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Abstract: In this article, we investigate the performance of the newly designed 4 x 4 optical
wireless multiple-input-multiple-output (MIMO-OWC) system based on a linearly-shaped ar-
rangement of transmitters and receivers, to achieve long-distance and high data rate trans-
mission. To highlight the importance of selecting an appropriate arrangement for the optical
elements, we carried on a comparative study, considering both the conventional square and
the proposed horizontal linear constellation of optical modems. The performance of the bit
error rate (BER) is experimentally evaluated at distances up to 65 m, using two important
metrics inherent to the MIMO transmission channel matrix, i.e., the Frobenius norm and
the condition number. The results show that the channel matrix shape characterized by the
condition number dominates the BER if the Frobenius norm is smaller than 1. Furthermore,
the proposed MIMO-OWC system employing a linearly-shaped arrangement of transmitters
and receivers, shows to be more immune to the calibration error rather than the conventional
square constellation optical modems. Moreover, the transmission of 100 Mbps data-rate and
a BER lower than 10~* could be successfully achieved at a 65 m communication range.

Index Terms: Array constellations, indoor wireless communications, long distance commu-
nications, OWC, optical wireless MIMO, optical wireless communications.

1. Introduction

Connected Industries, firstly introduced by Society 5.0 initiative [1], is defining the upcoming
generation of Smart Industry which is envisioned as an ambitious extension of Industry 4.0 [2].
This innovative concept is geared towards highly-automated, faster, more flexible, and smarter
manufacturing processes. This rapid transformation into more customized and digitized production
implies further stringent demands in terms of capacity, reliability, security, and low latency. To
meet such challenges, the radio-frequency (RF) wireless technologies were extensively studied
as possible candidates to consider.

However, the industrial indoor environment is particularly harsh to radio-frequency (RF) propa-
gation due to the complex reflections and radio wave shielding caused by any large metal devices
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or products existing in the factory. Hence, the high-level generated electromagnetic noise may sig-
nificantly degrade the system communication quality, restricting the use of RF-based technologies
in industrial wireless applications [3], [4]. To overcome this impediment and fulfill the demanding
requirements, optical wireless communications (OWC) technologies can be considered as a poten-
tial alternative. OWC can offer better security at the physical layer thanks to the spatial confinement
inherent to the optical carriers and enjoys the availability of unlicensed and interference-free optical
spectrum. Therefore, the industrial networks, based mainly on wired connections so far, can migrate
easily and quickly into hybrid solutions that incorporate RF as well as optical wireless links without
the need to redesign the whole communication infrastructure [5].

Driven by the ever-increasing demand for higher capacity within the Connected Industries plat-
form, different multiplexing methods, commonly used in both RF and optical fiber communication
systems, have been investigated to design the most appropriate OWC system for such industrial
applications. For instance, with the use of the very mature technique of wavelength division
multiplexing (WDM), a high data rate of 4.5 Gbps [6] or 10 Gbps [7] could be achieved. In these
studies, a transmitter based on a complex high-precision optical system design is considered.
However, in indoor industrial environments, implementing high-speed OWC links with relatively
simple optical LED-based system is desirable. Nonetheless, the light directivity and intensity of
LEDs remain considerably inferior to the lasers, thereby making the realization of a high-speed
transmission over a distance exceeding 10 m very challenging [8]. On the other hand, the use of
another spatial multiplexing method which is the multiple-input-multiple-output (MIMO) approach,
based on using multiple transmitters and receivers, has been shown to enhance significantly the
capacity of OWC systems as reported in [9]-[12]. For instance, the transmission of very high data
rate, namely 500 Mbps using 2 x 2 MIMO system [9] and 1 Gbps using 3 x 3 MIMO system [10],
could only be achieved over a very short distance of 40 cm and 1 m, respectively. On the other
hand, by applying a 4 x 4 MIMO system, a lower data rate of 16 Mbps [11] and 50 Mbps [12]
was transmitted at a distance of 1 m and 2 m, respectively. In these previous research works, a
high-speed transmission could only be achieved over short distances of a few meters. In order to
further extend the communication range, our successful attempt to transmit a data rate of 20 Mbps
at a distance of 15 m was firstly reported in [13]. Afterward, we could demonstrate to achieve the
same data rate at a longer distance of 60 m [14].

