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Evaluation of Conventional and Imaging MIMO
OWC Systems Using Linear Array Design
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Abstract—Multiple-input-multiple-output (MIMQO) optical
wireless communication systems are potential candidates for
high-speed data transmission in indoor environments. In this work,
we present an experimental evaluation of two different MIMO
systems, i.e., conventional-MIMO (c-MIMO) and imaging-MIMO
(i-MIMO) in terms of design considerations. Both systems use
the same transmitter configuration featuring a one-dimensional
(light-emitting diode) LED transmitting array. On the receiver
side, the ¢-MIMO system employs a similar one-dimensional
receiving avalanche photodetector (APD)-based array, whereas
the i-MIMO system uses a customized imaging camera-based
receiver design. To assess the performance of the two systems, the
channel matrix and the bit-error rate are calculated based on the
experimental data. At distances shorter than 50 m, the proposed
c-MIMO system demonstrates a good transmission performance,
particularly when the maximum likelihood detection (MLD)
technique is applied. Whereas, at long distances ranging from
40 m to 65 m, the proposed i-MIMO system can ensure an error-free
transmission due to the efficient spatial separation between the
emitted optical beams. Furthermore, the experimental results
confirm that our systems have the potential for high data rates
over longer distances in indoor environments.

Index Terms—Imaging receiver, linear array, optical wireless
communications, OWC, optical wireless MIMO.

1. INTRODUCTION

PTICAL wireless communication (OWC) is emerging
O as an attractive solution for indoor industrial wireless
applications where radio frequency (RF)-based systems are not
suitable due to the harsh nature of the industrial environment [1].
In fact, unlike their counter partners RF systems, OWC systems
offer the potential of high security at the physical layer thanks
to their spatially confined optical carriers as well as immunity
against both electromagnetic interference and interception, thus
ensuring better flexibility and reliability in such challenging en-
vironments [2]. Moreover, OWC systems usually do not require
complex digital signal processing and take advantage of the
license-free and interference-free optical spectrum [3].
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Despite the conspicuous development of OWC-based systems
in the last decade, there is still a need to improve communication
performance to meet the ever-increasing demand for higher
capacity. In indoor environments, achieving high-speed trans-
mission over long distances can be challenging considering that
the light-emitting diodes (LEDs) have larger beam divergence
than the laser diodes, thus limiting the transmission distance.
An interesting approach consists of employing a pervasive
multiplexing method widely used in RF communication, the
multiple-input multiple-output (MIMO), to increase the data rate
and spectral efficiency.

The application of the conventional MIMO (c-MIMO) ar-
ray configurations featuring multiple LEDs and photodetectors
(PDs) have attracted much interest in the OWC field [4], [5],
[6]. Most of the research studies [7], [8], [9], [10] have focused
on evaluating communication over short distances. For instance,
the authors in [7] reported the transmission of a 500 Mbps data
rate using a 2x2 ¢-MIMO configuration over a short distance
of 40 cm. In [8], a higher data rate of 1 Gbps was achieved
over a link range of 1 m using a 3x3 ¢c-MIMO array. On the
other hand, a lower data rate communication of 16 Mbps over
a 1 m distance and 50 Mbps over a distance of 2 m was shown
in [9] and [10], respectively, while a 4 x4 c-MIMO system was
used.

In the aforementioned studies, high data rate transmission
was only possible over a few meters short distances. In order
to increase the communication range, after a successful attempt
of 20 Mbps data rate transmission over 15 m [11], we could
achieve a higher data rate of 100 Mbps communication at a
long distance of 65 m [12]. Furthermore, at short distances,
we showed that using our newly proposed linear arrangement
for transmitting and receiving arrays could efficiently reduce
the correlations between the different elements of the channel
matrix [12]. However, at longer distances, the elements of the
channel matrix become highly correlated, which leads to the
deterioration of the system performance.

To tackle this problem, the imaging MIMO, referred to as
1-MIMO, receivers have shown to be a viable solution con-
sidering their spatial resolution property [13], [14], [15], [16].
Furthermore, such a receiver design can efficiently alleviate
the stringent requirement for an accurate alignment between
transmitter and receiver. Several researchers have investigated
the use of the i-MIMO systems [17], [18], [19]. The transmission
of a data rate of 1 Gbps over a 1 m link has been presented
in [18], whereas a data rate of 0.6 Gbps over 6 m has been
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Fig. 1. General concept of (a) conventional MIMO-OWC system and (b) imaging MIMO receiver.

reported in [19]. Nonetheless, the majority of these studies were
limited to analytical analyses [17], or experimental tests at short
distances of less than 10 m [18], [19]. Our previous research
work [20] presented an i-MIMO system featuring an improved
design of an i-MIMO receiver that incorporates a telephoto lens
placed in front of a classic single-lens reflex camera with a
one-dimensional 16-element PD array. The transmitting array
considered in [20] includes four optical emitting elements with
an inter-element spacing of 25 cm. As a first experimental
attempt, a transmission of a data rate of 100 Mbps for 4x
i-MIMO was obtained over 50 m [20].

