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Experimental Demonstration of Integrated Optical
Wireless Sensing and Communication

Lina Shi, Ziqi Liu, Bastien Béchadergue, Hongyu Guan, Member, IEEE, Luc Chassagne and Xun
Zhang, Senior Member, IEEE

Abstract—While the contours of 6G are still being defined,
integrated sensing and communication (ISAC) has been identified
by the International Telecommunications Union (ITU) as a key
feature of next-generation wireless communications. Given the
maturity already demonstrated for data transmission on the
one hand, and positioning on the other hand, optical wireless
communications (OWC) could offer promising solutions for ISAC
implementation, especially in indoor scenarios. In this paper,
we propose and implement an OWC-based ISAC system that
relies on multi-band carrierless amplitude and phase (m-CAP)
modulation associated with received signal strength (RSS)-based
positioning to achieve data transmission and localization from
the same signal. This m-CAP/RSS system is deployed in a
1.2x1.2x2.16 m® room using four access points installed on the
ceiling, and can provide a communication link at a data rate of
12 Mbps with a bit error rate of less than 3.8 x 10~ to any user
in a reception plane 20 cm above the ground, while estimating
its position with an error of less than 5.9 cm in 90% of cases.

Index Terms—Integrated sensing and communication (ISAC),
optical wireless communications (OWC), multiband carrierless
amplitude and phase (m-CAP), received signal strength (RSS).

I. INTRODUCTION

HILE the rollout of 5G is still underway, the world

of research along with standards bodies such as the
International Telecommunications Union (ITU) are now fully
focused on the sixth generation (6G) of international mobile
telecommunications (IMT) [1]. In November 2023, the ITU
thus unveiled, under the official name of IMT-2030, its vision
of 6G, which includes improvements to existing 5G networks,
as well as major evolution such as integrated sensing and
communication (ISAC) [2].

ISAC consists in sharing the same resources in the time,
frequency and space domains to perform both sensing and
communication in a fully integrated system [3]. The sensing
function itself includes positioning, which should aim at an
accuracy between 1 and 10 cm according to the IMT-2030
framework [2], but may also include environment sensing or
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even gesture recognition, so that future networks have the
ability to “see” the physical world. Such ISAC systems could
enable the emergence of a wide range of applications, from
agile inter-device communications or accurate human-device
interaction and control in the context of massive Internet of
Things networks and Industry 4.0, to non-terrestrial networks
(41, [5].

As 6G is expected to also improve by an order of magnitude
several key performance indicators, such as throughput and
latency, new frequency bands will be required, among which
millimeter, THz and optical waves are seen as promising
candidates [6]—[8]. The use of the optical spectrum for com-
munications has especially been intensively studied for several
decades, for the transmission of data over long distances using
optical fibers. The maturity of this technology then accelerated
the emergence of optical wireless communications (OWC)
for wireless data transmission over short distances indoors —
including the implementation of optically-based wireless local
area networks, known as light-fidelity (LiFi) networks [8] —
as well as for outdoor communication over longer distances
in free-space optics configurations.

The advantages of OWC are multiple, ranging from the
ability to use wide frequency bands from the ultraviolet to
the infrared (IR) spectrum, to the high security of commu-
nication links, and including the availability of mature opto-
electronic components such as light-emitting diodes (LED),
laser diodes, vertical cavity surface emitting lasers, positive-
intrinsic-negative (PIN) and avalanche photodiodes (PD).
Therefore, these technologies have been the subject of research
efforts for several years, to the point of now being standardized
within the ITU [9], but also as a complementary technology
to WiFi within the 802.11 group of the Institute of Electrical
and Electronics Engineers (IEEE) [10], and commercialized
by companies such as Oledcomm, pureLiFi or Signify [11].

