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ABSTRACT In this paper, we provide a solution based on fast Fourier Transform (FFT) for frequency detec-
tion and interference analysis in a non-line-of-sight (NLOS) multiple-input multiple-output (MIMO) optical
camera communications (OCC) link. The proposed NLOS MIMO-OCC uses two organic light-emitting
diodes (OLEDs) and a camera as transmitters (Txs) and the receiver, respectively, and reflections from
various surfaces such as plain wall, paper and wooden surfaces. In this paper, for the first time, we analyze
the performance of NLOS MIMO-OCC for two indoor scenarios utilizing two OLED Txs that are in phase
and modulated at the same modulation frequency fs and especially when they are out of phase and under
different fs. We carry out FFT for fs detection and interference analysis for OLEDs operating at different
phases and fs. To analyze the performance of NLOS MIMO-OCC, first FFT-based fs detection is performed
to identify Txs followed by evaluation of the reception success rates Rrs for a range of camera exposure times
texp and the gain Gv for a given fs. The results show that for two OLEDs in phase and different phases at texp
of 1500, Gv of 45 dB and a link span of 2 m, Rrs of 94% is achieved at fs of 600 Hz for the plain wall and
paper reflectors. For interference analysis, the proposed FFT analysis gives accurate, i.e., 100 % fs detection
in all the above cases.

INDEX TERMS Organic light emitting diode (OLED), optical camera communications (OCC), non-line-
of-sight (NLOS), multiple-input multiple-output (MIMO), fast Fourier transform (FFT), camera, image
processing.

I. INTRODUCTION
Researchers have been exploring the use of organic
light-emitting diodes (OLEDs) over traditional solid-state
lights as transmitters (Txs) in visible light communications
(VLC) and optical camera communications (OCC) technolo-
gies. A comprehensive optical and electrical characterization,
evaluation, simultaneous illumination, and data communica-
tion of OLED-based VLC links for indoor applications have
been investigated [1], [2]. In our recent publication [3], the
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authors outlined the main advantages of OLEDs including
radiation patterns, highly linear power-current characteris-
tics, stable illumination profile, different shapes and sizes as
well as their being desirable in camera-based receivers (Rxs)
instead of point source detection in complex and dynamic
environments. In [4], for the first time, a line-of-sight (LOS)
long-range OLED-OCC was proposed for Internet of Things
(IoT) applications.

Using OCC technology and a photodetector (PD) array
(i.e., a complementary metal-oxide-semiconductor (CMOS)
image sensor or a camera)-based Rx, both single-input
multiple-output and multiple-input multiple-output (MIMO)
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systems can be implemented in indoor environments. Note
that the image sensor-based Rx can capture lights from dif-
ferent directions and project them onto different sections of
the sensor (i.e., illuminating different parts of the PD array).
It is possible to spatially separate incoming light signals using
the region of interest (ROI) method and determine their inten-
sities by measuring the pixel value per light source image
on the received frame. There are several unique features
of OCC, including simultaneous vision and data commu-
nications; built-in Rx (i.e., camera) and therefore no need
for additional hardware; spatial separation of multiple Txs
(i.e., sunlight, street light vehicle lights [5], [6]); improved
performance under ambient lighting [7]; and suitable for non-
line-of-sight (NLOS) scenarios [8]. In [9], the data rate in
MIMO-OCC using an array of red, green and blue (RGB)
LEDs was increased by exploiting the advantage of having
a two-dimensional space from the captured frames. To deal
with the blooming effect in a LOS wavelength division mul-
tiplexing (WDM)MIMO-OCC link, a histogram equalization
scheme was proposed that helps to adjust image intensities to
enhance contrast and, therefore, achieve 100 % data recep-
tion rates [10]. Moreover, a two-dimensional convolutional
autoencoder was proposed for simultaneous exposure-related
intersymbol interference (ISI) equalization and noise mitiga-
tion for OCC [11]. The results in [11] showed that the system
can mitigate the ISI produced by the exposure time windows
with the bit error rates lower than 10−5 under optimal signal-
to-noise ratio (SNR) conditions.