Although the performance of the transmission channel matrix of MIMO-OWC systems depends
closely on the arrangement of optical arrays of the transceivers, a little work has been done on
clarifying and characterizing this relationship. For instance, the authors in [15] and [16], evaluated
this impact and showed that the optical element arrangement affected the transmission. But, this
numerical analysis was only carried over short distances, ranging from 3 m to 6 m. Moreover, the
impact of the spacing of optical elements over long-distance communications exceeding 10 m has
also been evaluated experimentally and numerically in [17] and [18], respectively. In [14], we pro-
posed to use an improved design of the MIMO-OWC system that features a new one-dimensional
arrangement of optical modulator array at both the transmitter and the receiver sides and evaluate
its performance experimentally. Nonetheless, the use of different optical array constellations and
their impact on the overall system performance had not been studied. Therefore, the main purpose
of this research is to extend our previous work reported in [14] and elaborate a comparative study
considering two different constellations of optical arrays, i.e., a new linear arrangement and the
conventional two-dimensional one. The impact of the selection of the arrangement of optical arrays
on MIMO-OWC system performance is characterized in terms of the channel matrix characteristics
and the bit error rate (BER), over long distances.

2. System Configuration

In this section, we present in details the new transceiver design featuring a linear arrangement
of optical arrays instead of the conventional two-dimensional rectangular arrangement of array
elements, as shown in Fig. 1.
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Fig. 3. Frame structure.

2.1 Transmitter

Fig. 2(a) illustrates the general configuration of the MIMO-OWC transmitter. The transmitter com-
prises two main units, namely a “Transmitter signal processor unit” and an “Optical Modulator Array”
including four optical modulators. At the former unit, the digital data bit stream is first generated and
then split into four parts to be structured into the corresponding frames. Afterward, the resulting
frames are encoded using Manchester code, converted into electrical signals using a Digital Analog
Converter (DAC), and output onto the optical modulators array. At the “Optical Modulator array” unit,
the electrical signals are biased with a low direct current (DC) and finally modulated onto the LED.

2.1.1 Frame Structure: As shown in Fig. 3, each data frame is composed of three parts, i.e.,
a preamble, a pilot, and a payload. Helping the receiver to easily identify the symbol position and
determine the beginning of the frame, the preamble consists of an 8-bit sequence of alternating 1
and -1 bits, similar to each frame and given by

p=[+1,—1,+1, =1, +1, =1, +1, —1] (1)
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For the pilot, it corresponds to the middle section of a data frame, including a 32-bit sequence.
It is used to estimate the channel matrix at the receiver side. All the pilots are orthogonal to each
other. For instance, the pilot data sequence un, of the m-th frame can be expressed as follows.

u; =[+e, —e, —e, —e],u; =[—e, +e, —e, —¢] 2
u; =[—e, —e, +e, —e],u; = [—e, —e, —e, +€]
where,
e=[1,1,1,1,1,1,1,1]. (3)

Finally, each data frame ends with a payload including a sequence of 2560 bits.

2.1.2 Channel Coding: The digital data frame is encoded by a widely used coding technique,
i.e., Manchester coding at a symbol rate of 1/Ts,,, and then conveyed to the optical modulator as
an electrical signal by the DAC.

In fact, in this work, the Manchester coding technique was used in order to reduce the DC
component as the amplifier of the optical modem incorporates a capacitive coupling that does not
pass the DC component.