Much of this research has focused on optimizing the spectral
and energy efficiency of OWCs, using various types of orthog-
onal frequency division multiplexing (OFDM) schemes [12],
or other techniques such as muti-band carrierless amplitude
and phase (m-CAP) modulations, which offer better peak-to-
average power ratio (PAPR) performance for a lower compu-
tational complexity [13]-[16]. At the same time, remarkable
efforts have been made to increase the data rate, with some
works reaching Tbps [17]. In parallel, various solutions for
optical-based positioning, gathered under the label of visible
light positioning, have been proposed and studied. These
include techniques such as received signal strength (RSS),
time of arrival (TOA), time or phase difference of arrival



(TDPA/PDOA) and angle of arrival (AOA), which all have
their advantages and drawbacks, even though RSS remains
less complex and can be used with a single PD, which is why
it has been adopted in many works [18].

The use of OWC systems for ISAC is also beginning
to be studied, not only through simulations [19]-[23] but
also experimentally [24]-[31]. In [23], we proposed an ISAC
system based on white LED sources and capable, according
to simulations, of providing an illuminance between 300 and
500 lux over an entire 4x4x2.5 m® room, while ensuring
two dimensional (2D) positioning using RSS with an error
of less than 7.17 cm in 90% of cases, and continuous data
connectivity with m-CAP at 32 Mbps. Compared to the
existing literature, the interest of that work was to validate
that m-CAP and RSS could be combined together and to
find the optimal m-CAP parameters for ISAC with decent
performance while taking into account lighting constraints and
LED limitations in terms of bandwidth and dynamic range.
The results thus obtained however needed to be consolidated
experimentally, which is what we propose to do in this article.

From an experimental point of view, a few works on
OWC-based ISAC have already been published, demonstrating
very interesting performances, as shown in Table 1. Pulsed
modulations like on-off keying (OOK) have been combined
with multiple positioning techniques, including RSS [27], [28]
and computer vision [29], to provide positioning accuracy of
about 2 to 3 cm, at the cost, however, of low data rates in
the order of 1 Mbps, before forward error correction (FEC).
Multicarrier modulations like OFDM/OFDM multiple access
(OFDMA) have thus been studied to demonstrate larger data
rates with positioning accuracy still below 10 cm, as in [24]
where it is combined with RSS to reach an average positioning
error of 1.68 cm, or in [26] where a time-of-flight (TOF)
technique derived from TOA is implemented within the ITU-
T G.9991 layers [9] for ISAC in industrial environments.
In [31], an OFDM/PDOA system is extensively studied and
shown to offer a good compromise between communication
and positioning, providing a pre-FEC data rate of 22.3 Mbps
while ensuring positioning with an error below 8 cm in 80%
of cases.

This brief review shows, however, that m-CAP modulation
and RSS have never been combined experimentally in an
OWC-based ISAC system, which confirms the interest of
validating our previous simulation results with a prototype.
In addition, it shows that at the exception of [26], the systems
proposed rely mainly on custom-made optical emitters and
receivers based on commercial LED or PD modules not
necessarily optimized for OWC applications. In this paper, we
therefore aim at demonstrating experimentally the feasibility
of such an OWC-based ISAC system with two main priorities:
the use of m-CAP and RSS on the one hand, the use of
optical antennas available on the OWC market on the other
hand. In addition, we focused our efforts on the positioning
performance rather than the data rate performance, given the
multitude of works already published on the latter subject.

To that end, we implemented a prototype with universal
software radio peripheral (USRP) boards for signal generation
and processing, connected to optical transceivers — or antennas

— initially designed by Oledcomm for a commercial OWC
product, and based on IR LEDs for emission and PIN PDs for
reception. Using four such antennas, installed on the ceiling
of a 1.2x1.2x2.16 m® room, this system transmits data at a
pre-FEC rate of 12 Mbps with a bit error rate (BER) below
3.8 x 1073, whatever the user’s position in a receiver plane 20
cm above the ground. At the same time, the user’s coordinates
can be estimated with an error of less than 5.9 cm in 90% of
cases, hence demonstrating positioning performance in line not
only with the current literature, as highlighted in Table I, but
also with the ITU-2030 requirements.

The general architecture and operating principle of this
system are described in greater detail in Section II, where
the basics of m-CAP modulation and RSS positioning are
presented. Section III then shows how this system has been
implemented in practice, and lists the differences between
the theoretical system and its experimental version, as well
as their possible impact on positioning and data transmission
performance, which is assessed in Section I'V. Finally, Section
V concludes the article with the main findings and suggestions
of future work.