In dynamic and mobile indoor environments, LOS
VLC-OCC links may experience shadowing, blocking, and
no availability of LOS paths, limiting link availability, mobil-
ity and, ultimately, system performance [12], [14]. To resolve
these problems, NLOS VLC-OCC systems can be adopted at
the expense of reduced data throughputs, which may not be
necessary in low-data rate IoT-based applications [10], [15].
In [3], for the first time, we proposed a single-input multiple-
output (SIMO) NLOS-OCC scheme using a curved OLED
Tx varying L from 1 to 2 m using non-return-to-zero (NRZ)-
OOK modulation format and a ROI and grayscale-based
normalization and thresholding algorithm for demodulation.
The primary performance analysis was focused on SNR esti-
mation using a binary classification procedure based on a
Gaussian mixture model (GMM) to mitigate the attenuation
effect due to NLOS links. The NLOS VLC-OCC links, how-
ever, still face a few challenges, including i) higher losses due
to diffuse reflections, which lower the SNR; ii) increased lev-
els of interference from other light sources; and iii) difficulty
in implementation of NLOS MIMO VLC-OCC.

In [16], a DC-biased optical orthogonal frequency divi-
sion multiplexing (DCO-OFDM) in the NLOS model (i.e.,
a single-reflection) was investigated to benefit from the
enhanced spectral efficiency and easily configurable DC
components. Moreover, [17] concluded that a less complex
single-fast Fourier transform (FFT)-based Rx is a good can-
didate for layered asymmetrically clipped OFDM suffering

from the LED nonlinearity. In [18], digital signal processing
(i.e., a combination of FFT and inverse FFT (IFFT)) was
applied to extract the low-frequency part of the 3-70 kHz on-
off-keying (OOK) signal at the transmitting side to reduce
the impact of LED flicker on human health was proposed.
Therefore, FFT and IFFT can be used both for low-frequency
baseband and complex modulation formats in LOS and
NLOS VLC links to overcome LED nonlinearities as well as
to restore the received signal.

According to [19], the reflected optical beams in NLOS
VLC-OCC typically have a large illumination footprint,
allowing an increased degree of mobility and link tolerance to
the user movements. Based on different reflecting materials,
such as walls, furniture, and paper decorations, the illumi-
nation footprint is expected to vary and affect the NLOS
VLC-OCC signal in indoor environments. In this paper,
we propose a NLOSMIMOOCC link with two OLEDs and a
camera as Txs and the Rx, respectively. The light reflections
are from various surfaces, including plain walls, paper, and
wooden surfaces, as well as corners of the room. In this
paper, for the first time, we evaluate the performance of the
proposed NLOS MIMO OCC scheme with two OLED Txs
that are i) in phase (i.e., synchronized) and transmitting at the
same modulation frequency fs; and ii) out of phase and with
different fs. The proposed system is evaluated in terms of the
reception success rates Rrs for a range of camera exposure
times texp and the gain Gv as well as fs. FFT is applied for
detecting fs and analyzing interference when both OLEDs
transmit at different phase and fs.
The remaining sections are organized as follows: Section II

gives a brief outlook and limitations of the previous related
works; Section III provides an overview of the proposed
NLOS MIMO OLED-OCC system; Section IV presents
experiment results and analysis; Section V summarizes
the performance and results of the proposed scheme and
Section VI concludes this article along with future outlook.

II. RELATED WORKS
In Table 1, we compare the performance of the proposed
NLOS MIMO OLED-OCC link with other NLOS-OCC
systems. As previously mentioned, the main motivation
for developing this system is to be able to operate in a
reflective environment.We, therefore focusmainly on param-
eters such as the Tx/Rx, modulation format, link span L,
and processing algorithm and compare them with other
systems.

Note that all the above-listed schemes in Table 1 have
focused only on data recovery using various adaptive algo-
rithms. However, different reflective materials and surfaces in
indoor environments need to be considered when analyzing
NLOS-based systems. Therefore, we propose, for the first
time to the best of our knowledge, FFT-based fs detection and
interference analysis for NLOS MIMO OLED-OCC used in
an indoor environment scenario with different reflective and
surface materials.
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TABLE 1. Summary of existing NLOS-OCC schemes.