2.1.3 Optical Modulator: In the “Optical Modulator Array” unit, the input electric signal of each
optical modulator is firstly DC biased to ensure the constraint of the nonnegativity. Then, it
modulates the intensity of the LED to generate an intensity-modulated optical signal to convey
the information. All the four optical modulators have the same data rate.

2.2 Receiver

Fig. 2(b) illustrated the architecture of the MIMO-OWC receiver considered in this research. The
receiver consists of three main parts, i.e., a receiving optical array unit including four optical
demodulators, an Analog to Digital Converter (ADC), and a received signal processor unit. At first,
the optical demodulator converts the received optical signal into an electrical one by eliminating the
DC component. Afterward, the resulting signal is downsampled to generate a digital data stream by
the ADC. At the received signal processor unit, the signal passes through a matched filter before
being synchronized. After the estimation and equalization of the channel matrix, the transmitted
signal can be finally recovered. In this work, the ADC output is stored and the signal processing is
then performed offline. The different signal processes outlined above are detailed as follows.

2.2.1 Matched Filter: After the conversion, the ADC digital output is filtered using a matched filter
designed for Manchester coding. The output of the n-th optical demodulator of the MIMO-OWC
receiver, is referred to as r,(t), and the corresponding ADC output is ry[/]. Since the sampling
is performed by the ADC at a period of Tsy, r[l] = (I Tsp). In this experiment, we consider that
Tsym/ Tsp = 10. The impulse response h[i] of the filter that matches the transmission line code is
given by

. —-1(0<i<4)
h[’]_{+1 (4<i<9) (4)

Hence, the matched filter output r/[/] can be expressed as

9
nll =" hinll - (5)
i=0
2.2.2 Synchronization: During the synchronization process, the start of the frames, as well as
the symbols timing are detected. In fact, we calculate the sum of the correlation of the matched
filter output, r/[/] and the preamble sequence, p, as expressed below. Then, the synchronization is
performed by detecting the value of | which maximizes the sum.

4 7
D3 (=1)nli+ 101 (6)
=0

n=1 i
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TABLE 1
Experimental Equipment

T P%angggter Optical modulator/demodulator
€- USHIO INK.

FPGA PX1e-7972 LED HES811

DAC PXle-5783 Hamamatsu Photonics K.K.

Optical Toyo Electric SOT-ES200 APD S12023-05

modulator | (modified for experiments) Wavelength 820 nm (IR)

Receiver Half-value angle 1°

Optical Toyo Electric SOT-ES200 3dB . 100 kHz - 40 MHz

demodulator (modified for experiments) Ban(.iw1dth

ADC PXIe-5170 Maximum 500 kHz

CPU PXTo-8361 gain frequency

After the symbol synchronization, the matched filter output r/[/] is read every 10 samples and g,[]
is obtained and used for the following processing

GnlK] = r[10k + A] (7)

Note that A represents the amount of time shift during synchronization, and g,[0] = r/[A] corre-
sponds to the symbol at the beginning of the frame.

2.2.3 Channel Matrix Estimation: At the receiver, the channel matrix, H, where the m-th row and
n-th column element h, , represents the channel coefficient between the m-th optical modulator and
the n-th optical demodulator can be estimated as follows

V1

~ 1|
H=— U up” ug” ug 8
33 | vs [ur" uz2" us" u," ] (8)

Vs

where v, = [gs[8], 9[9], - - - g:[39]] is the received symbol value corresponding to the channel esti-
mate for the data sequence of the n-th optical demodulator output.

2.2.4 Equalization: After the channel matrix estimation, the zero-forcing technique is applied to
equalize each symbol of the payload part. The estimated value x,[k] of the k-th symbol output
corresponding to the m-th optical modulator can be expressed as

w7 (@K
=R 9)
Xa[k] Galk]
Consequently, the estimated value ch[k] of the transmitted data is given by
dnlK] = sgn(XulK]) (10)

3. Experimental Environment and Optical Modem Arrays Calibration

In this section, the details of the experimental conditions in which we conducted our measurements
are described. To evaluate the impact of the calibration on the overall system performance, the
experiment was conducted twice, before and after applying a strict calibration. Table 1 outlines the
specifications of the equipment used in the experiments.

