, subcarrier
allocation and power allocation design is also proposed to
optimize the transmission data rate and localization accu-
racy of devices. Moreover, different from the work in [1],
as RSS-based localization is much sensitive to random tilting
of PD plane, an A-DPDOA-based localization algorithm is
presented to provide high-accuracy localization. The main
contributions of the paper are listed as follows:

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on December 20,2023 at 01:56:15 UTC from IEEE Xplore.  Restrictions apply. 



YANG et al.: ADVANCED INTEGRATED VISIBLE LIGHT COMMUNICATION AND LOCALIZATION SYSTEM 7151

• We experimentally design an integrated VLCL system
to simultaneously support both the communication and
localization services. The localization signal in integrated
VLCL system can be used for RSS and A-DPDOA
localization, and avoid the the interference (OOBI) from
adjacent communication subcarriers.

• An A-DPDOA localization design is developed to sim-
plify hardware without using local oscillators, which
reduces the negative effect of hardware on localization
accuracy, and improves tracking robustness under receiver
tilting. The A-DPDOA localization algorithm can achieve
the robust localization accuracy against receiver tilting.

• A joint adaptive modulation, subcarrier allocation and
power allocation design is presented to optimize the
transmission data rate and localization accuracy perfor-
mance. In this context, the power allocation tradeoff
between VLC and VLL is designed to improve both the
communication and localization performances.

• We conduct actual experiments to evaluate the local-
ization accuracy and system data rate performance in
practical settings. In detail, centimeter (cm)-level local-
ization/tracking accuracy under device mobility (i.e., the
mean 2D tracking error of 4.3 cm and the mean tracking
error of 9.3 cm in 3D tracking scenario), as well as
data rate of more than one hundred Mbps per unit, are
achieved. In addition, compared with other RSS based
localization systems, the proposed integrated VLCL sys-
tem not only achieves higher tracking accuracy, but also
is more robust against random tilting of receiver.

Organization: The rest of this paper is organized as follows.
An advanced integrated VLCL system is shown in Section II.
Section III provides the principle of the presented adaptive
transmission design. Section IV shows the experimental results
and discussion. Section V summarizes the work.

II. INTEGRATED VLCL SYSTEM MODEL

A. Integrated VLCL Framework

As shown in Fig. 1 (a), in addition to supporting indoor light
illumination, LED lamps (let ‘LED’ denote ‘LED lamp’ in this
paper) can be used to set up VLCL systems to support both
wireless communication and localization services for indoor
devices. At each device, a PD is equipped to receive the optical
signal before converting it into electrical signals.

The schema of the system architecture is provided in
Fig. 1 (b). At the transmitter side, communication signals and
synchronized localization sinewave signals are initially gener-
ated from a signal generator, i.e., arbitrary waveform generator.
The integrated communication and localization signals are first
amplified and then combined with direct current (DC) biases
by bias-tees to drive the corresponding LED lamps. At the
mobile device side, the receiver consists of an avalanche PD
(APD) with an integrated electrical amplifier, a VLC module,
and a VLL module. After receiving the optical signals from the
LED lamps, the APD converts the optical signal to electrical
signals, and then captures them by using an oscilloscope.
The Raspberry Pi is used to perform communication signal
demodulation, power measurement, and location estimation.

Fig. 1 (c) shows the electronical spectra of integrated
communication and localization signals at the LED transmitter
sides, which is simulated. Both the communication signal and
localization sinewave signal are generated by using MATLAB
tool, and they are respectively allocated on the communication
subcarriers and localization subcarriers. Then, these two kinds
of signal are added together at the LED transmitter side.
For the localization module, as illustrated in Fig. 1 (c), the
sinusoidal signals with five different frequencies (blue color),
i.e., from f1 to f5, are modulated on the four LED lamps.
LED lamp 1 carries two sinusoidal signals with frequencies
f1 and f5, while LED lamp 2, LED lamp 3, and LED lamp
4 use frequencies f2, f3, and f4 to transmit sinusoidal signals,
respectively. Note that these five frequencies are not used to
transmit communication signals in one unit of the VLCL sys-
tem. From Fig. 1(c), it can be seen that there are five frequency
holes in the identified subcarriers that have negligible OOBI
leakage from adjacent communication subcarriers (red color).
In the context, the localization sinusoidal signals (blue color)
are put into these frequency holes, to avoid the interference
leakage on localization frequency holes from the communi-
cation signals. In addition, there exists a power allocation
tradeoff between VLC and VLL, and we will design this power
allocation scheme to maintain both the communication and
localization performances (in Section III).

After receiving the mixed integrated communication and
localization signals from four LED lamps, band-pass fil-
ters (BPFs) and band-stop filter (BSF) are applied to filter
both the localization signal and communication signal out
from the received mixed signal, respectively. For localization,
we propose an advanced differential phase difference of arrival
(A-DPDOA) to estimate the location of devices, as it can
simplify hardware without using LOs and it is robust against
background noise and random tilting of PD plane in real-world
settings, where the localization principle of A-DPDOA will be
provided in Section II-B.