III. NLOS MIMO OLED-BASED OCC
Figure 1 illustrates the proposed NLOS MIMO OLED-based
OCC system schematic diagram. The input data stream in the
form of NRZ-OOK is generated in MATLAB and uploaded
to the arbitrary waveform generator (AWG–Agilent 33522A,
30 MHz Function/AWG), the output of which is used for
intensity modulation of the two OLED (UNISAGA of size
200× 50mm2 and 0.41 mm thickness) Txs via drivers (Thor-
labs LEDD1B). The OLEDs’ detailed optical and electrical
characteristics in terms of the threshold voltage, bias cur-
rent, linear dynamic range, optical spectrum, optical radiation
patterns and output optical power–current–voltage curves
can be found in [1]. Note that using the same OLED Tx,
we proposed a LOS OCC link for short- and long-range IoT
applications [4]. We achieved a bit error rate below 10−6 for
indoor short range up to 4 m and 3.56 × 10−3 for outdoor
long range up to 120 m links [4].

The experiment setup is depicted in Fig. 2, with the OLEDs
and a Raspberry Pi camera (CMOS image sensor) placed fac-
ing the wall, see Fig. 2(a), and paper reflectors as in Fig. 2(b).
Note that the distance L of 1 m was used to capture the photo
of the entire setup; however, for measurement, we used L of
2 m. In this work, we consider two cases of OLED-based Txs
being in phase and out of phase. The camera captured the

FIGURE 1. Schematic diagram of NLOS MIMO OLED-based OCC.

intensity-modulated light signal reflected from the reflectors
(i.e., walls, papers and wooden surfaces) in a dark room set-
ting. For Txs being ON, we measured the illuminance using
a lux meter with and without the reflection from the optical
table. The measure illuminance values were almost the same
at 20 ± 1.4 lx. The Raspberry Pi camera, operating in the
RS mode and controlled using a GUI developed in Python,
is mounted between the OLEDs to capture the modulated
light.

The python-based GUI platform is primarily designed
based on four factors [3]: i) imports to define the interface

VOLUME 12, 2024 99139



S. R. Teli et al.: FFT-Based Frequency Detection and Interference Analysis for NLOS MIMO-OCC

FIGURE 2. Experimental setup for NLOS MIMO OLED-OCC system with a:
(a) wall and (b) paper reflector.

of different camera modules; ii) easy control of camera
parameters such as frame rate fr , texp, Gv, and the number
of frames to be recorded; iii) functions for creating and
closing sessions for image recording; and iv) the window
design including title, image preview, and RGB plots, for
performing the initial analysis of the received data. As GUI
is designed to provide a real-time image preview and RGB
plots, it is helpful to perform an initial analysis of the captured
data and to adjust camera capturing parameters to improve
the quality of the output signal. Note that the GUI allows
for the adjustment of the gain of individual R (red), G
(green), and B (blue) channels based on the color of the
optical source. The RGB gains for the Pi camera V2 were
set to default values due to the use of white OLEDs, while
the gain of the camera was adjusted to enhance the image
quality.

Further offline data processing was performed in
MATLAB using traditional image processing techniques.
We utilized the GUI-based camera control to set the ROI
while recording the data. The GUI session is set to capture
50 data frames at fr of 30 fps for all values of texp, fs, Gv,
and L, see Table 2. As for the parameter selection, we refer to

TABLE 2. Key experimental parameters.

our recently published work on curved OLED-based NLOS
SIMO-OCC links [3]. The results in [3] depicted that for a
2 m long NLOS-OCC link with reflections from a wall, the
SNR increased by 1 dB and Rrs increased by 1% (96–97%)
and 4% (83–87%) for fs of 200 and 600 Hz, respectively with
an increase in texp of 1000–1500 µs and Gv of 25–45 dB.
Therefore, we have adopted texp and Gv in the ranges of 1000
– 1500 µs and 25 – 45 dB, respectively.