In this paper, we report on two MIMO systems, c-MIMO and
i-MIMO, that use the same transmitter configuration featuring a
linear transmitting array with two different receivers. This new
linear array is characterized by an eight-element array with a
smaller inter-element spacing of 17.5 cm, capable of achieving
a higher data rate transmission of 200 Mbps over a longer
distance of 65 m. For the i-MIMO system, the same imaging re-
ceiver proposed in [20] is applied. We propose a comprehensive
framework based on an experimental evaluation that captures
the performance differences between conventional and imaging
receiver configurations for MIMO systems while considering
a new linear arrangement design for the optical arrays. The
performance of the two developed systems is experimentally
evaluated in terms of the bit-error rate and the channel matrix
over a long link range up to 65 m.

The remainder of this paper is organized as follows. Section II
details the configuration of the c-MIMO and i-MIMO systems.
The conditions of the experimental tests are described in Sec-
tion III. Section IV discusses the experimental performance
results. Finally, the conclusion is provided in Section V.

II. SYSTEM CONFIGURATION

In this work, we present two types of MIMO systems, c-
MIMO, and i-MIMO, shown in Fig. 1(a) and (b), respectively,
that exploit the new design of the linear element array presented
in [12] and depicted in Fig. 2 while using different receiver
configurations in an indoor environment.

For the c-MIMO system, we employ a receiver design includ-
ing a one-dimensional receiving element array applying multiple
photodetectors (APDs). In the i-MIMO system, we consider a
customized imaging camera-based receiver design consisting of

Fig. 2. Description of the eight-element array.

Fig. 3. Prototype of the imaging optical device.

atelephoto lens placed in front of a linear APD array, as depicted
in Fig. 3.

A. Transmitter Design

As shown in Fig. 4(a), the transmitter structure includes three
main parts, i.e., a transmitting signal processing unit, a digital-
to-analog conversion (DAC) unit, and an optical transmitting
unit.

1) Transmitting Signal Processing Unit: The input binary
data stream is organized and formatted into identical frames
with d,,,[i] € {£1} being the i-th symbol in the frame of the
m-th optical transmitting element.

Each transmitted data frame has a total length of Ly, = 2600
bits and consists of three distinct parts. The first part corresponds
to a known preamble sequence of length L,,. = 8 bits and
represented by p = [+1, —1, +1, =1, +1, —1, +1, —1]. The
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Fig. 4. Block diagrams of the transmitter and receiver.

same preamble, used in all the frames, is designed to identify the
received symbol position and the start of the received frame. The
second part contains a pilot denoted as .y, of length L,, = 32
bits and used for estimating the transmission channel matrix at
the receiver. In this work, all the pilots w,, are orthogonal to
each other. The third part of the data frame corresponds to a
payload of length L,,, = 2560 bits.

The formatted data frames are encoded following Manchester
coding technique at a symbol rate of 1/75y, and then converted
into electrical signals by the digital-to-analog converter (DAC).

The electrical signal to be input to the m-th optical transmit-
ting element, s,,(t), can be represented as

Lg—1

sm(t) = Z g(t —1 TSyrn) ~dy, [Z]

i=0

(D

where g(t) represents the Manchester-coded pulse defined as

+1 (if — L <t<0)
git)y=¢ -1 (fo<t<iy) )
0 otherwise

2) Optical Transmitting Unit: In [12], we proposed a new
MIMO transmitter design featuring a one-dimensional optical
array arrangement instead of the two-dimensional one. The
performance tests have shown that such a configuration yields
a significant performance enhancement compared to the square
arrangement. In this work, we extend the application of this
linear transmitting array with M = 8 transmitting elements, as
shown in Fig. 2. Both c-MIMO and i-MIMO systems use the
same transmitter configuration.

After being biased with a low direct current (DC), the elec-
trical signal s,,,(¢) is modulated onto the optical power of the
infrared LEDs and finally transmitted through the OWC channel.

