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Abstract—a variable multi-band carrier-less amplitude and 
phase (m-CAP)-based indoor hybrid visible light link for data 
communications and positioning is investigated in this paper. 
Here, we have adopted the fingerprinting algorithm for 
positioning. Both the link performance in terms of the bit error 
rate (BER) and the positioning error (PE) are evaluated for a 
range of Eb/N0 and step sizes for the data communications and 
localization, respectively. Results show that, the best PE value 
and the spectral efficiency of the proposed system are ~2 cm 
and 6.15 b/s/Hz with respect for a step size of 2 cm and a 7% 
forward error correction BER limit of 3.8 × 10-3, respectively. 

Keywords—visible light communications, indoor positioning, 
variable m-CAP, fingerprinting 

I. INTRODUCTION 
New high data rate multimedia services and applications 

are developing extremely, which highlight the shortage of 
capacity in  fifth generation (5G) and beyond wireless 
networks. The growth in data rate is creating a major 
challenge in existing radio frequency (RF)-based wireless 
technologies known as spectral congestion, which needs 
addressing. In addition, the RF technologies have other 
drawbacks such as lower data rates, costly spectrum 
licensing, security and high installation cost [1, 2]. 
Alternatively, optical wireless communications (OWC) 
including infrared, visible and ultraviolet spectrum bands 
offers features, which are complementary  to RF, and can be 
used in a range of applications, thus releasing the pressure on 
the RF usage. Some attractive features of OWC include 
license free, virtually unlimited bandwidth for providing 
near-optimal capacity, a green technology with a high energy 
efficiency, security and low installation costs [1, 3]. Visible 
light communications (VLC) refer to OWC systems working 
in the visible light band, i.e., 370-780 nm, which has 
attracted intensifying research interests in the last decade [4-
6]. VLC is based on the principle of modulating the intensity 
of light emitting diodes (LEDs) without any harmful effects 
on the human eye and the light intensity. This opens up the 
opportunity for exploiting LED-based lighting infrastructure 

for illumination, wireless data communication, sensing and 
indoor positioning [7]. The latter is one most interesting 
feature of VLC that can be used in many applications.  

As the number of smart mobile devices users is 
increasing, the need for development of a range of highly 
accurate location-based services and application based on the 
user’s location is growing. In the literature, the importance of 
positioning schemes accurately determining the current 
location of a user has been reported [8-10]. To enumerate 
some potential fields of indoor positioning systems (IPSs) 
with centimeter level accuracy, can mention to different field 
such as marketing, healthcare, manufacturing, automation in 
buildings and so on. Applications include (i) staff location 
detecting; (ii) asset tracking; (iii) aiding visually impaired 
people in hospitals and in large indoor areas; and (iv) guiding 
robots for pick and place [11, 12].  

The positioning systems are generally classified for 
outdoor and indoor applications. The outdoor positioning 
technology based on the global positioning system (GPS) 
cannot be used in indoor environments (e.g., tunnels, 
undergrounds and shopping centers, hospitals, etc.). This is 
due to the GPS signals with high dependency on the line-of-
sight (LOS) transmission path are subjected to diffraction 
and reflection by buildings and cannot penetrate them. 
Additionally, GPS offers an accuracy of a few meters, which 
is sufficient for outdoor applications but not for indoor [12]. 
To solve the restraints of GPS in indoor environments, a 
number of signal-based technologies such as ultra wide band 
(UWB), ultrasonic wave, wireless local area networks 
(WLAN), Wi-Fi [13], Bluetooth [14], radio frequency 
identification (RFID) [15], ZigBee [16], inertial sensors-
based localization [17] and visible light positioning (VLP) 
have been proposed. Among them, the VLP using LED 
lights with very low positioning error (PE) compared with 
Wi-Fi and Bluetooth is seen as a viable candidate [18]. 
Wireless IPSs are classified into four categories: (i) received 
signal strength (RSS); (ii) time of arrival (TOA); (iii) angle 
of arrival (AOA); and (iv) advanced filters. RSS values has 
been broadly used in VLP and is also adopted in this work 
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Fig. 1. Schematic diagram of the proposed variable m-CAP-based hybrid VLC-VLP system. 

due to its easy extraction by a simple photodiode (PD) 
without the demand for an extra device. Accordingly, 
different algorithms such as trilateration, proximity and 
fingerprinting have been developed for VLP to achieve 
improved performance [18, 19]. However, there are still 
some challenges, which needs addressing. 