In the integrated VLCL system, K devices (e.g., robot,
machine and phone) randomly distribute on the floor. The
system has a central controller, which connects all LEDs
to transmit signal to devices. Once the central controller
collects the feedback information (e,g., channel information
and devices’ services), it can schedule the communication and
localization tasks. The bandwidth is equally divided into N
subcarriers. As each LED lamp has one unique localization
subcarrier to transmit localization sinusoidal signal, expect
one of them having two unique localization subcarriers in our
proposed localization algorithm, totally L + 1 subcarriers out
of the N subcarriers are applied for localization while ther
N − L − 1 subcarriers are used for communication. As the
system has K devices, there have K communication subcarrier
groups (SGs).

The power allocation tradeoff between VLC and VLP, and
the interference (OOBI) will affect each other. When the
transmission power of LED is fixed, if the VLCL system
allocates more power to VLC spectrum subcarriers, the system
can achieve the higher communication data rate, but the
positioning subcarriers will be allocated with less power and
the localization accuracy will decrease in this case. In contrast,
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Fig. 1. The system model of integrated VLCL system.

if the system allocates more power on positioning subcarriers,
the locations accuracy can be improved due to the high
received signal strength, but the communication data rate will
decline due to the less received signal power. Thus, there exists
some tradeoff between them in term of power allocation.

B. Communication Model

In integrated VLCL system, the received SNR at device k
on communication subcarrier n is expressed as

γco
k,n = µ2(

∑L

i=1

√
Pn,iHi,n,k)

2
/

δ2, (1)

where µ denotes the PD’s responsivity. Pn,i represents the
allocated electrical power on subcarrier n at LED i. Hi,n,k

is the line-of-sight (LoS) optical channel gain from LED i to
device k on subcarrier n. δ2 denotes the additive background
noise power at the devices [6], [9].

For device k, if it is assigned on the n-th subcarrier,
the transmission signal can be modulated by Mn-quadrature
amplitude modulation (QAM) with the modulation order Mn,
the bit error rate (BER) is defined by adopting [6], [9],

BERk,n =
√

Mn − 1√
Mnlog2(

√
Mn)

erfc

(√
3γco

k,n

2(Mn − 1)

)
. (2)

The transmission data rate (bits/s) of the k-th device on its
assigned subcarrier can be given by [6], [9], [10], [11], [12],
and [13]

Rk = Bsub

∑N/2−1

n=1
(ρk,nlog2Mn), (3)

where ρk,n denotes a binary parameter, ρk,n ∈ {0, 1}, and
ρk,n = 1 shows that the communication subcarrier n is
allocated to device k; otherwise, ρk,n = 0. Bsub denotes
subcarrier bandwidth Bsub = B/N , where B denotes the
transmission bandwidth.

C. Proposed A-DPDOA Localization

Let di,k denotes the transmission distance between the i-th
LED lamp and the k-th device, we have di,k = ti,kc with
c being the speed of light and ti,k being the corresponding
propagation time. The propagation time ti,k can be given by:

ti,k = ∆φi,k/2πfi, where ∆φi,k is the phase shift of the
transmitted sinusoid signal at the frequency of fi for device k.
With reference to Fig. 1 (c), let STx

i (t) denote the input
sinusoidal signal modulated on the i-th LED lamp, which is
expressed as

STx
i (t) =

√
Pi sin(2πfit + φ0), (4)

where φ0 is the initial phase of the signal. After propagating
through an indoor optical wireless channel, being detected and
passing through a BPF, the received signal SRx

i (t) at the k-th
device is given by

SRx
i,k (t) =

√
PiHi,k sin(2πfit + ∆φi,k + φ0) + nk(t), (5)

where nk(t) is the background noise at device k, and Hi,k is
the LOS optical wireless channel gain between device k and
the i-th LED lamp. To measure ∆φi,k, an I/Q (In phase and
Quadrature) demodulator is required. However, this method
requires a LO to generate a reference signal at the frequency
fi with a phase locked loop (PLL) circuit to decode the
phase shift ∆φi,k. This LO needs to precisely synchronize
the transmitted sinusoidal signal, which significantly increases
the system complexity and affects the measurement accuracy,
since there are multiple VLL lamps. In this work, we propose
a non-LO based differential phase-shift measurement to obtain
∆φi,k, which can be used in the triangulation algorithm for
the localization estimation. Equation (5) can be re-written as

SRx
i,k (t) =

√
PiHi,k sin(ωit + ωiti,k + φ0) + nk(t). (6)

where ω is the angular frequency: ω = 2πf . To extract the
implicit parameter di,k from equation (6), we use a differential
phase shift measurement approach. Multiplying SRx

1 (t) by
SRx

2 (t), we have

SRx
1,k(t)SRx

2,k(t) = −1
2

√
P1

√
P2H1,kH2,k

× [cos ((ω1 + ω2)t + ω1t1,k + ω2t2,k

+2∆φ0)− cos ((ω2 − ω1)t + ω2t2,k

−ω1t2,k)] + n12,k(t), (7)

where n12,k(t) is the additive noise term. After the received
signal passing through a BPF with center frequency of

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on December 20,2023 at 01:56:15 UTC from IEEE Xplore.  Restrictions apply. 