The optical power p, ,,, (t) generated from the signal s,, (%) is
given by

3

Prn(t) = Po - sm(t)

where P, represents the incident optical power.
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B. Receiver Design

This subsection presents the details of the signal process at the
receiving side. As depicted in Fig. 4(b), the receiver structure is
composed of three main parts, i.e., an optical receiving unit, an
analog-to-digital conversion (ADC) unit, and a receiving signal
processing unit. Note that the same processing is performed in
the case of c-MIMO and i-MIMO receivers that we considered.

1) Optical Receiving Unit: In the c-MIMO system, the sig-
nals are directly received by multiple PDs and then processed to
recover the transmitted data bits. Following the design concept
introduced in [12], we considered a c-MIMO receiver that fea-
tures a linear receiving array with NV optical elements, similar
to the transmitting array design (N = M = 8). On the other
hand, in the i-MIMO system, a telephoto lens is placed in front
of a classic single-lens reflex camera where the film has been
replaced by a linear APD array (N = 16), as depicted in Fig. 3.

At the optical receiving unit, each optical power signal re-
ceived by the n-th APD, p,. ,,(t), is converted into an electrical
signal after the elimination of the DC component, denoted as
r,(t).

2) Receiving Signal Processing Unit: The signal r,(t) is
sampled by the ADC at a period K of Ty so that Tgyp, [Tip1 =
K. The ADC output corresponding to the n-th APD, referred
to as r,[¢], goes through the matched filter designed for the
Manchester coding before being synchronized with an impulse
response, h[i], given by

Bl = -1(0<i<® -1 4
I=ViE —1cick - @

The output signal of the n-th matched filter, 7, [¢], can thus be
expressed as

hli]rn[t — ] Q)

3) Synchronization: During the synchronization process, the
detection of the symbol timing and the start of each frame is per-
formed using the matched filter output at the time of the reception
of the preamble p defined in Subsection II-A. Therefore, the
correlation value between the matched filter output vector, 7’ £f )
for K Ly, samples and the preamble sequence p is maximized
when / coincides with the sample time at the start of the frame
£y. The sample time at the beginning of the frame is obtained as
follows:

N
ly = arg max Z P, - r’g) (6)
¢ n=1
where 7’ £f ), Deoded» and M are defined as follows

I A I R
p.= [+M,—-M,+M,~M,+M,-M,+M,—-M],
M = [-1, =1, =1, =1, =1, +1, +1, +1, +1, +1].

Following the symbol synchronization, the matched filter
output 7/, [{p] is read every K samples. Let g, [k] denote the
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value of n-th APD symbol and given by
qnlk] =700 — 1+ K - K] (7)

Thus, g, [1] = 7', [¢o + K] corresponds to the symbol mark-
ing the beginning of the frame.

4) Channel Matrix Estimation: After the symbol extraction
step, it is possible to estimate the transmission channel matrix,
H, whose elements h,, ,, represent the propagation channel
characteristics between the m-th optical transmitting element
and the n-th receiving APD, and given by

hii hi2 .. hium
h2,1 h272 hgyM

H=|. . (8
hnihng ... hnv

Let vy = [gn[Lpr], n[Lpr +1], -+ 5 anl(Lpr + Lp) —1]]
denote the vector consisting of L, received symbols corre-
sponding to the pilot of the received frame of the n-th APD,
considering the frame configuration described in Subsection
II-A. v,, can be expressed based on the additive noise component
N,, generated by the nth APD and the pilot w,,, sent by the m-th
optical transmitting element, as follows

M
Un = Z hn,mum + Nn (9)

m=1

Since the vectors, u,, are orthogonal to each other, which

means that
w o — L, ifm=m) (10)
e 0 (if m#m)
Therefore, the estimate of the transmission channel matrix ﬁ
of the aforementioned conventional and i-MIMO systems can be
obtained as

(251
I7 1 v2 T,T T
H:L— . [ul U, uM] (11)
» :
UN

5) Data Estimation: Different detection algorithms are used
in this work depending on the structure of the estimated channel
matrix. For the i-MIMO system, we used the zero-forcing (ZF)
technique which is particularly efficient in the noiseless channel.
Whereas, for the c-MIMO system, we employed the maximum
likelihood detection (MLD) as the transmission performance
worsens for longer distances.

