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ABSTRACT This paper outlines the concept of a multilevel bipolar on-off keying hybrid optical wireless
communication (OWC) system using a single light-emitting diode (LED) as a transmitter as well as photo-
diode and camera-based receivers for versatile indoor Internet of Things applications. The proposed system
offers simultaneous high- and low-speed transmission capabilities using visible light communication (VLC)
and optical camera communication (OCC) links, respectively. By means of experimental implementation,
we show that the hybrid OWC system employing a chip LED modulated with a multilevel signal improves
the data rate R, as well as the bit error rate and reception success rate of VLC and OCC links, respectively,
by doubling the bandwidth. We show that the proposed scheme can provide an independent link performance,
irrespective of significant differences between the operating Rj, of VLC and OCC over a range of transmission
spans L. We demonstrate that the throughput of the VLC link is improved by up to ~100 Mb/s, which
corresponds to twice the LED bandwidth, using direct modulation, different amplitude levels, and optimizing
the received optical power of the hybrid OWC link. Error-free data transmission for the OCC link is achieved
for all values of R, amplitude overlap of 0 and 0.3, and a range of L.

INDEX TERMS Optical wireless communications (OWC), visible light communications (VLC), optical
camera communications (OCC), Internet of Things (IoT), light emitting diodes (LEDs), photodiode (PD).

I. INTRODUCTION indoor and outdoor environments. In recent years, we have
Hybrid wireless systems, such as radio frequency (RF)- seen the introduction of all-optical hybrid wireless technolo-
optical and all-optical, are seen as excellent solutions gies in IoT, including:
for Internet of Things (IoT) applications in the emerging (i) FSO-VLC [4], [5]: This hybrid system, utilizing both
sixth-generation communication network and beyond [1], [2], infrared and visible bands, has been gaining popularity
[3]. In the optical wireless communication (OWC) domain, for use in the last-meter (i.e., mostly indoor) and last-
we have the possibility of utilizing a combination of visible mile (i.e., outdoor) access networks because of higher
light communication (VLC), optical camera communication data rates Rp, enhanced security, and performance.
(OCC), and free space optical (FSO) technologies in both In [4], an experimental multiband carrier-less ampli-
tude and phase hybrid optical system was proposed,
The associate editor coordinating the review of this manuscript and where FSO and VLC were used for last mile and
approving it for publication was Barbara Masini . last meter sections. A hybrid optical wireless network
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with VLC-FSO-VLC configuration within a heteroge-
neous interconnection was experimentally investigated
for possible use in space-air-ground-ocean-integrated
communication architecture [5].

(i) VLC-OCC [6], [7], [8], [9], [10], [11]: In many indoor
IoT applications, such as identification and promotion
information, control signals, and indoor localization,
where R;, is very low, a hybrid VLC-OCC system
would be an excellent option to meet the necessary
requirements [6], [7], [8]. This option effectively uti-
lizes the light emitting diode (LED)-based lighting
infrastructure and cameras in smart devices and in
CCTV as the optical transmitter (Tx) and the receiver
(Rx), respectively [9]. Note OCC-based systems are
attractive for IoT applications where a higher signal-
to-interference-plus-noise ratio (SINR) and lower bit
error rates (BERs) are more critical than higher Ry.
On the other hand, for high-speed downloading
(i.e., internet surfing and online streaming), VLC uti-
lizing a fast optical photodetector (PD) would be the
preferred option [8]. In [10] and [11], a theoretical
model of a hybrid VLC-OCC system based on the
selection of access points using fuzzy logic for net-
work selection, i.e., either OCC or VLC, was pro-
posed. A switching mechanism was used to select the
OCC or VLC link (but not both), based on the net-
work selection factor obtained using fuzzy logic and
extended further using fuzzy logic and round-robin
scheduling for assigning an appropriate network to the
users.

Note that, in the practical implementation of hybrid VLC-
OCC schemes, there are a few issues that must be addressed,
including (i) a huge bandwidth B difference between cameras
and PD-based Rxs; [6], [7]; (ii) higher attenuation at a lower
frequency range due to the use of a high-pass filter-based
LED driver [8]; (iii) high light intensity, which is desirable in
VLC but not required in OCC [6]; (iv) the impact of ambi-
ent light-induced interference; (v) complexity and imple-
mentation costs; and (vi) integration with existing/future
networks.