YANG et al.: ADVANCED INTEGRATED VISIBLE LIGHT COMMUNICATION AND LOCALIZATION SYSTEM 7153

(ω2−ω1) and noise being ignored, the phase difference related
term is achieved by

D1,k(t) =
1
2

√
P1

√
P2H1,kH2,k cos ((ω2 − ω1)t + ω2t2,k

−ω1t1,k) , (8)

Similarly, we have

Di,k(t) =
1
2

√
Pi

√
Pi+1Hi,kHi+1,k

× cos ((ωi+1 − ωi)t + ωi+1ti+1,k − ωiti,k) ,

× i = 2, 3, 4. (9)

Multiplying equations (8) by (9), when we take D1,k(t)×
D2,k(t) as an example, the differential expression is then
obtained, i.e.,

D1,k(t)×D2,k(t) =
1
8

√
P1P2

√
P3H1,kH2

2,kH3,k

× [cos((ω3 − ω1)t− ω1t1,k + ω3t3,k)
+cos(ω1t1,k + ω3t3,k − 2ω2t2,k)]

(10)

To achieve the differential of phase differences (DPDs), the
phase of D1,k(t)×D2,k(t) should be extracted. We can respec-
tively extract the In-Phase and Quadrature-phase components
by adopting

I1,k = LPF (D1,k(t)×D2,k(t))

=
1
8

√
P1P2

√
P3H1,kH2

2,kH3,k cos

× (ω1t1,k + ω3t3,k − 2ω2t2,k), (11)
Q1,k = LPF (D1,k(t)×Hilb (D2,k(t)))

=
1
8

√
P1P2

√
P3H

2
2,kH3,ksin

× (ω1t1,k + ω3t3,k − 2ω2t2,k), (12)

where LPF (·) and Hilb(·) are LPF and the Hilbert transfor-
mation, respectively. Taking ratio as Q1,k/I1,k, the amplitude
terms are canceled, leading to a tan(·) based phase term.
Extracting the dual differential of phases with, we have

ω1t1,k + ω3t3,k − 2ω2t2,k = tan−1 (Q1,k/I1,k) . (13)

Similarly, we also have

ω2t2,k + ω4t4,k − 2ω3t3,k = tan−1 (Q2,k/I2,k) , (14)

ω3t3,k + ω5t1,k − 2ω4t4,k = tan−1 (Q3,k/I3,k) . (15)

Note that we set that the five localization frequencies are the
arithmetic progression, then the above equation groups from
equation (13) to (15) can be solved by the following matrix d1,k − d2,k

d2,k − d3,k

d3,k − d4,k

 = c

 tan−1 (Q1,k/I1,k)
tan−1 (Q2,k/I2,k)
tan−1 (Q3,k/I3,k)


×

ω1 −ω3 0
0 ω2 −ω4

ω5 ω5 ω5 + ω3

−1

, (16)

where ti,k is replaced by di,k and c using ti,k = di,k/c,
and tan−1 (Qi,k/Ii,k) can be calculated after measuring the

parameters in the experiment. Considering di,k − di+1,k as
a variable, we get a rank equations which can effectively
address these distance differences variables problem. To com-
pute the k-th device’s location (xk, yk, zk), the relationship
between the receiver location and the transmission distance

is di,k =
√

((xi − xk)2 + (yk − y)2 + (zk − z)2), where
(xi, yi, zi) denotes the poistion of the LED lamp i. From
Eq. (11), (12), and (16), we can observe that the distance
deference variable di,k − di+1,k is determined by both the
In-Phase Ii,k and the Quadrature-phase Qi,k, and these two
components Ii,k and Qi,k are related to the transmission power
Pi. Thus,the selection of transmission power value affects the
distance deference variable estimation accuracy, and finally
affects the localization error.

Conventionally, the receiver can apply the Newton-Raphson
and Levenberg-Marquard schemes to numerically complete the
location estimation. However, these solutions require much
longer computational time than expected if the initial values
are inappropriately selected. Moreover, it should be noted that
there exist relatively location shifting errors in the localization
system due to the following two factors: 1) the VLCL hard-
ware may have bias errors of time delay measurements when
we implement the experiments; 2) the calibration process on
Initial Time Delay (ITD) at all LED lamps. To address these
issues, the shifting error mitigation technique is adopted to
simplify the trilateration solution and improve the location
accuracy.