Considering the transmitted electrical signal vector s(t) =
[81(t), 82(),...,sn(t)]T, the corresponding received signal
vector 7(t) = [r1(t), ro(t), ..., rar(t)]T can be expressed as

r(t) = Hs(t) + N(t) (12)

where N (t) = [Ny(t), No(t), ..., Nx(t)]T is the real additive
white Gaussian noise (AWGN) vector and (-)T denotes the
transpose.

When the ZF technique is applied, the receiver produces an
estimate of the transmitted vector, denoted as 3(¢), based on its
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knowledge of the transmitted vector s(t), the channel matrix H,
and the observation 7(¢). $(¢) can be described by

3(t) = HY7(¢)

=s(t)+ HTN(t) (13)

In the case of c-MIMO system (N = M), Hisa square invert-
ible matrix and H ™ corresponds to

=+ -1
H =H (14)
where H ! is the inverse of the channel matrix H.

In the case of i-MIMO system (N > M), since H is a tall
matrix and its inverse H 1 does not exist, it is possible to
determine its pseudo-inverse instead. By applying the singular

value decomposition (SVD), H can be written as [22]
H=USV

where U and V represent N x N and M x M orthonormal
matrices such that their columns include the left singular vectors
and right singular vectors, respectively. 3 denotes a N x M
tall matrix with zero-entries except for the singular values
[01, 02, -+, Onaapt] appearing on the diagonal of its first M
rOWS. .

The pseudo inverse H can thus be computed using the
inverse of its SVD as follows [22]

15)

H —vstuT (16)
where EXIX Napt Tepresents the pseudo inverse of X arape
with [1 /a1, 1/09, -+, 1/0nrapt] onits diagonal and U™ is the
transpose of the matrix U.

Considering the i-th transmitted data vector dJ[i], the corre-
sponding received symbol vector y[i] can be expressed as

ylil = [aalLy + ), a2(Lp + ), an[Ly +i]]"

The transmitted vector x[i] = [x1[i], z2[d],...

7)

, xar]t]], can be
determined by multiplying ﬁ+ and the received symbol vector
yli], as follows
wli] = H yli] (18)
—+

where H is given by (14) and (16) for c-MIMO system and
1-MIMO system, respectively.

After the estimation and equalization of the channel matrix,
the estimated value d,;, [i] of the i-th symbol in the frame of the
m-th optical transmitting element d,,,[¢] can be obtained as

di] = sgn(zm[i]) m=12,...M (19

where sgn(-) represents the signum function.

To further improve the performance in the c-MIMO system,
a more advanced detection based on the MLD algorithm is
applied. As known, MLD offers an optimal detection, but at
the cost of a prohibitive computational complexity [21].

Let U denote the set of possible values of the transmitted data
vector d. In this case, the estimated value d is given by

d = arg max Prob[d|y]
deU

7350709
= arg max Prob|y|d]
deU
= arg maxPn(y — Hd) (20)

dcU

where P (-) represents the joint probability density function
of the noise vector IN. Assuming that each element of N is
independent of each other and follows a Gaussian distribution
with zero mean and variance a?l, then

Nl N2
Pn(Ny, Noy. .., Ny) = ——= 1 >0
w20 = [T e ()
21
By applying (21), (20) can be rewritten as

o~

d =arg maxInPn(y — Hd)
deU

N N 9
— arg max [m (H %) -y @;UHﬂ

deU n—1

N
n — Hd)?
zargminzi(yl 5 )
deU 1 9n

n—=

(22)

where y,, is the n-th element of y and In(-) is the natural
logarithm.

C. Characterization of Channel Matrix

To evaluate the characteristics of the estimated value of the
chan/n\el matrix H, we considered the Frobenius norm, denoted
as || H || p, which is an index of the total received optical power of
the optical array when the transmitted optical power is constant.
||/ﬁ||p is defined by

N M

> Snz,

n=1m=1

|H||r = (23)

Furthermore, the condition number is a metric measuring the
relative magnitudes of the singular values of the channel matrix
H . The condition number, denoted as &, is defined by

—

Umax(H)
|2 -

Omin

1
| (24)

ko(H) = [[H]|lz - ||H

where 0,0, (H) and 0., (H) indicate the maximum and
minimum singular values of H, respectively.

III. EXPERIMENTAL SETUP AND APPROACH

As explained earlier, in this work, we extend the application
of our new optical linear transmitting array [12] with M =8
transmitting elements while considering two different types of
receiver configuration in an indoor environment.