In this work, we aim to address some of the above-
mentioned challenges in [6], [7], [8], [9], [10], and [11]
by investigating a bipolar on-off keying (OOK) single-input
multiple-output (SIMO) hybrid OWC scheme, which utilizes
asingle LED-based Tx, as well as PD- and camera-based Rxs
for high- and low-speed VLC and OCC links, respectively.
An experimental testbed for a static SIMO VLC-OCC down-
link was developed in [8], where it was shown that the use of
a bias-T with a high-pass filter feature resulted in increased
attenuation in both VLC and OCC links, i.e., resulting in
lower SNR and, subsequently, higher BER and lower recep-
tion success rate Ry, respectively. Therefore, in this paper,
we propose a hybrid OWC scheme with direct modulation
of the chip LED using drive voltage V,; levels (i.e., peak-
to-peak voltage V},, and offset voltage Vi) to mitigate the
attenuation, thereby increasing B. A lens will also be used

55108

to improve the power levels at both the Tx and the Rx.
The novelty of this work lies in the results obtained, includ-
ing (i) double R, to 100 Mb/s for a high-speed VLC link
compared with [8], which is, to the best of our knowledge,
reported for the first time in hybrid OWC links; (i7) improved
Rys by 100 % (i.e., error-free transmission) for a low-speed
OCC link; and (iii) a demonstration that the performance
of links are independent of each other, as opposed to the
results in [8], which illustrates the trade-off between the
performance of VLC and OCC links. Performance results
are presented in terms of the BER and R, for VLC and
OCC links, respectively, for a range of transmission spans L
and different camera orientations in terms of the camera
offset Cogt.

The remaining sections are organized as follows: Section II
provides an overview of the proposed hybrid OWC system;
Section III presents experiment results and discussion; and
Section IV concludes the article with an outlook towards
future work.

Il. HYBRID OWC: SYSTEM OVERVIEW

The schematic block diagram of the hybrid OWC scheme
for simultaneous data transmission of high- and low-speed
signals xpg(#) and x15(¢), respectively, is shown in the Tx block
of Fig. 1. The hybrid bipolar OOK signal is generated by
superimposing high- and low-speed signals, which is given
as:

Xop (1) = xns (1) 4+ x15 (1), ey

xps(?) and xi5(7) can be defined as:

Xps () = Signal (fs—l—[igh) T ttigh” 2)
x5 (1) = Signal (fs-Low)beLowy 3)

where f;_High and T).High are the modulation frequency and bit
duration of xps(#), respectively, fi.1 ow and Tp.1 ow are the mod-
ulation frequency and bit duration of xjs(¢), respectively. Note,
xpp(t) resembles the bipolar codes widely used in traditional
wireless code division multiple access (CDMA) systems [12]
with the merits of good correlation functions, thus making
it easier to effectively distinguish users in multi-user scenar-
ios and mitigate multipath interference [12]. Here, we have
considered (i) a fixed 10-bit long data packet format of
[0011011001] for x5(¢), which can be replaced with CDMA
codes to support a multi-user environment; and (ii) data rates
of 10 < Rp.pigh < 100 Mb/s with a step of size 10 Mb/s for
the high-speed VLC link as well as Rp1ow of 1, 2, and 5 kb/s
for the low-speed OCC link.

Xpp(t) is generated in MATLAB and uploaded to the
arbitrary waveform generator (AWG Teledyne test tools
T3AWG3252 with a sampling frequency of 1 GS/s), the
output of which is used for intensity modulation of the chip
LED, see the Tx block in Fig. 1. A commercially available
Tx ultrabright super-thin red chip LED-based is used with
a typical wavelength 4, of 630 nm (Vishay VLMS1500-
GSO08), which is biased at bias current I of 90 mA and
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FIGURE 1. A hybrid OWC transmission system for loT. Note that, ‘SYNC, ‘THR’, ‘BER’, ‘ROI’ and ‘"NORM’ blocks refer to synchronization, thresholding, bit

error rate, region-of-interest, and normalization, respectively.

drive voltage V; levels corresponding to a transmit out-
put power P; of ~3.3 mW [13]. The modulated optical
signal zop.Tx(#) is transmitted over a free-space channel of
length L using a collimated lens with a length f..Tx of
11 mm. Note, both direct intensity modulation of the LED
and using collimating lenses at the Tx and the Rx lead
to reduced signal attenuation due to the high-pass filtering
of the bias-T [8]. At the Rx, a collimating lens with a
length f..Tx of 16 mm was used to focus the incoming light
onto a PD.