3.1 Experimental Environment

The experiments were performed at night, indoor, and in a static line-of-sight environment using
infrared LEDs, emitting at a wavelength of 820 nm. The specifications of the experiments are

Vol. 13, No. 1, February 2021 7900612



IEEE Photonics Journal Experimental Evaluation of Indoor Optical Wireless

TABLE 2
Specifications of Communication Experiment

Experiment environment

Experimental location Indoor (with background light)
MIMO size 4x4
Element spacing d 25 cm
Optical modem altitude 1.1 m

Experiment 1 : 30,40,50,60,65 m
Experiment 2 : 30,40,45,50,55,60,65 m
Signal parameters

Communication distance L

Modulation Light intensity modulation
Transmission line code Manchester code
Equalization method zero forcing
symbol rate 25 Mbit/s x4
ADC
Bandwidth 100 MHz
Sampling rate 250 MSample/s

Fig. 4. Experimental test area.

summarized in Table 2 and the experimental setup is described in Fig. 4. The minimum distance
separating the optical elements and the distance between the transmitting optical array and the
receiving one correspond to d and L, respectively. In our experiment, we considered the same
element spacing d = 0.25 m for both the linear and the square array arrangement of optical
modems.

3.2 Calibration of Transmitting and Receiving Optical Arrays

3.2.1 Verification and selection of individual differences in modems: All the modems used in the
experiments are commercial off-the-shelf optical modems that have been especially modified for
our experiments. After the customization, these modems can transmit an arbitrary waveform. The
letters “A” and “B” were initially used by the maker to differentiate between the two types of the
optical modem before the modification. However, after the modification, all the modems have the
same configuration.

In the first experiment, we did not take into consideration the characteristics of each optical
modem included in the array, which affected conspicuously the results. Therefore, in the second
experiment, before using them, we measured the transmission and reception performance of all the
18 optical modems we have. Optical modems are labeled from A1 to A9 and B1 to B9 and can be
used as either an optical modulator or optical demodulator. To measure the performance, a square
wave with a voltage Vpp = 300 mV is input to the optical modulator. When measuring the reception
performance of all optical modems A1 to A8 and B1 to B9, the modem labeled A9 is used as the
optical modulator. On the other hand, when measuring the transmission performance of all the
optical modems A1 to A9 and B1 to B8, the modem labeled B9 is used as the optical demodulator.
In both measurements, the optical modulator and the optical demodulator were placed 15 cm apart,
and an oscilloscope was used to measure the voltages.
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TABLE 3
Individual Performance of Optical Modems

Optical modem | Transmission | Reception Optical modem | Transmission | Reception
Al 252 mV 352 mV Bl 297 mV 435 mV
A2 257 mV 301 mV B2 291 mV 432 mV
A3 220 mV 448 mV B3 306 mV 424 mV
A4 264 mV 264 mV B4 322 mV 407 mV
A5 155 mV 274 mV B5 275 mV 290 mV
A6 154 mV 226 mV B6 290 mV 281 mV
AT 216 mV 322 mV B7 276 mV 288 mV
A8 225 mV 292 mV B8 296 mV 330 mV
A9 289 mV - B9 - 286 mV

TABLE 4

Selection to Array

(a) linear array (b) square array
Position Communication Experiment Position Communication Experiment
First time Second time First time Second time
Tx1 Al B4 Tx1 A5 B6
Tx2 A2 B3 Tx2 A6 B5
Tx3 A3 B2 Tx3 AT B8
Tx4 A4 B1 Tx4 A8 B7
Rx1 Bl A5 Rx1 B5 A2
Rx2 B2 A6 Rx2 B6 Al
Rx3 B3 AT Rx3 B7 A3
Rx4 B4 A8 Rx4 B8 A4

(a) (b)

Fig. 5. Position of optical modulators in the array for two different arrangements: (a) Linear arrangement
(b) Square arrangement.