Table I outlines the specifications of the different equipment
used in both experiments. All the optical elements are identical
and were customized for the experiments. Each element includes
an infrared USHIO HE8811 LED emitting at a wavelength of
820 nm and Hamamatsu S12023-05 Si-APD with a half-value
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TABLE I
SPECIFICATIONS OF THE EXPERIMENTAL APPARATUS
Transmitting signal processing unit
CPU PXIe-8840
FPGA PXIe-7972
DAC PXIe-5783
Receiving signal processing unit
CPU PXIe-8861
ADC
Type PXlIe-5170
Bandwidth 100 MHz

Sampling rate 250 MSample/s

Optical element ‘

Type Toyo Electric SOT-ES200
(customized for experiments)

LED USHIO INK.
HES8811

APD Hamamatsu Photonics K.K.
S12023-05

Wavelength 820 nm (IR)

Half-value angle 1°

3 dB Bandwidth 100 kHz~40 MHz

Maximum gain frequency 500 kHz

Imaging optical device

80~400 [mm]

Focal length

F-number 4.5
Focus Infinity
APD array Hamamatsu Photonics K.K.

S14137-01CR

TABLE I
SPECIFICATIONS OF C- AND I-MIMO EXPERIMENTS

Experiment environment ‘

Experimental location Indoor
Conventional MIMO size 88
Imaging MIMO size 8x16
Element spacing (d) 17.5 cm
Optical element altitude 71 cm
Communication distance (L) 20 m—65 m

Signal parameters

Transmission line code Manchester code

Zero forcing
Maximum likelihood

Equalization method

Symbol rate 25 Mbit/s x8
Number of transmitted data bits 778240 [bits]
38 Frames

angle of one degree. All eight elements have the same data rate
of 25 Mbps, as outlined in Table II. Therefore, the maximum
achieved data rate is 200 Mbps. Moreover, we considered the
period K as K = 10.

The angle of each transmitting element was adjusted to cap-
ture the maximum of the incident light to the receiving elements

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 5, OCTOBER 2022

Fig. 5. Infrared photographs of the transmitted beams projected on a screen
at different distances L = 10 m, 20 m, 30 m, and 60 m.

Fig. 6.

View of the experiment site.

using an infrared camera PENTAX-DA with a focal length
within the range (18 mm~55 mm). The infrared photographs
of the transmitted beams projected on a white screen at different
transmission distances are illustrated in Fig. 5.

The c-MIMO system employs a similar one-dimensional
receiving APD-based array on the receiver side. Each receiving
element includes a square Fresnel lens with an aperture of
3.3 cmx 3.3 cm placed in front of a Hamamatsu S12023-05
Si APD with a light-receiving surface size of ¢ 0.5 mm. In
the i-MIMO system, the imaging camera-based receiver design
consists of a single optical device that includes a telephoto
lens, namely Tokina ATX 840 AF II with a wide field of view
within the range of [29°30°-6°8’], installed in front of the classic
single-lens reflex camera, Nikon-F, with a 16-element APD array
S14137-01CR array instead of a film, as shown in Fig. 3. The
linear receiving array, i.e., Hamamatsu S14137-01CR, incorpo-
rates a compact 16-element Si-APD array and a transimpedance
amplifier. This APD array has a light-receiving surface size/per
channel that equals 0.15 x 0.43 mm. For the c-MIMO and
i-MIMO systems, the APDs have the same photosensitivity of
0.5 A/W. As explained earlier, considering the implementation
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Fig. 7. Normalized estimated channel matrix o /| \ﬁ || F at different distances for c-MIMO system.

reasons, different APDs are used for c-MIMO and i-MIMO sys-
tems. In fact, the configuration of the i-MIMO system requires a
compact APD array with multiple channels. On the other hand,
the c-MIMO system includes independent optical elements that
can carry on the transmission in both directions.

The experimental setup is described in Fig. 6. The spacing
between two consecutive optical elements corresponds to d =
17.5 cm. The transmission distance between the transmitting
optical array and either the imaging receiver or linear receiving
array corresponds to L such that L = {20 m, 30 m, 40 m, 50 m,
60 m, 65 m} with 65 m being the limit of our experiment area.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, we present the performance results of both
the c-MIMO and i-MIMO systems in terms of the estimated
transmission channel matrix, the BER, and the condition number
based on the collected data experimentally processed at the ADC
offline.