The data throughput was calculated based on a number of
visible bits/frame, Nbits within the ROI with respect to fs and
fr as bits/frame × fr . Table 2 also shows the calculated data
throughput values.

The FFT on the captured image frames is performed in
order to detect fs for further data processing and analysis.
Note that FFT is performed separately for two different use
cases, as mentioned before, which will be explained further in
section IV. Using the GUI, the combined intensity profiles of
RGB channels are captured, then normalized for thresholding
and binarization of data frames, and then converted to a vector
transformation for decoding the data streams, see Fig. 1. In [3]
and [24], authors derived and demonstrated that the intensity
profiles can also be used to calculate the SNR considering
that the camera has a gain Gv. As a result, Gv can be uti-
lized in highly attenuated situations when the received NLOS
signal is weak in order to improve the SNR. Furthermore,
the received data bit vector obtained after normalization and
thresholding is compared with the transmitted data stream
to determine the Rrs of the received bits by determining the
ratio of the incorrectly decoded bits to the total number of
transmitted bits (i.e., the number of bit errors).
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FIGURE 3. The process of FFT for detecting fs for two in phase OLED Txs.

IV. EXPERIMENT RESULTS AND ANALYSIS
A. IN PHASE OLED TXS
Figure 3 shows the steps involved in the FFT analysis for the
detection of modulation frequency fs when two OLED Txs
are in phase, i.e., OLEDs transmitting at the same fs and are
synchronized. Image analysis involves the detection of source
data ROI followed by averaging filter y(n) used for smoothing
noisy data, which is given:

y (n) =
1
Ws

ones (1,Ws) , (1)

where Ws is the ROI window size. Following RGB to
grayscale RGBgray conversion, the median across pixel rows
operation is carried out, which is given as:

Median = filter
(
y (n) , 1,RGBgray

)
. (2)

After removing the DC component from the signal F ,
to find the signal spectrum and its 1st maximum spectral line
is obtained. Next, IFFT is applied to detect fs. As outlined
previously, we have considered two capturing scenarios of
the plain reflector surface and the exact corner of the room
with different reflector surfaces.

1) A PLAIN SURFACE
Figure 4 shows examples of captured image frames with their
respective intensity profiles, RGB channel histograms, and
the spectrum plots for plain reflector surfaces (i.e., wall, paper
and wooden door). For the FFT plots we have the following
observations:

i) Those plots on the top depict the received signal, sim-
ilar to the signal plots in one GUI of the captured
image. Note that a maximum pixel value of 80 for
both wall and paper reflectors, which corresponds to
the same reflectivity ρ for wall ρwall and paper ρpaper,
i.e., in the range of 0.7-0.8 for the visible spectrum and
assuming Lambertian reflection patterns for plain wall
and paper surfaces [25], see Table 2. For the wooden
door reflector with ρwood of 0.5, the maximum pixel
value is 50. In addition, the received mean intensity Īr
profiles i.e., the quantized intensity of the whole image
framewithin the range of [0-255] were further analyzed
as illustrated in Fig. 5. Because of the similar values of
ρ, Īr for the wall and paper is almost the same for all
values of texp and Gv. Note, Īr value increases with an
increase in texp and Gv. Īr for wooden door is almost

Algorithm 1 FFT for the detection of fs for two in-phase
OLED Txs
Require: data image frames;
Ensure: fs detection;
1. Acquire image ROI;
2. Apply averaging filter y(n);
3. Convert to grayscale y(n)img → RGBgray;
4. Apply median across img pixel lines RGBgray →

Median;
5. for each RGBgray do
6. yy = median (RGBgray);
7. y = filter(y(n), 1, yy);
8. end for
9. FFT of signal
10. for each y do
11. F = 2∗fft(y).1/(length(y));
12. end for
13. Remove DC component F(1) = 0;

F(round(length(F)/2): end) = 0;
14. Spectrum of F : F1 = zeros(length(F));
15. Find the maximum spectral line for fs detection

from F1;
16. for F1 do
17. [m, i] = max(abs(F));
18. F1(i) = m;
19. end for
20. Inverse FFT ofF1 to detectfs:fs = ifft(F1);