III. ADAPTIVE TRANSMISSION DESIGN FOR
INTEGRATED VLCL SYSTEMS

The block diagram of the adaptive transmission scheme for
the integrated VLCL system is illustrated in Fig. 2, where
a joint adaptive modulation, subcarrier allocation as well
as power allocation is presented to improve the localization
accuracy and communication performance. The process to
realize the adaptive transmission are provided by the following
analysis.

At the transmitters, the system allocates communication
SGs to devices, and then the localization signals for VLL are
integrated with communication signal at all LEDs, where five
localization frequencies from f1 to f5 are set into the (K+1)-
th SG and all communication signals are allocated on K SGs.
The central controller receives the information (e.g., channel
state information, channel quality, and data rate requirements)
from devices, and it selects the adaptive M -QAM mapping
according to devices’ different minimum data requirements
and feedback information.

According to (1), the system chooses the modulation order
Mn based on the SNR value γco

k,n of device k, which is

Mn = 2j , γth
j ≤ γco

k,n ≤ γth
j+1, j = 1, . . . , J − 1, (17)

where γth
j denotes the SNR target value of the corresponding

modulation level j, its current BERk,n should be less than
the maximum tolerant threshold BERmax. The above analysis
in (17) shows the modulation order selection process based on
the received SNR information from devices.
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Fig. 2. Block diagram of the proposed adaptive transmission for integrated VLCL systems.

Considering the fact that the severe attenuation of LEDs
in high frequency domain in optical systems, the power
allocation based on pre-equalization method is adopted to
compensate the frequency attenuation at LED sides. We find
that transitional pre-equalization methods are not optimal,
because the system sacrifices a large amount of power to
balance of the attenuation in high frequency domains. The
authors in [15], [19], and [20] proposed a power allocation
based on pre-equalization scheme to optimize the sum data rate
of all subcarriers. However, power allocation schemes in [15],
[19], and [20] was still not the optimal scheme, because it
is only a fixed-order modulation as well as static subcarrier
allocation. Therefore, the joint adaptive transmission design is
presented to dynamically improve the transmission data rate
while ensuring the localization accuracy requirement.

The modulation order of the k-th SG is denoted by Mk.
The continuous subcarrier allocation indicator for device k is
denoted by ρk. In addition, the k-th SG signal in the frequency
domain when considering the joint adaptive modulation, sub-
carrier allocation, as well as power allocation is expressed as

S′k(Mk, ρk) =
√

Pk ·H−1
k (ρk) · Sk(Mk, ρk), (18)

where S′k(Mk, ρk) and Sk(Mk, ρk) are the k-th SG sig-
nal vector before and after pre-equalization, respectively. Pk

and Hk denote the power allocation coefficient on the k-th
subcarrier group and the transfer function matrix of SG k,
respectively. Note that Hi,k is one subcarrier of the subcarrier
group Hk. It is worth noting that Hk is a diagonal matrix.
Hk can be measured offline before the experiment.

At each device, for VLL, the received localization signal
on the five localization frequencies from four correspond-
ing LEDs can be measured in the integrated VLCL system
by using band stop filter (BSF). After obtaining the four
received localization power levels, the location of the device
is achieved by adopting the A-DPDOA-based localization
algorithm. For VLC, the communication signals are achieved
when the received signals are filtered by using BSF, and finally
communication signals are demodulated by adopting OFDM
demodulation technique.

Note that for the channel feedback issue, in general
communication systems, it also needs receiver to send its
channel information to the transmitter. When we consider the

auto-rate function, the receiver needs only to feed back its
received SNR to the transmitter for the system data rate update.
When the SNR value is sent back, we can know whether the
data rate can meet the QoS requirement or not. If it fail to meet
the QoS requirement, we can use the water-fulling method to
increase power allocation value in the next iteration to enhance
the achievable data rate.

For the localization algorithm design, let G denote the
sample points of each received localization signal. The system
uses filter to flit the five signals in equation (5) and four
signals in equation (9), which respectively require about
the computational complexity of 5GlogG and 4GlogG [35].
The computational complexity in Eq. (7) and (10) are
4G and 3G, respectively. The computational complexity of
Eq. (11) and (12) is about 6G. The computational complexity
in the location derivation in Eq. (16) is about L2.5 ln(1/κ),
where κ is the iteration tolerance and L is the number of
LED lamps. According to the above analysis, the experimental
computational complexity of the localization algorithm is
O
(
9G + 9G log G + L2.5 ln(1/κ)

)
.