A. Evaluation of Channel Matrix

For the c-MIMO system, the detection is performed consid-
ering both ZF and MLD techniques to characterize the impact
of the transmission distance. The normalized estimated channel
matrices, denoted as H /|| H ||, for the c- and i-MIMO systems
at different distances ranging from 20 m to 65 m, are depicted in
Fig. 7 and Fig. 8, respectively. From Fig. 7(a) and (b), it can be
seen that at short distances of 20 m and 30 m, almost the matrix

elements outside the main diagonal are all zero, in the case of the
¢c-MIMO system, which means that each transmitted signal can
be separated efficiently and received by the receiving element
opposite to the direction of the corresponding transmitting one.
On the other hand, as the transmission distance increases up to
65 m, we can notice that the performance of the c-MIMO system
deteriorates since the off-diagonal components can no longer be
ignored, as shown in Fig. 7(c)—(f). This is expected since the
OWC systems suffer particularly from the issue of high spatial
correlation in the case of c-MIMO configuration.

In the case of the i-MIMO system, the channel matrices
are sparse regardless of the transmission distances, as shown
in Fig. 8(a)—(f). All elements are almost zero except those
expressing the path between an optical transmitting element and
its corresponding receiving APD.

B. Evaluation of Bit-Error Rate

Fig. 9 illustrates the relationship between the communication
distance and the BER while considering both direct detection
ZF and MLD methods for the c-MIMO and ZF for i-MIMO
systems. The BER is calculated for 38 data frames, including
778240 bits.

At a short distance of 20 m, the c-MIMO system ensures an
error-free transmission (BER of 107?). As the distance increases
to 30 m, a BER of 6 x 1076 can be achieved in the case of
the i-MIMO system combined with ZF and c-MIMO system
using MLD. When the transmission distance is longer than
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Fig. 9. BER performance in terms of transmission distance for both c-MIMO

and i-MIMO systems.

40 m, the performance of the i-MIMO using ZF is noticeably
improved, reaching a BER of 10~?. The ¢c-MIMO system shows
a satisfactory BER as low as 5 x 107° at a distance of 40 m
when the MLD technique is applied. An improvement of about
1073 in the BER is achieved with the use of MLD rather than
ZF, as expected.

In fact, for the i-MIMO system, at short distances up to 30 m,
a smaller amount of the light emitted from the optical elements
placed at the edge of the transmitting array, i.e., elements N1
and N8, can be caught by the receiving APD array placed within
the optical device. Moreover, it is more difficult to separate

the transmitted beams at short distances efficiently. This can
be clearly seen Fig. 8(a) and (b) at 20 m and 30 m, respectively.
On the other hand, the transmitted optical signals can still be
separated in the case of the c-MIMO system at short distances up
to 30 m. As shown in Fig. 7(a) and (b), the normalized estimate
of the transmission matrices includes almost only non-zero
diagonal elements at 20 m and 30 m, respectively. However, at
longer distances exceeding 40 m, the i-MIMO system ensures
an efficient separation between the different received beams
thanks to the use of the optical imaging device, and an error-free
transmission is possible. In the case of the c-MIMO system
using the MLD technique, a BER of 1.5 x 1072 and 9 x 1073
is obtained at 50 m and 65 m, respectively. To the best of our
knowledge, transmitting at a 200 Mbps data rate over a distance
of 65 mis considered the highest data rate that could be achieved
at the longest distance by indoor optical 8x8 MIMO system,
using off-the-shelf LEDs and PDs.

C. Evaluation of Condition Number

To better understand this behavior, we take a look at the varia-
tion of the condition numbers of the estimated channel matrices
at different distances up to 65 m for the c-MIMO and i-MIMO
systems, as illustrated in Fig. 10. As seen from the figure, the
condition number of the channel matrix increases proportionally
to the communication distance. Moreover, the condition number
is small when the i-MIMO system is considered, showing that
the channel matrix H is well-conditioned, which concurs with
the normalized estimate of the transmission matrices, including
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only non-zero diagonal elements, as shown in Fig. 8. In the case
of the c-MIMO system, the condition number is large, which
means that the channel matrix H is ill-conditioned.

V. CONCLUSION

In this paper, we considered two types of optical MIMO
systems, i-MIMO, and ¢-MIMO designed for our experiments.
Both systems employed the same linear transmitting array. The
¢c-MIMO system used a similar linear receiving array, whereas
the i-MIMO system used a customized imaging camera-based
receiver design. The performance of both MIMO systems is
experimentally evaluated for different transmission distances in
terms of the BER and the channel matrix. Based on the obtained
results, we determined the transmission specifications for each
MIMO system.

Therefore, the presented analysis provides useful insights on
the important constraints to consider for an efficient design of
optical MIMO systems.
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