50% lower compared to the reflections from wall and
paper. E.g., for texp of 1500 µs and Gv of 45 dB Īr is
40 for both wall and paper reflectors, while it is reduced
to 20 for a wooden reflector.

ii) In the plots shown in the center, a red dot indicates the
detected spectrum of a fixed single fs with 1st maximum
spectral line.

iii) The last plot illustrates the IFFT of the single fs spectral
line. Regardless of different values of ρ for different
reflective materials, the proposed FFT analysis helps
to detect fs for the plain wall, paper and wooden door
reflectors, see Fig. 4.

After performing the FFT for the detection of fs, fur-
ther offline data processing is performed in MATLAB using
traditional image processing techniques for data recovery,
see Fig. 1. Figure 6 illustrates Rrs as a function of fs at
L of 2 m and for a range of texp, and Gv. It can be seen
from Fig. 6 that i) Rrs decreases with the increasing fs
and increases with texp and Gv; ii) maximum Rrs values of
99 – 100% and 88 – 94% are observed at fs of 100 and
600 Hz, respectively for both wall and paper reflectors. These
values correspond to the same ρ and Īr values, see Fig. 5;
and iii) for a wooden reflector with ρwood of 0.5, Rrs is
reduced to 97–98% and 84–91% at fs of 100 and 600 Hz,
respectively. We will use the results in terms of Īr and Rrs for
the plain surface case as a reference for further analysis in this
paper.
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FIGURE 4. Image frames and respective intensity profiles captured and processed using GUI and FFT at texp = 1000µs, Gv = 45 dB, L = 2 m and
fs = 400 Hz for (a) wall, (b) paper, and (c) wooden door reflector.

FIGURE 5. Performance analysis in terms of Ir vs. fs for the plain surface and a range of texp, and Gv for: (a) wall, (b) paper, and (c) wooden door
reflectors.

2) A ROOM CORNER
Figure 7 shows examples of captured image frames with FFT
and IFFT-based generated waveforms and spectrums for the
corner of the room with reflections from wall and paper. For
the initial analysis, the images were captured only at fs of
100 and 200Hz for bothwall and paper reflectors.We observe
that: i) the received signal shows a peak pixel value of ∼70
for both reflectors and all fs; ii) the spectrum shows a 1st

maximum spectral line at 6 and 10 Hz for the wall and paper
reflectors, respectively; and iii) the recovered signals.
Figure 8 depicts the distribution of Īr at the corner of the

room with respect to texp, Gv, and a range of fs for both wall
and paper reflectors. As previously mentioned in Section III,

Īr increases with increasing texp and Gv. While a very min-
imal reduction in Īr is seen with the increasing fs. Note, the
increase in Īr by ∼5 (-) compared with Fig. 5 due to the cross
reflections from wall and paper surfaces.

Table 3 shows the values of Rrs for a range of fs, Gv and
texp as well as two values of ρwall and ρpaper. Rrs of ∼98 and
∼95 % are observed at fs of 100 and 200 Hz, respectively for
all values of Gv and texp and for ρwall and ρpaper, respectively.
The results in the first two capturing scenarios show the

best performance at higherGv and texp of 1500 µs and 45 dB,
respectively. Therefore, the link performance was tested at
texp of 1500 µs and Gv of 25, 35, and 45 dB for further
capturing scenarios.
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FIGURE 6. Rrs versus fs for the plain surface and a range of texp , and Gv for: (a) wall, (b) paper, and (c) wooden door reflectors.

FIGURE 7. Captured image frames and FFT plots at exact corner at
texp = 1000µs and Gv = 45 dB for (a) wall, and (b) paper.

B. OUT OF PHASE OLED TXS
Figure 9(a) shows the extended NLOS OLED-based MIMO-
OCC system overview for two OLED Txs in different phases.
It is expected that when two OLEDs close to each other
are transmitting in different phases as well as at different fs,
i.e., fs1 and fs2 for OLED1 and OLED2, respectively, there
will be some interference region on the reflective surface.
Therefore, after relative intensity profiles, the images are
scanned to detect the maximum power profile, which reflects

FIGURE 8. Performance analysis in terms of Īr at the exact corner of the
room with respect to varying fs, texp , and Gv for wall and paper
reflectors.