Tables 3 and 4 show the measurement results and the set of optical modems used in the
experiments, respectively. The position of the optical modems within the array is described in Fig. 5.
The individual differences seem to be due to manual customization done by the maker.

3.2.2 Angle calibration of optical modulator/demodulator in array: The transmitting and the
receiving optical devices must be installed parallel to each other. Hence, at the transmitting side,
we placed a screen in front of the optical modulators and adjusted their angle so that the projected
infrared image had the same shape as the optical array. Afterward, we installed the receiving
demodulator array at the screen position and adjusted the angle of each optical demodulator so
that the output voltage was maximized. This adjustment was performed by placing a screen and a
receiving array at a distance of 7 m from the transmitting array in the first experiment and 20 m in
the second experiment.

3.2.3 Array position calibration: It is important that both the transmitting and the receiving
optical arrays face each other accurately. Therefore, before conducting the experiment at each
given distance, we adjusted the angle of the transmitter in order to capture the maximum of
the incident light to the receiving elements. For this purpose, we used an infrared camera. After
that, we adjusted the receiving optical demodulators so that the maximum output voltages could
be achieved using an oscilloscope. For reference, Fig. 6 shows an infrared photograph of the
transmitted light projected on the screen at each transmission distance.
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Linear L=10m Linear L=20m Linear L=30m Linear L=60m
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Fig. 6. State of projected transmitted light at each communication distance (infrared photograph).
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Fig. 7. Relationship between BER and communication distance (Experiments 1 and 2).

4. Measurement Results and Discussion

The system performance is evaluated in terms of the channel matrix estimation and the measured
BER of 4 x 4 optical MIMO while comparing both the newly proposed linear arrangement of optical
arrays and the conventional square arrangement of array elements

As described in Section 3, we conducted a first measurement experiment. Then, after performing
a more strict calibration, and then conducted the measurement experiment again. In the following,
we will refer to Experiment 1 and Experiment 2.

4.1 Relationship Between BER and Communication Distance

Fig. 7 shows the relationship between the communication distance and BER. To determine the
BER, we measured more than 50 frames (5 x 10° bits) of data at each measurement point.
Except for the distance of 65 m, the system featuring the proposed linear arrangement of optical
arrays achieves a better BER than the one using the conventional square constellation. However,
in the case of the square array, it is still unclear why better results could be obtained at a
distance of 65 m. Therefore, in order to improve the accuracy of the experiment, as explained in
Subsection 3.2, in Experiment 2, a more strict calibration of the array element angle, and the
array position by selecting the optical modem was applied as well. As a result, at a speed of 100
(= 25 x 4) Mbps, we realized excellent characteristics of BER < 10~ in all cases except for the
communication distance of 55 m with a square array arrangement. This high value of the BER
was due to the imperfect calibration. In fact, it is more difficult to perform a strict calibration for
the conventional square array. To the best of our knowledge, transmitting 100 Mbps over 65 m is
considered as the highest data rate that could be achieved at the longest distance by indoor optical
4 x 4 MIMO system, using off-the-shelf LEDs and PDs. In the next section, we will confirm the
obtained results while characterizing the channel matrix, with the purpose to evaluate the effects
of the constellation of optical modems in more detail.
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4.2 Relationship Between Frobenius Norm and Communication Distance

Frobenius norm ||ﬁ||p expressed by in Eq. (11) is one of the indexes showing the property of the
estimated value of the channel matrix H.

4 4
YD ke (1)

n=1 m=1

1HllF =

As clearly shown in its definition, the Frobenius norm is an index of the total received power of
the receiving optical array when the transmitted optical power is constant. The relationship between
the communication distance and the Frobenius norm in Experiments 1 and 2 is described in Fig. 8.