The joint optimization algorithm can be summarized as
follows:

Step 01: Initialize the iteration i=0, set the sum data rate
Rsum(0) = 0, subcarrier allocation indicator ρk(0), weighted
pre-equalization coefficients Pk(0) and the modulation order
Mk(0) of each device. Set the maximum tolerance ς ≥ 0;

Step 02: Each device k sends its detected channel infor-
mation, localization accuracy requirements and minimum data
rate requirements Rmin

k (QoS requirement) to the transmitter
side by WiFi or VLC uplink links;

Step 03: The transmitters update the weighted pre-
equalization coefficients PK+1(0) on positioning SG to guar-
antee localization accuracy first;

Step 04: According to the device’s minimum data rate
requirements, the transmitter iteratively calculates subcarrier
allocation indicator ρk(0), weighted pre-equalization coef-
ficients Pk(i + 1) and modulation order Mk(i + 1) for
devices, to satisfy their minimum data rate requirements first,
in other work, allocating communication resource to satisfy
Rk(i) ≥ Rmin

k for each device;
Step 05: After ensuring the minimum data rate requirements

of devices, the system allocates the extra power and subcarriers
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to the devices with best channel quality to maximize
Rsum(i+1) by updating ρk(i+1), Pk(i+1) and Mk(i+1).
For example, the water-filling method is used to allocate
the number of available subcarriers to each device to meet
its minimum data rate constraint. After allocating a part of
subcarriers to all devices to guarantee their QoS requirements,
the extra subcarriers will be allocated to the devices who have
higher channel gains to maximize the system sum data rate.

Step 06: Set i = i + 1, and then update the sum data rate
Rsum(i);

Step 07: Repeat Step 02 to Step 06 until |Rsum(i) −
Rsum(i− 1)| ≤ ς;

Step 08: Output the parameters ρk(i), Pk(i)and Mk(i).
Note that the above joint optimization algorithm uses the

water-filling method to allocate both power and subcarrier
to guarantee devices’ minimum data rate constraints and
maximize the system sum data rate, and the method will
converge to a sub-optimality.

IV. EXPERIMENTAL SETUP AND RESULTS

Fig. 1(b) illustrates the lighting system, which is used to
evaluate the localization accuracy and communication data rate
performances. We demonstrate the experiment with a coverage
area of 222.5 m3. We set the locations of four LEDs as
(-0.4, 0.4, 1.35), (0.4, 0.4, 1.35), (-0.4, 0.4, 1.35) and (-0.4,
-0.4, 1.35) in meters. The Inverse Fast Fourier Transform
(IFFT) size N = 256. The modulation bandwidth we use
is 20 MHz. The modulation order M = {2, 4, 8, 16, 32, 64}
and BERmax = 3.8 × 10−3. The frequencies of the five
sinusoidal signals for localization range from 4.0 to 4.8 MHz
with each frequency gap being 0.2 MHz. Generally, the 2D
localization service of the proposed localization needs at least
three LED lamps, and the 3D localization service of the pro-
posed localization needs at least four LED lamps. Generally,
the 2D localization service of the proposed localization scheme
needs at least three LED lamps, and the 3D localization service
of the proposed localization scheme needs at least four LED
lamps. In the manuscript, as its an experimental setting up,
we use four LED lamps to demonstrate the performance.

From Fig. 1(b), we provides the experimental setup to
show the communication localization performance. The PD
equipped with each device is put at the top of the robot or
indoor vehicle. In this case, one of our researchers move it
during the experiment process. In order to avoid blocking
the visible light at the receiver, the research is on hands and
knees to perform the experiments. The movement trajectory is
planned before the experiment, which is shown in Fig.6 and
Fig. 7 with blue color. When implementing the experiment,
the research carefully pushes the robot along the planned
trajectory, the location estimation can be obtained by the
Rasperry Pi and computer.

A. Online Localization Delay Evaluation

To show the computation latency of localization, we com-
pare the computation time of the the proposed A-DPDOA-
based localization scheme with the Newton-Raphson-based
localization scheme, which is illustrated in Fig. 3. The online

Fig. 3. Online localization delay evaluation.

computation time of the existing Newton-Raphson scheme is
significantly reduced by one order of magnitude by applying
the A-DPDOA-based localization. In detail, when the volume
of the localization measurements are 100, the online compu-
tational time of the A-DPDOA-based is decreased from about
2.0 second (s) to 0.018 s, while this value can be reduced
from 9.30 s to 0.03 s when the volume of the measurements are
200. For the A-DPDOA and Newton-Raphson-based schemes,
the average computation times of one localization measure-
ment are 0.0015 s and 0.019 s, respectively. As these two
schemes need to process localization signal at the PD, and the
additional signal processing time is 0.0186 s. We would like
to mention that the computational time illustrated in Fig. 3
is only the online processing latency, and the results verify
that the proposed A-DPDOA-based localization scheme can
obviously save computational time compared with the Newton-
Raphson scheme. Therefore, the presented A-DPDOA-based
localization can perform real-time indoor localization for the
scenarios where low-latency services are required.