TABLE 3. Rrs in % at the exact corner of the room for ρwall and a range of
fs, texp, and Gv for wall and paper reflectors.

the interference region. The detected interference region is
then marked as Ipx and used for further FFT analysis to detect
fs1 and fs2 within Ipx, see Fig. 9(b). Moreover, the interference
analysis and fs detection play an important role in identifying
Txs as OLED1 and OLED2.
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FIGURE 9. NLOS MIMO OLED-based OCC system for: (a) two OLED Txs in different phase, and (b) FFT for fs detection.

Algorithm 2 FFT analysis for fs detection: two OLED Txs in
different phase
Require: data image frames; do the same steps from 1 to 13 as
Algorithm 1
Ensure: fs1 and fs2 detection;
1. Spectrum of F : F1 = zeros(length(F));

F2 = zeros(length(F));
2. Find maximum spectral line for fs1 and fs2 detection

from F1 and F2;
3. for F1 and F2 do
4. [m, i] = max(abs(F));
5. F1(i) = m;
6. F2(i) = m;
7. end for
8. Inverse FFT ofF1 andF2 to detectfs:fs1 = ifft(F1);

fs2 = ifft(F2);

For the FFT of twoOLEDTxs in different phases, the same
steps as steps 1 to 13 are followed from Algorithm 1. After
determining themedian and removing the DC component off-
set, the maximum spectral line, i.e., the 1st and 2nd maximum
for fs1 and fs2, respectively, is determined. The IFFT is applied
over the spectrum of F , F1, and F2 to detect the fs1 and fs2.
Two different scenarios such as two OLED Txs transmitting
at the same fs in different phases and at different fs capturing
at plain reflector surface, are considered.

1) OLED TXS TRANSMITTING AT SAME FS
Figure 10 shows examples of captured image frames with the
FFT plots when two OLED Txs are transmitting at the same
fs in different phases captured at the plain reflector surface
of the room for wall and paper reflectors. It can be seen
from captured image frames in Fig. 10, that i) the Ipx and
OLED1 and OLED2 regions are well detected by scanning
for maximum power profile as shown in Fig. 9(b); and ii) the
received signal intensity profiles are affected due to Ipx and,
therefore, not much pixel value difference is seen between
1 and 0 bit, see received signal plots in Fig. 10. However,
based on the proposed FFT, it can be seen that the spectrums
of fs1 and fs2 are well detected and hence the perfect fs
detection for both OLEDs at wall as well as paper reflectors.

FIGURE 10. Captured image frames and FFT plots at
fs = 100 Hz, texp = 1500µs and Gv = 25 dB for (a) wall, and (b) paper.

TABLE 4. Performance analysis in terms of Rrs in % at texp of 1500 µs
with respect to varying fs and Gv for wall, and paper reflectors.

After the fs detection, the performance in this scenario was
analyzed further for Rrs. Table 4 shows Rrs values for texp of
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FIGURE 11. Captured image frames and FFT plots at
fs = 100 Hz, texp = 1500µs and Gv = 25 dB for (a) wall, and (b) paper.

1500µs for a range of fs andGv for wall, and paper reflectors.
It can be seen that, regardless of the Ipx region and due to the
accurate detection of OLED1 and OLED2 regions using the
scanning function, Fig. 9(a), Rrs of 100 % was achieved at fs
of 100 and 200 Hz for wall and paper reflector and at Gv of
45 dB. Therefore, even with the Ipx region, the performance
in this case is similar to that in Section IV-A.

2) OLED TXS TRANSMITTING AT DIFFERENT FS
Figure 11 shows the examples of captured image frames with
the FFT plots captured when two OLED Txs are transmitting
at different fs, i.e., fs1 and fs2 for OLED1 and OLED2, respec-
tively at the plain wall and paper reflectors.