At the Rx side, both camera- and PD-based Rxs are used
to capture the received signal zop-rx(f) containing both the
attenuated versions of xj5(¢) and xps(¢). Accordingly, we have
proposed a solution based on A overlap Agr, see Fig. 2,
to increase signal levels (i.e., A-depth) and therefore improve
BER performance of high-speed signal xps(¢) as well as main-
tain the high quality of low-speed signal xj5(¢). AtA =0, AoL
is the increase in the A level on both the +A and -A levels. The
variations in the signal levels of xs(#) and xj5(f) with AgL, can
be defined as:

A=A+ 20k 4 —a AL @
2 2

where, AgL/2 is the result of increasing the level of Agr, for
both positive and negative signals, see Figs. 2(a) and (b),
which illustrate the examples of measured zoprx(t) for an
L of 1 m, P, of 0.2 dB, and Agr, of O (i.e., no overlapping
between the voltage levels) and 0.3. We have shown that Ag,
increases the total amplitude depth A of the VLC signal at
the cost of deteriorating xis(¢) performance. This is explained
in Section III.

For the data processing of the VLC link with the PD,
we need to determine the time delay between the transmitted
and received signals to ensure synchronization. The process
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TABLE 1. Key measurement parameters.

Parameter Description Value
Vishay VLMS1500-
Red LED GS08
1 Bias current 90 mA
P, Transmit optical power 3.3 mW
[-max Luminous 180 med
BLED-SdB LED bandwidth <50 MHz
PD Rx Thorlabs PDA10A2
wavelength 200 — 1100 nm
Bpp PD bandwidth 1 GHz
active area 0.8 mm’
Optical lens Thorlabs ACL25416U
. Focal lengths at the Tx
Jerx ferx and the Rx 11 and 16 mm
Camera Rx IC capture 2.4 imaging
source2
resolution 648x484 pixels
Jr Camera frame rate 25 fps
fexp Exposure time 200 ps
G, Camera gain 16 dB
Ri-nigh VLC data rate 10:10:100 Mb/s
data length 6x10°
Ri-Low OCC data rate 1,2 and 5 kb/s
data length 10 bits superimposed
over Rp.migh
L Transmission distance 1-4m
0.2 dBm (L =1 m), -3.8
P: Optical power at the Rx | dBm (2 m),-7.5 dBm (3
m) and -9.9 dBm (4 m)
Cott Camera offset 0, 10 and 20 cm

is followed by the down-sampling of the received signal
and thresholding for data decoding. The received data bit
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stream xnhs-Rrx(?) is compared with the xps(#) to determine
the BER. We optimized the beam collimation at the Tx
by monitoring received optical power P, at the PD for a
range of L with a step of size 1 m. The measured P, were
about 0.21 and —9.9 dB at transmission distances of 1 and
4 m, respectively. Table 1 shows the key system parame-
ters adopted in this work. Here, we have used a red chip
LED as the Tx, with the option of adding green and blue
LEDs to produce white light for simultaneous illumination
and data communication. Unlike the optical-hybrid schemes
proposed in [6], [7], [10], and [11], the advantage of the
simultaneous transmission of xps(¢) and xig(¢) is to improve
the data throughput by increasing B and link quality in terms
of BER.

Figure 3 shows the frequency response of bias-T and the
captured zop-Tx(#) with and without bias-T. The insets in
Fig. 3 illustrate highly attenuated received xps(¢) signals for
an Rp.pow of 1 kb/s, which lead to reduced A and, hence,
increased BER. Note that, (i) at higher frequencies, the effect
of bias-T acting as a high pass filter is negligible; and
(i7) attenuation due to bias-T is completely mitigated with the
intensity modulation of the LED and by the characterization
of the lens.

Received signal
2.5
2
15

= Ao 50
1
0.5
0
0 2 4 6 8 10 12
t x10°
(@) 4oL =0
Received signal

C
—

2 3 4 5 6
x10

(b) Ao, = f03

FIGURE 2. Received zyp gy (f) on oscilloscope from PD atL = 1 m.