II. WORKING PRINCIPLES OF OWC-BASED ISAC WITH
m-CAP AND RSS

In this section, we detail the fundamental principles of the
proposed OWC-based ISAC system, namely its architecture
(Section II-A) and modeling (Section II-B), the m-CAP mod-
ulation it relies on for data transmission (Section II-C) and the
RSS positioning technique it uses for sensing (Section II-D).

A. Architecture of the Proposed ISAC System

The structure of the proposed OWC-based ISAC system is
detailed in Fig. 1. On the infrastructure side, it is composed
of Nap access points (AP) distributed across the ceiling of an
L xW x H m® room, each pointing in the direction defined by
the unit director vector of their optical axis ©ap ;. At the other
end of the link, an user equipment (UE) can move anywhere in
an x-y receiver plane located at a vertical distance h from the
APs, with an orientation defined according to the unit director
vector 7iyg of its optical axis.

In such a configuration, the system operates as follows:
for each AP, a binary data stream is first modulated into a
digital m-CAP signal s, ;, with ¢ the index of the i-th AP,
and then converted into an analog current signal I, ;(¢) by a
digital-to-analog converter (DAC). This current signal drives
the transmitting end of the IR optical antenna that equips the -
th AP, which therefore adds a direct current (DC) bias current
Iy to Iy, ;(t) and converts it into an optical signal @, ;(¢) that
propagates in free space via multiple paths to the receiving
end of the UE’s optical antenna. The collected optical signal
®,, i(t) is converted into an electrical signal I, ;(t), which
is then digitized by an analog-to-digital converter (ADC). The
resulting digital signal s, ; is finally processed in parallel to
recover the transmitted data (‘m-CAP demodulation’ block),
and estimate the coordinates X, = (Z.,¢.) of the UE after
receiving signals from at least four different APs (‘RSS
positioning” block).



TABLE I: COMPARISON BETWEEN THE EXISTING LITERATURE ON EXPERIMENTAL DEMONSTRATION OF OWC-BASED
ISAC AND OUR WORK (CDMA: CODE DIVISION MULTIPLE ACCESS, DDM: DIFFERENCE IN DEPTH OF MODULATION,

FBMC: FILTER BANK MULTI-CARRIER, ND: NON-DEFINED).

. Positioning | Data rate Positioning Type of Type of
Reference | Year | Modulation algorithm (pre-FEC) accuracy (type) Tx Rx Test space
[24] 2017 OFDMA RSS 1.7 Mbaud 1.68 cm (mean) 3 LED 1 PD 0.2 x 02 x 0.15m3
[25] 2018 FBMC PDOA ND 6.08 cm (mean) 3 LED 1 PD 12 x 1.2 x 21 m?
[26] 2021 OFDM TOF ND < 10 cm (ND) 3 LED 1 PD 1.0 x 1.0 x 2.0 m3
[27] 2022 CDMA RSS 1-3 Mbps 1.5 cm (mean) 4 LED 1 PD 0.6 x 0.6 x 0.5 m?3
[28] 2022 OOK RSS 0.12 Mbps 3.43 cm (mean) 1 LED 5 PD 1.0 x 1.0 x 25 m3
9] | 2023 | 00K | COMPUET |44 Mbps | 3.35 cm (mean) ! LED I PD 2.0 % 2.0 x 3.0 m3
vision 1 beacon 1 camera
[30] 2023 DDM RSS ND 2 cm (96%) 4 LED 1 PD 0.6 x 0.6 x 0.9 m3
[31] 2023 OFDMA PDOA 22.3 Mbps 8 cm (80%) 4 LED 1 PD 20 x 20 x 1.5 m3
This work | 2024 m-CAP RSS 12 Mbps 5.9 cm (90%) 4 LED 3 PD 1.2 x 1.2 x 2.16 m3
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Fig. 1: Architecture of the proposed OWC-based ISAC system.