A large number of LEDs with the purpose of illumination 
are used in in many indoor environments, which cover the 
entire space, and can be used as transmitters (Txs). In places 
the illumination areas overlap, which is fine from the 
illumination point of view, but can induce to inter-cell 
interference (ICI) in data transmission if all the Txs use the 
same frequencies [19]. One of the most common approaches 
for combating the ICI in VLC is the use of multi-carrier 
modulation such as orthogonal frequency division 
multiplexing (OFDM). For instance, in [20] a minimum of 
three sub-bands (SBs) and therefore three LEDs were used 
for IPS with a mean PE of 1.3 cm and no ICI, which is 
considerably lower compared with the GPS system. 
However, the OFDM-based VLC system with a high peak-
to-average power ratio (PAPR) is sensitive to the 
nonlinearity of the LEDs, which is the main reason to the 
system performance declining.  

Recently, carrier-less amplitude and phase (CAP) 
modulation, as a surrogate to OFDM, has been proposed for 
VLC, where the carrier frequencies are produced by simple 
and cost-efficient finite impulse response (FIR) filters. In 
CAP (i) there is not any fast Fourier transform (FFT) and 
inverse FFT (IFFT) as in OFDM, which reduces the 
complexity of the VLC system; and (ii) is more robust 
against the LED nonlinearity given that PAPR values are 
lower compared with OFDM [21]. Nevertheless, a flat 
frequency response, which is required for optimal CAP 
performance, represents a substantial challenge towards 
implementing CAP in VLC. As a solution for this issue, a 

multi-band CAP (m-CAP) scheme was introduced by 
splitting the available bandwidth into m equally spaced SBs 
to relax the flat band response [22, 23]. 

The main idea of what is being proposed in this paper is 
based on the our previous work in  [24], where we proposed 
a fingerprinting-based hybrid VLP and VLC system using m-
CAP modulation for the first time. In this study, the focus is 
on VLC-IPS, where the first SB of a variable 41/3-CAP is 
allocated for VLC, whereas the remaining SBs are assigned 
for positioning information and less important data 
transmission such as advertising data.  

The rest of the paper is organized as follows. Section II 
provides an overview of the fingerprinting visible light-based 
IPS using variable m-CAP modulation. Results and 
discussion are presented in Section III. Eventually, Section 
IV is assigned to conclude the paper. 

II. SYSTEM OVERVIEW 
Fig. 1 shows the schematic system block diagram of the 

of the proposed 41/3-CAP hybrid VLC-VLP system. As 
shown, three 41/3-CAP modules are used where three SBs are 
assigned for data transmission and a single SB is allocated 
for positioning (as an example for the first module: D1, D2 
and D3 for VLC, and P1 for VLP). Note that, at least three 
LEDs are required as the Txs to achieve accurate positioning. 
Since the focus of this paper is on VLC, the 1st SB of each 
variable 41/3-CAP module is considered for data transmission 
(i.e., D1, D4 and D7), where 16-quadrature amplitude 
modulation (16-QAM) is adopted. Note the followings: (i) 
the 1st SB bandwidth BSB of each variable 41/3-CAP module 
is equal to the modulation bandwidth of LED Bmod, thus the 
1st BSB is three times larger than the bandwidth of other SBs 
in this work, see Fig. 2; (ii) P1, P2 and P3 (i.e., the 
positioning indices of Tx1, Tx2 and Tx3, respectively) are 
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Fig. 2. Frequency representation of the proposed variable 41/3-CAP. 

inserted at 2nd, 3rd and 4th SBs of the variable 41/3-CAP 
modules 1, 2 and 3, respectively to avoid interference at the 
receiver (Rx) side; (iii) other SBs with 4-QAM (i.e., D2, D3, 
D5, D6, D8 and D9) are assigned for transmission of lower 
data rates such as advertising data in order to improve the 
spectral efficiency. As mentioned before, for conventional m-
CAP systems, the total signal bandwidth BT is divided into m 
equally distributed SBs. In [25], for the first time, BSB was 
set such that the 1st SB is the same as Bmod, and subsequently 
the remaining bandwidth was distributed equally between 
(m-1) SBs. The results showed a considerable reduction in 
complexity due to decreasing the number of FIR filters by 
80%, 75%, ~67% and 50% in contrast to the conventional 
10-, 8-, 6- and 4-CAP, respectively. Fig. 2 illustrates this 
concept for m = 4. The 1st SB is always set to Bmod to 
guarantee relaxing of the flat frequency response requisite 
for the 1st SB. The rest of BT is equally broke into (m-1) parts 
as given by [25]: 
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n
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B n