In the OCC link, a rolling-shutter (RS)-based camera was
used to capture xis(f) to ensure flicker-free transmission
with improved data throughput regardless of fg, which is
25 fps [15]. The camera was controlled using IC capture
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FIGURE 3. The frequency response of bias-T and measured Zop-R(f) at
Rp-Low = 1 kb/s. Note, the blue waveform represents an attenuated
signal due to bias-T [8] and the yellow waveform represents the received
waveform without bias-T (no attenuation).

2.4 software for further offline data processing in MATLAB
based on widely used image processing techniques, see the
OCC Rx block in Fig. 1. Here, we utilized the software-based
camera control to set the capturing parameters of the region-
of-interest (ROI), as well as gain G,, exposure time fexp,
and resolution of 16 dB, 200 ws, and 648 x 484 pixels,
respectively, while recording the data. Note, ROI was set
considering the most uniform intensity levels in the cap-
ture frames to avoid reflections from the lens positioned
in front of an LED. Figure 4 depicts six examples of the
grayscale intensity profiles of captured image frames of video
streams with a duration of 2 s for a range of Aor, Cofr,
and Rp.1ow. Note, the intensity levels of received xis(7) are
marginally affected at higher values of Agr, i.e., with an
increase in Ao, there is a marginal decrease in the overall
grayscale intensity profiles of the captured low-speed signal,
see Fig. 4(a). In general, this is due to the overall reduction
in 4+A as a result of the increase in Agr (i.e., corresponds to
A — AOL) see (4). Figure 4(b) illustrates the examples of
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FIGURE 4. Received OCC signals in the image frames.
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captured images for Cofr of 0, 10, and 20 cm and Rp.[ow
of 2 kb/s. The reduction in intensity levels can be noticed
as the camera is no longer in the direct line-of-sight (LOS)
path of the LED, ie., Coir > 0, see the OCC Rx block
in Fig. 1.

The captured video stream is divided into image frames for
further processing to decode the received data stream. The
captured frames are then converted from RGB to grayscale to
eliminate the hue and saturation information while retaining
the luminance of the image plane and are used to retrieve
the intensity profiles. The intensity profiles are normalized
for thresholding and binarization of the data frames and
converting them to a vector transformation for decoding the
data streams. For this reason, we have adopted curve fitting
techniques as described in [15], which is explained in Sec-
tion III: Experiment results and discussions, with examples
of data processing on captured image frames, are also out-
lined in Section III. Finally, the received data bit vector is
compared with the transmitted data bit stream to evaluate
the Ry of the received bits by determining the ratio of the
correctly decoded against the total number of transmitted
bits.

IIl. EXPERIMENT RESULTS AND DISCUSSIONS

We developed an experimental testbed, see Fig. 5, for the pro-
posed system and evaluated its performance in terms of BER
and R by considering the effects of Rp.1ow and Rp-High on
OCC and VLC links, respectively, using the parameters listed
in Table 1. For xps(¢) with the reference signal (i.e., unipolar
OOK signal to measure only xps(¢)), we have adopted the
well-known strategy of zero-padded-based guard intervals as
the header [13], [14] to obtain the real-valued signal. Tests
were carried out for a link span range of 1 < L < 4 m with
a step of size 1 m and for 10 < Rp.gjgh < 100 Mb/s with a
step of size 10 Mb/s for xns(¢). Figure 6 depicts examples
of captured eye diagrams of received error-free indepen-
dent (unipolar OOK) high-speed xns(#). The figure shows a
two-level OOK signal with a wide eye-opening representing
an error-free transmission. Note that the eye-opening reduces
with increasing Rp.High > 50 Mb/s, which corresponds to the
LEDs’ frequency response (i.e., BLgp-3da < 50 MHz).

ET—
LED + Lens

FIGURE 5. Hybrid OWC scheme: Experiment setup. Note, camera is set to
Coff =20cmatL=1mand PDissetatL =3 m.
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(c) 80 Mb/s, and (d) 100 Mb/s.
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FIGURE 7. Received signals (up) and eye diagrams (bottom) of x}(t) at
AgL = 0.3, Rp_1 ow = 2 kb/s, L of 2 m and: (a) Rp._pigh = 10 Mb/s;
(b) Rp_High = 30 Mb/s, and (c) Rp.pigh = 50 Mb/s.