In Fig. 1, only four APs, pointing each toward the floor,
and one UE pointing toward the ceiling are represented, as
this corresponds to the experimental setup implemented later,
and highlights some fundamental assumptions made in this
work for the RSS positioning method to work: 1) at least
four different light sources are needed, 2) the APs and the
UE must have co-linear normal vectors oriented respectively
along the z and —z axis, and 3) the vertical distance along the
z axis between each AP and the UE is known and equal to h,
which means localization of the UE is performed in the z-y
receiver plane. These assumptions will be further commented
in Section II-C.

In addition, Fig. 1 shows that for the experiments, some
building blocks were implemented with MATLAB while oth-
ers were based on an Ettus USRP X300. Although details of
the prototype will be given in Section III-A, we can already
state that the final objective of such a demonstrator was to
evaluate the performance of the proposed system according to
several metrics: the BER and communication coverage for the
communication function (block ‘BER’ in Fig. 1), and the root
mean square (RMS) positioning error for the sensing function
(‘Positioning error’ block in Fig. 1).

B. Modeling of the Proposed System

1) Theoretical modeling: From a theoretical point of view,
the different signals listed in Fig. 1 can be linked with each

other through convolutions with different impulse responses.
To begin with, we can observe that the optical signal ®;, ;(t)
emitted by the i-th AP depends directly on its modulation
signal Iy, ;(¢). Each AP is indeed equipped with at least one
IR LED combined with its control circuit, which role is to add
a DC bias current I, to I;; ;(t) and then convert the resulting
signal into a photon flux. LEDs are generally modeled as first-
order RC electro-optical converters [32], which recent physics-
based modeling work has revisited to better capture certain
non-linearities [33], [34]. Assuming the AP’s response can
eventually be captured in a generic impulse response hap ;(t),
we can deduce that:

D173 (t) = (Lta,i(t) + Ip) * hap,i(t),

where ‘*’ is the convolution product.

At the UE’s receiver level, the incident optical signal
®,, ;(t) is theoretically equal to the transmitted optical signal
. ;(t) convolved with the impulse response h.;(t) of the
optical wireless channel. In practice, this impulse response
is made up of a line-of-sight (LOS) component hy,os,(t),
corresponding to the direct path between the i-th AP and the
UE, and of a non-LOS (NLOS) component inr,0s,;(t) coming
from the multiple paths that include at least one reflection
between the AP and the UE. In other words, h.;(t)
hros,i(t) + hnvos,i(t), where hipos(t) = Hpos(0)d(t —
d;/c), with 0(-) the Dirac function, d; the absolute distance
between the i-th AP and the UE, ¢ the celerity of light (so

(D



that d;/c is the propagation delay between the i-th AP and
the UE), and where Hy,og(0) is the OWC channel DC-gain,
which mainly depends on the link geometry.

Assuming this link geometry is as represented on the right
part of Fig. 1, i.e. that the APs are all pointing to the floor and
the UE is pointing to the ceiling, then whatever the position of
the UE in the z-y receiver plane, the radiation and incidence
angles ¢; and 1); are such that cos¢; = cosv; = h/d;. In
such a case, and if the incidence angle 1; is lower than the
UE’s field-of-view (FOV) V., then [35]:

App (m; + 1
Hy0s,(0) = % cos™ ¢; cos P;
_ App (m; +1) At

m;+3
2md;

)

with App the overall sensitive area of the UE and m; the
order of Lambertian emission of the IR LED on the i-th AP,
which is related to its semi-angle at half-power ®, /5 ; by m; =
—In2/ln (cos (@1/27,;)).