It can be seen from captured image frames in Fig. 11, that
i) the Ipx region is widened due to the mixing of two different
fs; ii) the received signal intensity profiles are affected due
to the widened Ipx as compared to the previous scenario of
same fs in different phase and therefore not much pixel value
difference is seen between 1 and 0 bit, see received signal
plots in Fig. 11 and iii) the received intensity profiles looks
similar to a 4-PAM signal due to mixing of two different fs,
for example fs1 of 100 Hz and fs2 of 400 Hz, see Fig. 11(b).
Note, in this case fs1 was fixed to 100 Hz and fs2 was varied
at values of 200 and 400 Hz. Regardless of distorted intensity
profiles, it can be seen that the spectrums of fs1 and fs2 are well

TABLE 5. Performance analysis in terms of Rrs in % at texp of 1500 µs
with respect to varying fs and Gv for wall, and paper reflectors.

detected and hence the perfect fs detection for both OLEDs at
wall as well as paper reflectors.

Table 5 shows Rrs values at texp of 1500 µs for a range of
fs1 and fs2 and Gv values for wall, and paper reflectors. It can
be seen that for wall and paper reflector at Gv of 45 dB; i) Rrs
of 98 and 96 % was achieved at fs1 of 100 and fs2 of 200 Hz,
respectively; and ii) Rrs of 95-96 and 89-90 % was achieved
at fs1 of 100 and fs2 of 400 Hz, respectively.

C. LATENCY OF THE PROPOSED SCHEME
The latency in OCC depends mainly on the image acquisition
and processing. The hardware involved in acquisition is the
image sensor for capturing with time tcap, which transfers
raw image data to the computer’s CPU at time ttrans using a
camera serial interface (CSI). In the case of the Raspberry
Pi, the CPU has a dedicated image signal processor (ISP)
that performs the JPEG or H.264 encoding with time tencode.
Finally, the OCC image processing happens in the CPU using
MATLAB in time tproc. Therefore, the overall latency can
be calculated by adding together the image acquisition and
processing times as:

Latency = tcap + ttrans + tencode + tproc. (3)

We now define every term separately to calculate the time
required in every step as:

Image sensor capturing, tcap: induces a delay that depends
on the rolling shutter sampling process, that can be
estimated as:

tcap = trs × Nbits + texp + treadout + treset , (4)

where trs is row sampling time which is 18.904 µs for Rasp-
berry Pi camera module [26], treadout is readout time and treset
is row rest time. Note, treadout and treset are negligible values
(very small value). For example, at fs of 100 Hz, 9 bits are
visible in one frame and texp of 1000 µs, tcap is 1170.136 µs
(0.001170136 s).

For different hardware dependent parts, we can then enu-
merate following:

• CSI, ttrans: the serial bus takes raw frames that weight
24.2 MB each and has a data transfer rate of 2.9 Gbps to
the ISP, adding a delay in terms of ttrans which is 0.0667 s
for raspberry pi camera module V2 [26].

• ISP, tencode: the ISP applies demosaicing, white balance,
noise reduction, and other processes to the raw image
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TABLE 6. Summary of results in terms of Rrs in %.

data, and converts it into JPEG/H.264 format. Typical
ISP processing rates can range from 100 to 400 Mpx/s.
For example, the delay added by the ISP as tencode can
be estimated as 8Mpx/(100 Mpx/s) = 0.08 s [26].

• MATLAB Image Processing for FFT analysis, tproc:
Although the offline processing is not directly compa-
rable to a real online processing, we estimated our scrip
to take tproc of 0.7 s/frame for all values of fs in case of in
phase OLED Txs transmitting at same fs and 1.2 s/frame
in case of interference analysis for out of phase OLED
Txs with same and different fs.

Therefore, the overall latency within the proposed NLOS
MIMOOLED-based OCC at fs of 100 Hz and texp of 1000µs
can be estimated using Eq. (3) and (4), for all values of fs
in case of in phase OLED Txs transmitting at same fs is
0.84787 s (tcap (0.001170136 s) + ttrans (0.0667 s) + tencode
(0.08 s) + tproc (0.7)) and in case of interference analysis
for out of phase OLED Txs with same and different fs is
1.34787 s.