B BB
n m

m

 =
= 

−
≤ ≤

 −
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where n
SBB is the bandwidth of nth SB. The mapped complex 

data is up-sampled by means of zero padding and then the 
resultant signal is split into in-phase (I) and quadrature (Q) 
components before being passed through I/Q square root 
raised cosine (SRRC) filters. Finally, all SBs are summed 
together to form the 41/3-CAP signal, which is given as [26]: 

 ( ) ( ) ( ) ( ) ( )( )
4

1

t      n n n n
I I Q Q

n

S d t f t d t f t
=

= ⊗ − ⊗∑  , (2) 

where ( )n
Id t and ( )n

Qd t are the I/Q components of baseband 
data, respectively and ⨂ denotes the time domain 
convolution. Also, ( )n

If t and ( )n
Qf t are I/Q SRRC filters 

impulse response, respectively. The outputs of the variable 
m-CAP modules are then used for intensity modulation (IM) 
of LEDs via the bias-tee and drivers modules. Three LEDs 
with Bmod of 4.5 MHz are used for illumination, data 
communications and positioning based on the best LEDs 
configuration in [24], i.e. lowest PE and bit error rate (BER).  

At the Rx side following transmission through a 3×3 
LOS VLC link, we have used three optical Rxs, each 
comprised of a single PD and a trans-impedance amplifier 
(TIA) to reconstruct the electrical signal. The zero-forcing 
(ZF) time domain post-equalizer is employed to ameliorate 
the inter-symbol interference (ISI) and ICI due to the limited 
Bmod and the multiple-input multiple-output channel, 
respectively. The equalized signals are applied to 41/3-CAP 
demodulation modules to separate the SBs. The frequency 
contents of SBs related to the positioning information (port B 
in Fig. 1) are extracted using Welch power spectral density 
(PSD) [27] and compared with the values recorded already in 
the fingerprint map by Euclidean distance criterion to 
estimate PE. In addition, SBs associated with the data 
transmission (port A in Fig. 1) are applied to QAM 
demodulation with its output compared with I1 to I9 bit-
stream to determine the BER.  

The fingerprinting method is more accurate compared 
with trilateration and other technologies to provide 
localization, which can be carried out in two phases of 
offline training and online location estimation [28]. 
However, (i) the preliminary step of offline fingerprinting 
map construction is needed at the cost of increased time and 
efforts; and (ii) reconstruction of the fingerprint map  
whenever there are changes in indoor features (i.e., walls, 
furniture, etc.). In the offline stage the room is divided into a 
self-defined grid containing several pixels. On selecting a 
position of interest from the movement path, the training 
user’s device collects a fingerprint of the 2D location (x, y), 
in the form of the RSS values of all three LEDs (i.e., 

1 2,  f f and 3f ), which are stored in a memory so-called the 
fingerprint map. To reduce the computation time, a suitable 
grid size (or step size ∆g) should be adopted. In the online 
stage, Euclidean distance is mostly used to ascertain the 
difference between the measured RSS values (i.e., 

' '
1 2,  f f and '

3f ) and those obtained from the fingerprint 
database, which is given as [24]: 

 ( ) ( ) ( )2 2 2' ' '
euc 1 1 2 2 3 3

for   1

i i i id f f f f f f

i MN

= − + − + −

≤ ≤
. (3) 

Let L and W be the length and width of the room, 
respectively M = W/∆g  and N = L/∆g. Following 
determining Euclidean distances, the coordinates of closest 
point can be easily identified as an estimation of the Rx’s 
location. 

III. RESULTS AND DISCUSSIONS 
In this section, the performance of the proposed hybrid  

41/3-CAP VLC-VLP system is investigated by means of 
computer simulation using MATLAB. The adopted key 
system parameters are summarized in Table I. 

Fig. 3 illustrates the average BER as a function of Eb/N0 
for the 41/3-CAP VLC link. As can be observed, the target 
7% forward error correction (FEC) BER limit of 3.8×10−3 is 
achieved at Eb/N0  > ∼20 dB. Also shown in inset are the 
received constellation diagrams for all four SBs at Eb/N0 of 
20 dB. As mentioned before, the 1st SB of each 41/3-CAP 
module is allocated for data transmission in 16-QAM format. 
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Fig. 4. The PE performance vs. Eb/N0 and for different step sizes. 