To analyze the performance of the VLC link with respect
to the OCC link in the proposed hybrid OWC scheme with
xpp(t), see Fig. 1, we have considered three main parameters
of (i) Rp-High in the range of 10 — 100 Mb/s with a step of
size 10 Mb/s; (ii) Rp-1.ow Of 1, 2, and 5 kb/s; and (iii) Aor, of O,
0.3, and 0.5. In Fig. 7, eye diagrams illustrate the error-free
data transmission achieved up to Rppigh of 50 Mb/s at
AoL = 0.3, Rp.Low = 2 kb/s and L of 2 m for xps(¢) using
a hybrid bipolar modulation format. For Rp.pijgnh > 50 Mb/s
(60-100 Mb/s), the performance is not error-free since
B1ED-34B 1S < 50 MHz; therefore, we have evaluated the BER
performance of the VLC link as a function of Rp pigh for a
range of Rp.1ow, L, and Aor as shown in Fig. 8. Also shown
are the forward error correction (FEC) and BER i, limits.
Note BERmi, refers to the resolution limit adopted in the
error detection estimation and is set to 1.667 x 107°(1/no.
of bits transmitted), which is determined by the length of
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FIGURE 8. VLC link performance analysis in terms of BER with respect to L, Rp_igh, Rp.Low and Aoy

TABLE 2. Performance analysis of the OCC link: Reception success in %.

Cotr
L(m) | AoL (cm) 0 10 20
Ryrow
(kb/s)

1 100 100 99.6
0 2 99.4 99.4 99.3
5 90.3 88.0 86.4
3 1 100 100 99.0
0.3 2 99.2 98.9 98.6
5 90.0 86.1 85.0

0.5 1 100 - -

2 99.1 - -
1 100 100 98.6
0 2 99.3 98.6 97.7
5 87.8 86.0 85.0
4 1 100 100 98.5
0.3 2 99.1 98.5 97.3
5 85.6 84.0 83.1

0.5 1 99.6 - -

2 98.9 - -

the generated bit stream. For L of 1 m, and all values of
Ry.1.0w, we observe BER plots are well below the FEC limit
of 3.8 x 1073 for 10 < Rp-nigh < 90 Mb/s, see Fig. 8(a).
It can be seen that (i) using direct modulation, different
V4 levels, and optimizing the received optical power, error-
free transmission can be achieved up to Rp ngigh of 50 Mb/s
for all values of L, corresponding to B gp of 50 MHz;
(i) the BER for xps(¢) is between the FEC and minimum
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detectable BER limits for L of 2 up to 4 m, Rpprow Of
2 kb/s, Agr of 0.3 and 0.5, and Rjgign of 40 and 100 Mb/s,
see Figs. 8(b), (c) and (d); (iii) errors increase with an
increase in Rp.High, which is expected due to limited Brgp
(i.e., lower than 50 MHz), and (iv) errors decrease with
increasing Rp.1 0w and Aor, which corresponds to an increase
in amplitude levels of xus(f) and the quality of the link,
see (4).

As with the VLC link, we first measured xi5(¢#) with the
reference signal at Rp1ow Of 1, 2 and 5 kb/s with respect
to all values of Rp.nigh and AoL. In our measurement cam-
paign, we recorded a 2 s-long video (at fg of 25 fps) of
the intensity modulated light, where six repeated 10-bit long
[0011011001] data packets per every image frame were cap-
tured at Rp.1ow Of 1, 2 and 5 kb/s, respectively. Considering
the lower number of bits being transmitted, OCC perfor-
mance was analyzed in terms of Ry, which is defined by the
ratio of correctly decoded bits to the total number of trans-
mitted bits. Note, for the reference OCC link R, of 100 %
(i.e., error-free transmission) and 95 % were achieved at
Ry 10w Of 1-2 and 5 kb/s, respectively.

In contrast to the results given in [8], which depicted the
performance trade-off between VLC and OCC links, in the
proposed hybrid OWC link, we show that link performances
are independent of each other. Therefore, for OCC, we set
Rp-High to 50 Mb/s (due to Brgp.3gs of < 50 MHz and
error-free performance of xps(¢) up to 50 Mb/s for all values
of Rp1ow, AoL, and L) and measured the link performance
for Rp1ow Of 1, 2 and 5 kb/s and all values of Apr, and
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FIGURE 9. OCC data processing using grayscale intensity profiles.