B. 2D/3D Localization Performance of A-DPDOA

Fig. 4(a)-(c) represents the 2D localization results applying
A-DPDOA at three height levels of 1.2 m, 1.5 m, and 1.8 m,
respectively. Here, the vertical height from the LED lamps
plane to the PD plane is denoted as h. We find that the
low localization estimation errors are achieved when mobile
devices are located near the center. However, once the devices
are far away from the center, it can be seen that the localization
estimation errors increase up to 10 cm, because the location
estimations suffer from shifting errors due to the time delay
measurements of the bias hardware and the calibration process
on the ITD at all LED lamps. The shifting error is common
in general VLC systems which results from the instability
of the measurement equipment. However, the shifting errors
can be solved by applying our previously presented shifting
mitigation algorithm [30], and thus these large localization
errors caused by shifting are effectively mitigated. The mean
2D location estimation errors at three heights of 1.2 m, 1.5 m,
and 1.8 m are 4.8 cm, 5.9 cm, and 6.7 cm, respectively.

We also evaluate the localization error performance in
3D scenario at three heights, i.e., 1.2 m (Fig. 4(d)), 1.5 m
(Fig. 4(e)), and 1.8 m (Fig. 4(f)), which are unknown to the
receiver. As the 3D localization environment is more complex
than that of 2D localization, the localization results shown in
Fig. 3 are worse than those of Fig 4(a)-(c). The mean location
estimation errors at the heights of 1.2 m, 1.5 m, and 1.8 m are
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Fig. 4. Comparisons of localization results and localization errors’ CDF.

10.8 cm, 9.5 cm, and 8.0 cm, respectively. Fig. 4(g) shows the
Cumulative Distribution Function (CDF) of the 2D localization
error distributions of Fig. 4(a)-(c).

From Fig. 4(g), we find that when the vertical height is
1.5 m, the location errors are less than 10 cm in 90%. The
CDF of 3D location errors of Figs. 4(d)-(f) is provided in
Fig. 4(h), where the localization errors are less than 20 cm
in 90% at the height of 1.5 m. These results verify that the
high localization accuracy of A-DPDOA in both 2D and 3D
localization environments.

C. Performance Evaluations Under PD Random Tilting

Here, we evaluate the localization robustness of the
proposed A-DPDOA-based localization and the existing
RSS-based localization [1], [23], [24], [25]. As shown in
Fig. 5(a), the PD plane can maintain at a horizontal level when
the indoor ground is absolutely smooth. However, when some
areas of the indoor ground are uneven, the PD plane tilts to
a certain degree which decreases the receiver signal strength

transmitted from some LED lamps, and finally degrades the
localization performance. As illustrated in Fig. 5(b), two tests
each of 8 measurements at one fixed location at the coordinate
(0.4 m, 2 m, 1.5 m) are conducted with PD plane tilting,
where the measurements of A-DPDOA distance difference and
received RSS amplitude are provided in this figure. Note that
the first 4 measurements are under the normal condition with
the PD plane being horizontal, while the next 4 measurements
are under PD plane tilting. The PD plane tilting randomly
ranges from 10 degree to 20 degree in these measurements.
We can easily observe that both A-DPDOA and RSS mea-
surements are affected by the random tilting of PD plane, and
RSS measurements are more sensitive to PD plane tilting than
that of A-DPDOA. For example, the received RSS amplitude
significantly changes from 40 millivolt (mV) of horizontal PD
plane to about 20 mV of PD plane tilting, while the distance
difference of A-DPDOA only changes from 2.6 m to 2.7 m
during this process.

Fig. 5(c) illustrates the localization results of the proposed
A-DPDOA-based localization and the existing RSS-based
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Fig. 5. Measurements under random tilting of PD plane.

localization [1], [23], [24], [25] under PD plane tilting. The
blue dots and black dots show the normal measurements under
horizontal PD plane of A-DPDOA and RSS, respectively, the
dark red dots present the localization results of A-DPDOA
under PD plane tilting, and the blue dots show the localization
results of RSS under PD plane tilting. As depicted in Fig. 5(c),
the estimated locations (dark red dots) of A-DPDOA are very
close to the actual locations in the presence of PD plane tilting,
while the estimated locations (blue dots) of RSS deviate from
the actual locations in this case. The reason lies in the fact
that when the PD plane tilts, the current measurements of the
received signal power from all LED lamps deviate from the
actual measurements, where the RSS utilizes the measured
received power strength to perform localization which is rela-
tively sensitive to the PD plane tilting [25], [33], [36], and [37],
while A-DPDOA measures the phase difference between LED
lamps and the PD instead of received power strength which
is less sensitive to PD plane tilting. The experimental results
have verified that the proposed A-DPDOA-based localization
can obtain higher robustness than that of the RSS-based
localization against PD plane tilting.