It can be seen that the total received power decreases with distance. In Experiment 1, the linear
array has a larger Frobenius norm than the square array, which is considered to be largely affected
by the individual differences of the elements described in Subsection 3.2. In Experiment 2, the
difference between the two has almost disappeared.

4.3 Frobenius Norm of Channel Matrix

The relationship between BER and the Frobenius norm in Experiment 1 is depicted in Fig. 9. In the
region corresponding to ||H||r < 1, the BER differs greatly regardless of the value of the Frobenius
norm, even if the total received power is the same, as seen in Fig. 9. This is thought to be related
to the difference in the channel matrix. Fig. 10 illustrates the normalized estimated matrix H/||H||f.
For a short transmission distance of 30 m, only the value of the diagonal component in the channel
matrix is large (i.e., the communication between the opposing elements is dominant), whereas for
a longer distance of 60 m, the values of the other components are also large. It is clear that as the
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Fig. 11. Relationship between condition number and BER (Experiments 1 and 2).

distance increases, the size of the off-diagonal components cannot be ignored, and it changes in
a complicated manner depending on the distance and the type of the array arrangement.

4.4 Condition Number of Channel Matrix

To characterize the changes in the transmission channel matrix, we considered the condition
number « expressed as
ko(H) = |IHllz - [IH 'l = GmL(AH)
Umin(H)
where omax(ﬁ) and amm(ﬁ) indicate the maximum and minimum singular values of H. By definition,
the condition number is an index of the impact of the initial error on the solution of simultaneous
linear equations expressed by a matrix. In this study, it characterizes the effect of the noise on the
results of the zero-forcing equalization.
As shown in Fig. 11, a larger condition number is obtained in the case of Experiment 1 rather
than Experiment 2. This highlights the fact that the effect of the initial error is much more significant
in Experiment 1.

(12)

"From the viewpoint of the channel capacity when an error correction code is applied, the condition number is not always
a good index for MIMO systems with 3 or more elements [18].
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Fig. 12. Relationship between the condition number and communication distance (Experiments
1 and 2).

4.5 Relationship Between the Condition Number and Communication Distance

Fig. 12 depicts the condition number of the estimated channel matrix at each distance up to
65 m. It is clear that the condition number increases with the transmission distance. Moreover, in
Experiment 2, smaller condition numbers are obtained. This shows the importance of conducting
a strict calibration. By comparing both constellations of optical modems, we can see that the
conventional square array has a larger variation in terms of the condition number, showing to
be more sensitive to the installation errors. In fact, in the case of the proposed linear arrays,
the parallelism of one-dimensional line segments should be parallel, whereas, for the square
constellation, parallelism is required in the two-dimensional planes.

5. Conclusion

In this research work, we experimentally evaluated the performance of a newly designed 4 x 4
MIMO-OWC system featuring a horizontal linear constellations of optical modems, for high data
rate transmission over long-range distances. To characterize the dependence of the transmission
channel matrix into the selection of the arrangement of optical elements, we elaborate on a
comparative performance study in terms of both the channel matrix estimation and the measured
BER up to a distance of 65 m. For this purpose, two important metrics of the MIMO transmission
channel matrix are considered, namely the Frobenius norm and the condition number. Based on
the obtained results, the BER is dominated by the channel matrix shape expressed by the condition
number, in the case of Frobenius norm values not exceeding 1. Furthermore, we also assessed
the impact of the calibration on the performance of the MIMO-OWC system for both constellations.
It is shown that the conventional optical system using square arrays is much more susceptible
to the calibration error rather than the newly proposed linear arrangement of optical arrays. The
obtained results show that our system can achieve high performance with relatively low directivity
that relaxes the requirements in terms of calibration accuracy. Thanks to the ease of implementation
and calibration, the linear array is more advantageous than other possible configurations. There is
room for more detailed theoretical discussion on the optimum arrangement as well as the optimized
separation between the optical modems for a given communication distance.
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