Cofr. Figure 9 illustrates examples of signal processing for
the OCC link based on the grayscale intensity profiles and
fitting techniques for Rp.ow 0of 1 kb/s, L of 3 m, and Coyf
of 0 and 20 cm, see Fig. 9(a) and (b), respectively. Note,
(i) here we have used the 4M-degree polynomial fitting tech-
nique (due to the curved nature of intensity profiles because
of the circular LED shape) to normalize the original grayscale
data pattern as in [15]; (i) the intensity levels of received
x1s(¢) are marginally affected at higher values of Agr,, which
correspond to reduced A, see Fig. 4(a); (iii) the intensity
profiles are largely reduced with increasing Coff, as shown
in Figs. 4(b) and 9(b); and (iv) the transmitted and received
signals show a good match. 100 % (error-free transmission)
and ~92 % of R are achieved at Ry 1 ow of 1-2 and 5 kb/s,
respectively, Aor of 0 and 0.3, Coft of 0, 10, and 20 cm, and
L of up to 2 m. This is due to the fact that the LED acts as a
low pass filter, thus providing a good signal reception even at
lower Rp—1 0w [13]. For an Agr, of 0.5 and L of up to 2 m, the
100 % R, is achieved at R ow Of 1 kb/s, while for Rp.1 ow Of
2 kb/s Ry is reduced to ~96 %. Table 2 shows the values of
Ry for the OCC link for a range of Rp.1.ow, AoL, Coff, and L.
It can be seen that R of 100 % is achieved at Rj,_1 ow Of 1 kb/s
for all values of Agr and Cyfr. Note, Ry (i) is further reduced
to 97 and 83 % for Rp.Low Of 2 and 5 kb/s, respectively, and
L of 4 m; and (ii) was not measured for Ry ow Of 5 kb/s at
Aor, of 0.5 and Cog of 10 and 20 cm due to the reduction
in intensity levels of the captured image frames caused by
moving the camera Rx apart in the LOS scenario, and reduced
A when increasing AgL -

To summarize the performance of the proposed hybrid
OWC scheme with direct modulation, different V,; levels,
and optimization of the received optical power, we have:
(i) improved the VLC link’s throughput by up to ~100 Mb/s,
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which is equivalent to 2 x B gp-34B; (if) demonstrated that at
Ao of 0.3, the high-speed VLC link performance, in terms of
BER, is well below the FEC limit for all values of L, Rp.High,
and Rp.1ow; (iii) shown that for of the low-speed OCC link
with Agr of 0.3, the average performance in terms of R;g are
100, 97, and 85 % for Rp.1ow Of 1, 2, and 5 kb/s, respectively
for all values of L, Ry High, and Cor; and (iv) demonstrated
that the performances of the links are independent of each
other unlike, and as opposed to, the results in [8] which
illustrates the trade-off between the performance of the VLC
and OCC links.

Finally, in Table 3, we compare the performance of the
proposed hybrid OWC system with other schemes of VLC-
OCC[6], [7], SIMO VLC [8], and hybrid OWC schemes with
fuzzy logic [10], [11]. In [6], using a high power (15 W)
LED lamp-based Tx and variable pulse position modulation
(VPPM), L of 4 m and 5.8 m for VLC and OCC links,
respectively, were reported. Based on intensity shift keying
modulation formats, the L of 5 m using a 50 cm? rectangular
LED panel with a 39 dBm power level and multilevel OOK
was reported in [7]. However, no analysis to improve B was
provided, so Ry, as well as the effect of multilevel LED
transmission based on varying amplitude depths of zop-rx(?),
were reposted. The fuzzy logic-based networking schemes
in [10] and [11] were designed to perform two separate
switching of the links based on the network selection fac-
tor. Note that both technologies (i) were not expected to be
used at the same time nor to employ a common Tx; and
(i) lacked details on simultaneous data transmission and
processing algorithms considering modulation/demodulation
formats, data reception and recovery, and BER performance.
In [8], it was shown that the use of a bias-T with a high-pass
filter feature resulted in increased attenuation in both links,
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TABLE 3. Summary of existing hybrid schemes.