D. 2D Tracking Comparisons of A-DPDOA and RSS

To demonstrate the real-time indoor tracking performance,
we experimentally replayed the 2D estimated trajectories of
the proposed A-DPDOA-based localization and the existing
RSS-based localization [1], [23], [24], [25] at the vertical
height of 1.5 m shown in Fig. 6(a). From Fig. 6(b), we can
easily observe that the estimated trajectory of the proposed
A-DPDOA-based localization is very close to the actual tra-
jectory of the mobile robot, while the estimated trajectory of
the existing RSS-based localization (Fig. 6(c)) significantly
deviates from off the actual trajectory in some areas. The
reason lies in the fact that the uneven indoor ground leads
to the mobile devices to shake and thus the PD plane tilts
sometimes. Once the PD plane tilts, the current measurements
of the received power from all LED lamps deviate from
the actual measurements. The RSS-based localization utilizes
the measured received power strength to perform localization
which is relatively sensitive to the PD plane tilting, while

A-DPDOA-based localization measures the phase difference
between LED lamps and the mobile devices instead of received
power intensity or power strength which is less sensitive to
movement shake. Thus, the tracking accuracy of A-DPDOA
is quite higher than that of RSS under the device movement,
especially at the edge or corner areas. For example, the mean
2D tracking errors of A-DPDOA and RSS are 4.3 cm and
18.2 cm, respectively.

The 2D tracking errors of A-DPDOA and RSS with respect
to each traveling time step at the height of 1.5 m are provided
in Fig. 6(d). From Fig. 6(d), we can observe that large tracking
errors of RSS are sometimes generated during traveling, and
the tracking performance frequently fluctuates with different
traveling steps. The reason lies in the fact that the measured
received power strengths from all LED lamps deviate from
the actual values when the PD plane tilts under movement.
However, A-DPDOA is less sensitive to the PD plane tilting as
it adopts the phase difference of arrival to perform localization
instead of received power strength. Fig. 5(e) compares the
cumulative tracking errors of A-DPDOA and RSS under
device movement. Obviously, at 90% of the CDF confidence,
the tracking errors of the two localization algorithms are
around 9.8 cm and 43.5 cm, respectively. The largest tracking
errors of A-DPDOA and RSS are around 15.4 cm and 51.0 cm,
respectively. The experimental results clearly demonstrate that
the tracking errors of RSS is too large to be considered under
device movement, while A-DPDOA is capable of robustly
tackling real-world tracking problems with high tracking
accuracy.

E. 3D Tracking Comparisons of A-DPDOA and RSS

Considering the fact that some devices may require 3D
tracking services, we further evaluated the 3D tracking per-
formance of A-DPDOA and RSS, shown in Fig. 7. In each
measurement, the vertical height between the PD plane and
LED lamps plane ranges from 1.2 m to 1.8 m, and the 3D
trajectory of the PD is in the 3D space (light blue space)
shown in Fig. 7(a). Different from 2D tracking scenario, the
3D trajectory is complex and may limit the tracking accuracy
improvement. As shown in Fig. 7(b), A-DPDOA can still
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Fig. 6. 2D tracking measurements under random tilting of PD plane.

Fig. 7. 3D tracking measurements under random tilting of PD plane.

maintain good 3D tracking accuracy under robot movement
through suppressing the tracking error caused by uncertain PD
plane shake under the device mobility, while RSS (Fig. 7(c))
deviates from the actual trajectory sometimes due to the PD
plane shake. The average 3D tracking errors of A-DPDOA and
RSS are 0.093 m (9.3 cm) and 0.145 m (14.5 cm), respectively.

The 3D tracking errors of A-DPDOA and RSS with
respect to each traveling time step are provided in Fig. 7(d).
As 3D tracking environment is complex, large 3D tracking
errors (up to 0.2 m tracking error) of RSS were frequently
generated in cases when the PD plane tilting happens. By con-
trast, this negative issue can be effectively addressed by
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Fig. 8. Communication data rate in one unit area.

using A-DPDOA, which can support stable tracking accuracy
against random tilting of PD plane under the device move-
ment. The cumulative 3D tracking errors of two localization
algorithms were conducted in Fig. 7(e). For our proposed
A-DPDOA-based localization, its cumulative 3D tracking error
(Fig. 7(c)) is higher than that of 2D tracking error (Fig. 6(e))
due to a complex environment. However, the lower 3D track-
ing error can be achieved by A-DPDOA compared with
RSS even the mobile device executes a complex trajectory.
In Fig. 6(e), the tracking errors of A-DPDOA are less than
0.138 m (13.8 cm) in 90 percent of the cases while the
tracking errors of RSS are around 0.245 m (24.5 cm). For the
comparison of the tracking results shown in Fig. 6 and Fig. 7,
the underlying reason for the superiority of the proposed
A-DPDOA-based localization in tracking accuracy is the
ability to improve the tracking robustness against movement
shake.