V. SUMMARY
The performance of the proposed NLOS OLED based
MIMO-OCC scheme is summarized in Table 6.
It can be seen that:
For two OLED Txs in phase:
i) Rrs of 100%was achieved at fs of 100 and 200Hzwhile

the Rrs was reduced to 99 and 94 % for fs of 400 and
600 Hz, respectively for plain wall and paper reflectors.
While at plain wooden surface with reduced ρwood of
0.5, Rrs is reduced to 98 and 92 % at fs of 100 and
600 Hz, respectively and

ii) at the exact corner of the room with wall and paper
reflectors, Rrs of 98 and 96 % were achieved at fs of
100 and 200 Hz, respectively.

For two OLED Txs out of phase for wall and paper
reflector:

i) when both OLEDs are transmitting at fs1 of 100 Hz and
fs2 of 200 Hz, Rrs of 98 and 96 %, respectively was
achieved and

ii) when both OLEDs are transmitting at fs1 of 100 Hz and
fs2 of 400 Hz, Rrs of 95-96 and 89-90 %, respectively
was achieved.

Note, in all the above cases, accurate, i.e., 100 % fs detec-
tion was performed using the proposed FFT that helps to
determine the Tx as well as its respective fs value when
transmitting in NLOS MIMO scenarios.

Based on the summary of results, we showed that FFT
performs accurate fs detection along with acceptable data
reception values of above ∼90 % in all the proposed sce-
narios. This solution helps to analyze various interference
scenarios in terms of fs for multiple Txs in an indoor
environment as described in this paper along with NLOS
MIMO-OCC link performance.

VI. CONCLUSION AND FUTURE SCOPE
In this paper, for the first time, to the best of our knowl-
edge, we proposed NLOS OLED-based MIMO-OCC link
and carried out a performance analysis and evaluation for
various indoor scenarios. We carried out an experimental
investigation of the proposed NLOS MIMO-OCC link using
two OLEDs and a camera as Txs and the Rx, respectively,
as well as reflections from various different surfaces such as
plain wall, paper and wooden surfaces as well as from the
corner of the room. Two different scenarios with two OLED
Txs that are i) in phase (i.e., synchronized) and transmitting at
the same frequency fs; and ii) out of phase and with different
fs at different reflective and surface materials. Moreover,
we carried out FFT for fs detection and interference analysis
when both the OLEDs are transmitting in different phase as
well as at different fs. The results depicted that, at higher texp
of 1500, Gv of 45 dB and a link span of 2 m an acceptable
performance in terms of Rrs of 90-100 % was achieved in all
the scenarios with 100 % fs detection using proposed FFT.
As a part of future works, the proposed scheme can

be tested by adding more than two OLEDs with different
sizes and shapes considering more diverse and dynamic
indoor environments and reflective materials and with com-
plex simulation-based analyses of different indoor scenarios
to validate the robustness of the proposed scheme under
various real-world conditions. The computational complex-
ity of the proposed FFT-based frequency detection scheme
can be further investigated by increasing the signal length
using complex modulation formats and adding more OLEDs
to support applications such as indoor localizations and
device-to-device communication in smart indoor environ-
ments. Moreover, future work could include investigation of
MIMO-NLOS OCC systems using (i) OLEDs of different
size and shapes in public places such as airports, shopping
centers, train, and bus stations; and (ii) flexible or flat panel
display technology in wearable biomedical devices in hospi-
tals for information display, data communications and indoor
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localization can be further investigated. Moreover, as sug-
gested in [21], [22], and [23] the data rate of the proposed
NLOSMIMO-OCC scheme can be improved by adopting the
different modulation formats such as multi-level PAM, PSK,
PWM and OFDM. Note that, the latency can be improved
with implementing real-time system in future by developing
mobile app or real time desktop app by further extending the
proposed GUI platform for data processing and giving final
results. For example, the latency can be reduced to 5.883 and
5.346 ms using iPhone 8 Plus and Samsung S8, respectively
when processing 10 rows within the image frame at fr of
30 fps [27].
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