TABLE I.  PROPOSED SYSTEM PARAMETERS 

Symbol Parameter Value 
- Room size 180×120×100 cm3 

1/2ϕ  Semi-power half angle 70˚ 

cψ  PD field of view 60˚ 
A PD detector area 15 mm2 
dPD Distance between PDs 5 cm 
BPD 3-dB bandwidth of PD 30 MHz 
R Responsivity of PD 0.54 A/W 
m Number of SBs 4 
Bmod LED 3-dB bandwidth 4.5 MHz 
β Roll-off factor of I/Q filters 0.3 
Lf I/Q filters length 10 Sym. 
BT Total bandwidth 9 MHz 

n
SBB  Bandwidth of nth SB 4.5 MHz for n = 1 

1.5 MHz for n ≠ 1 
Dx Modulation type  4- and 16-QAM 
P1 Positioning index of Tx1 −1 − 𝑖𝑖 
P2 Positioning index of Tx2 1 + 𝑖𝑖 
P3 Positioning index of Tx3 1 − 𝑖𝑖 
∆g Step size  2, 5, and 10 cm 

- LEDs position 
Tx1 ∶ (60, 40, 100) 
Tx2 ∶ (60, 80, 100) 
Tx3 ∶ (120, 60, 100) 

Nt Number of LEDs 3 
Nr Number of PDs 3 

 

The high quality of the 1st constellation diagram indicates the 
impact of being within the pass-band region of LED. Also, 
the constellation diagrams for the 2nd, 3rd and 4th SBs for each 
41/3-CAP module with 4-QAM show performance 
deterioration with the increasing order of m. Of course, the 
signal experiences higher attenuation within the stop-band 
(i.e., beyond Bmod). 

One of the most challenging issues in fingerprinting-
based positioning systems is selecting the optimum ∆g to 
ensure minimum PE. In order to evaluate the performance of 
the proposed method, a room floor with the area of 180×120 
cm2 is divided into a 90×60, 36×24 and 18×12 grids with ∆g  
of 2, 5 and 10 cm, respectively. Next, Euclidean distance 
between the measured RSS values and each triplet in the 
fingerprint map is calculated. The estimated position of the 
Rx is the smallest Euclidean distance in the fingerprint map. 
Fig. 4 demonstrates the PE as a function of Eb/N0 for ∆g of 2, 
5 and 10 cm. As can be seen, the PE increases with ∆g and 
deceases Eb/N0. This is because, increasing ∆g results in 
reduced number of pixels, thus leading to higher quantization 
errors. It is worth mentioning that the smaller ∆g can lead to 
lower PE, but at the cost of higher level of computational 
complexity. 

Finally, in Fig. 5(a), the actual and estimated positions of 
the Rxs are visually illustrated for the proposed system with 
fingerprinting algorithm and ∆g of 2 cm. Fig. 5(b) depicts the 
PE for a number of points of the room, varying in order to 
the uneven light intensity levels. As shown, the maximum 
and minimum PE values of 8.43 and 1.02 cm are observed 
for ∆g and Eb/N0 of 2 cm and 20 dB, respectively at the 
corner and center of the room, respectively. Note that, the 
average PE is still ~1.86 cm for this case. As a deduction, it 
is advantageous to compare the PE and spectral efficiency 
(i.e., ηse = kavgNt / (1+β)), where kavg is the average 
bits/symbol in the total 41/3-CAP signal, in this work with our 
previous results [24]. In [24], only two out of five SBs with 
binary phase shift keying was allocated to the single-input 

single-output VLC branch, thus kavg and Nt were 2/5 = 0.4 
and 1, respectively. For β = 0.5 we have ηse ≈ 0.27 b/s/Hz as 
in [24], while in this study for kavg = 2.67, Nt = 3, and β = 0.3 
ηse is increased to 6.15 b/s/Hz. Nevertheless, this 
improvement takes precedence over increased PE from 2.66 
to 5.15 cm for ∆g of 5 cm as an example.  

IV. CONCLUSION 
In this paper, the variable m-CAP based indoor hybrid 

VLC and VLP system was propounded and assessed using 
the fingerprinting algorithm. We investigated the 
performance of the VLC link based bit error rate and 
achieved the 7% forward error correction limit at Eb/N0 of 
~20 dB. Also, we showed that, the positioning error 
increased with the step size, which is the most vital factor in 
fingerprinting-based positioning systems, for a fixed value of 
Eb/N0. For instance, at the Eb/N0 of 20 dB the PE values were 
4.94 and 15.6 cm for the step sizes of 2 and 10 cm, 
respectively. In contrast, for a fixed step size the PE 
decreased with increasing Eb/N0. Finally, it was shown that, 
PE values were not the same for different locations of the 
room since the light intensity at the corners and center of the 
room varied. Therefore, we adopted the average PE for all 
points to assess the system performance. 
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Fig. 5. (top pane) Comparison between reference and estimated points 

(bottom pane) PE values for different points of the room. 
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