F. Communication Performance of VLCL System

Finally, the indoor communication performance of the pro-
posed integrated VLCL system was investigated. Fig. 8 shows
the data rate at 2× 2 m2 area as a function of driven current
for LED lamps. Obviously, as the driven current increases, the
system data rate enhances due to the increased received power
at the PD. A maximum data rate of 112 Mbps is achieved
for a driven current of 130 mA with an available modulation
bandwidth of 20 MHz when the distance from devices to the
LED lamp is 1.5 m.

Fig. 9 illustrates the total transmission data rate of all
devices and the QoS satisfaction level under different input
current levels for the three schemes. When the input current
increases, both the system data rate and the QoS satisfaction
performance are improved due to the increased received signal
power at devices. Our proposed joint optimization scheme
(joint power allocation, subcarrier allocation and adaptive
modulation) outperforms the joint power allocation and adap-
tive modulation scheme in [39], because the system optimizes
subcarrier allocation. By contract, the scheme in [40] achieves
the worse data rate performance, the reason is that it has
low bandwidth utilization as the bandwidth is divided into
several independent subbands for four LEDs and it needs
some number of subcarriers as guard bands to avoid OOBI.
From Fig. 9 (b), the results rerify that the proposed adaptive
transmission scheme efficiently satisfies the QoS requirements
of devices.

Fig. 9. (a) Sum transmission data rate and (b) the QoS satisfaction level
under different bias currents (mA).

G. Localization Performance Under Different Scenarios

Here, we provide simulations to evaluate the effect of the
reflected paths on the localization performance of our proposed
system over the 3×3 m2 coverage area, and we also compare
the localization performance between DPDOA and PDOA.
As shown in Fig.10 (a), for DPDOA with reflected paths,
the localization errors are mainly ranging from 3 to 8 cm,
and some localization errors are more than 10 cm when the
device is at corner or edge of the coverage area, and the
mean positioning error is as high as 5.73 cm. From Fig.10 (b),
we can observe that for the DPDOA without reflected paths,
most of the localization errors are less than 3 cm and only a
few of them are more than 10 cm when the device is at edge
or corner, and the mean positioning error is 3.47 cm. These
results indicate that the localization accuracy will decrease
due to the negative effect of the reflected paths. However, for
PDOA, the positioning errors are mainly ranging from 5 to
10 cm, and the localization error is higher than 20 cm when the
device locates near the room edge, and the mean positioning
error is as high as 8.04 cm. Compared with PDOA, DPDOA
does not need the help of LOs, and thus can avoid the negative
effect on LOs of both system set up and localization accuracy.

H. The Effect of Power Allocation Values on Performance

Here, we provide related results to demonstrate the trade-
off between communication and positioning. Here, let Ptot

denotes the total transmission power and α denote the power
allocation trade-off value between communication and posi-
tioning, where the allocated power for communication is
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Fig. 10. Localization error distribution analysis under different scenarios.

Fig. 11. The impact of the power allocation trade-off value on communication
and localization performances.

Pcom = αPtot and the allocated power for positioning is
Ppos = (1− α)Ptot. In this context, Ptot = Pcom + Ppos.

Fig. 11 illustrates the effect of the power allocation trade-off
value on the integrated VLCL system with the communication
and positioning performances when the total bias current is
140 mA and the localization error threshold is 8 cm. Note
that the transmit power is determined by the bias current at
transmitters. When the trade-off value α is 0.4, the probability
for localization errors within 8 cm is 82.4% and the achievable
data rate is 22.3 Mbps. From Fig. 11, we also can observe
that as the increase of α, the more power will be allocated
for communication and thus the data rate enhances during
this process. However, as the power allocated for positioning

decreases, the positioning error increases (positioning accuracy
reduces) accordingly. It is worth noting that when the trade-off
value α changes from 0.6 to 0.7, the probability for localiza-
tion errors within 8 cm significantly decreases from 57.2% to
36.3%. This phenomenon indicates that the positioning error is
super big when the power allocated for positioning is less than
0.4 ∗ Ptot. In addition, we also find that the communication
data rate decreases when α changes from 0.4 to 0.3.

V. CONCLUSION

This paper has proposed a realistic integrated VLCL system
that can be used to support indoor real-time tracking and com-
munication services. We implemented and experimented both
tracking and communication operations on mobile devices
in a real indoor environment. As RSS-based localization is
much sensitive to random tilting of PD plane and back-
ground noise, an A-DPDOA-based localization algorithm is
presented to provide high-accuracy localization. The experi-
mental results illustrated that the presented system and robust
schemes improve localization accuracy compared with existing
solutions. Our future work will focus on the application the
integrated VLCL system in 6G communications and industrial
indoor environments [41].
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