Schemes | VLC-OCC [6] VLC-0OCC [7] SIMO hybrid VLC [8] Fuzzy logic-based Proposed hybrid
networking in hybrid | OWC scheme

Parameter VLC-OCC [10, 11]

Tx 15-W LED lamp Rectangular LED panel Thin red chip LED of Simulation model: Thin red chip LED of
50cm? with 39 dBm the size 1.0 x 0.5 x 10 W, 5 cm radius the size 1.0 x 0.5 x
power level 0.35 HIII'I3 (BLED-3dB < LED 0.35 mm3 (BLED-3dB <

50 MHz) with 3.3 mW 50 MHz) with 3.3 mW
transmit optical power transmit optical power

Rx VLC: PD (S6869) VLC: PD VLC: Thorlabs Simulation model: VLC: Thorlabs

OCC: USB camera OCC: Google Pixel-2 PDA10A2 (1 GHz) VLC: 1 cm?, 20 MHz PDA10A2 (1 GHz)
(fr = 60 fps) OCC: USB camera (fr= | PD; OCC: USB camera (fz =
25 fps) OCC: 30fps camera 251fps)
Modulation Manchester coding and | Intensity shift keying Bipolar multilevel OOK | Fuzzy logic-based Bipolar multilevel OOK
VPPM was used for and multilevel signal networking for signal and direct
OCC and VLC, OOK network switching modulation with driving
respectively techniques. voltage levels and lens
Missing modulation characterization
and demodulation
techniques

L (m) VLC: 4; OCC: 5.8 5 1 15 (simulation model) 1<L<4

Ri-nign (Mb/s) 0.1 2.75 Up to 35 Uptol Up to 100

Ris-Low (kb/s) 1.67 4.2 Upto 2.5 Up to 100 (unrealistic Upto5

considering 30 fps)
Rx Orientation | LOS link LOS link LOS link LOS link VLC: LOS link
OCC: Cof with respect
to distance
Average/ Low B efficiency Effect of Signal attenuation due Lacked details on Improved B efficiency
summarized multilevel LED to use of bias-T needs to | simultaneous data to twice that of 3-dB
performance transmission based on be solved. transmission and Biep.
varying amplitude processing Improved signal quality
depths need to be using ¥, levels and lens
discussed characterization.
Increased link span in
experimental
demonstration.

i.e., lower SNR and therefore increased BER. As a result,
we have proposed an experimental hybrid OWC scheme that
uses a bipolar multilevel OOK signal, as well as direct mod-
ulation with V; levels and a lens characterization to improve
the data throughput by increasing the system bandwidth to
2x BLED-3dB, signal quality, and increasing the link span up
to 4 m.

IV. CONCLUSION

In this paper, we demonstrated lab-scale experimental imple-
mentation and analyzed the performance of the hybrid OWC
system for versatile IoT applications in an indoor static envi-
ronment. A single red chip LED was used as a Tx for both
VLC and OCC links. In the current work, we improved the
throughput of the VLC link by up to ~100 Mb/s, which
corresponds to 2x By gp-3¢g by means of direct modulation,
different V; levels, and optimizing the received optical power
of the hybrid OWC link. While for the OCC link with dif-
ferent Cyff, error-free data transmission was achieved for
all values of Rpiow and L at Apr, values of O and 0.3.
From the summary of results presented, based on the per-
formance analysis, 0 < AoL < 0.3, Rp-Low of 1 and 2 kb/s,
10 < Rp.pigh < 100 Mb/s, and L of up to 4 m can be
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considered as the parameters with optimum values derived
from the experimental demonstration of the proposed hybrid
OWC scheme for versatile IoT environments. As a result
of these values, the proposed scheme can be further imple-
mented in real-life and extended IoT scenarios.

In addition, we addressed problems regarding the
improvement of bandwidth efficiency (i.e., Rp), the effect
of multilevel LED transmission due to Agr,, and provided a
comprehensive analysis for data processing for both VLC and
OCC links. The proposed hybrid VLC-OCC SIMO scheme
is envisioned to provide versatile optical-IoT based indoor
services that allow users to receive data regardless of their
device.

As part of potential future work, green and blue colors
can be added to the red chip LED to generate white light
while still transmitting through the red chip LED to maintain
and improve the higher bandwidth. The chip LED can also
be modulated considering an individual color channel and
techniques such as polarization division multiplexing [13],
equalization [16], and different modulation formats such
as (i) orthogonal frequency division multiplexing [17] to
improve R, up to 1 Gb/s and 10 kb/s for VLC and
OCC links, respectively; (if) CDMA to support multi-user
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environments [12]; and (iii) composite amplitude-shift keying
that will allow different levels of shifts in A depths [18].
The scheme can also be tested for different types of PDs
or camera-based orientations, along with long-link spans
between the LED-based Tx and Rxs to support mobility in
versatile optical-IoT environments.
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