Finally, we can note that the analog signal I, ;(¢) produced
by the UE’s optical antenna is obtained after conversion of
the incident optical signal ®,, ;(¢) from the optical domain
to the electrical domain by one or more PDs combined
with their respective transimpedance amplifiers (TIA). These
components are often modelled together as a band-pass opto-
electrical converter, which gain results from the combination
of the PD responsivity Rpp and the TTA gain, which high-pass
and low-pass cut-off frequencies are mainly set by capacitors
within the PDs and the feedback loop of the TIA, and which
outputs a parasitic noise signal n(t) resulting mainly from dark
noise, shot noise and thermal noise sources [35]. Assuming the
UE’s response can eventually be captured in a generic impulse
response hyg(t) and that the noise signal n(t) is an additive
white Gaussian noise (AWGN) independent from the received
optical signal, we can deduce that:

By combining (1), (2) and (3), we can eventually express the
following relationship between the modulation signal I, ; (%)
and the received signal I, ;(¢), which captures the distortion
experienced by the original data signal after emission, propa-
gation and reception:

Irw,i(t) = (Itw,i(ﬁ)—l—[b)*hAp’i(t)*hcyi(t)*hUE(t)—‘rn(t). @

2) Practical modeling: From the system’s point of view,
only the digital and analog modulation signals s;,; and
It i(t), as well as the analog and digitized received signals
I.(t) and s,,;, may be known at any given time. The
optical signals @, ;(t) and @, ;(t), respectively transmitted
by the i-th AP and received by the UE, cannot be measured
by the system, unless it is equipped with dedicated power
meters or sensors, which would considerably complicate its
architecture. However, as we will see in more detail in Section
II-C, estimates of the average values of these signals need
to be calculated for the RSS positioning algorithm to work
properly. It is therefore necessary to derive expressions for

these estimates, which can be done by modeling explicitly the
responses of the APs and UE.

In this work, we have targeted to keep the complexity of
our system as low as possible, and have hence adopted the
following simple linear relationship to estimate the average
transmitted optical power, noted ®, ;, from the modulation
signal I, ;(t) only (i.e. without taking into account the DC
bias, as this component is then filtered out by the UE):

Orpi = napaV {Liwi(t)}, (5)

where nap ; is a constant electro-optical conversion factor and
V{-} is the variance function.

Similarly, we have adopted a linear relationship of the
following form to estimate the average optical power incident
on the UE’s optical antenna, noted ®,, ;, from the electrical
power of the resulting analog signal I, ;(¢):

~

(I)'mc,i = nUEV {I'r'x,i (t)} 5 (6)

with nug a constant opto-electrical conversion factor. Note
that since the UE behaves like a band-pass opto-electrical
converter, I, ;(t) does not have any DC component, which
means the contribution from the DC bias current [, to the
incident optical signal is indeed removed, as stated previously.

Although very simple to implement, these two estimators
are obviously biased. First, they do not take into account the
filtering behavior of both the AP and the UE, i.e. their possible
non-flat frequency responses. In addition, the estimator of the
average received optical power is based on the analog signal
I, i(t) produced by the UE, which is by construction tainted
by the AWGN n(t). We can therefore deduce that the estimate
of the UE’s location provided by the system will necessarily
contain an error, as we are now going to see in more details.

C. RSS for Positioning

From a sensing perspective, the role of the proposed OWC-
based ISAC system is to find the location of the UE in the
x-y receiver plane, i.e. to provide an estimate X, = (Z¢, Je)
of the real coordinates X. = (z, y.) of the UE, assuming its
position on the z-axis is already known (z, = h). The sensing
performance of the system can then be evaluated through the
root-mean square (RMS) positioning error A, given by:

A=(Te—2)2+ (Je — ye)2. (7)

To obtain the estimate of the UE coordinates, the proposed
system uses an RSS-based method coupled with linear least-
squares estimation [36], as outlined in our previous work [23],
to which reference can be made for further details. Here, we
simply recall that X, can be obtained using :

X, = (BTB>71 BTC, (8)

where B and C' are given by:

T2 —T1 Y2 — Y1
B=|23—21 y3—y1 |, 9
Ty —2T1 Ys— U1



o q | PR3+ (a3 +u3) — (22 +02)
C=5| (7 =7+ (@3 +y3) - (a1 +7) (10)
(7f —73) + (27 +y5) — (a7 +yi)

In these equations, the set of variables {(z;,yi)};—; ... 4
refer to the = and y coordinates of the four APs, whereas
the variables {7;},_, ., are estimates of the radial distances
r; between the UE ‘and each AP, as illustrated in Fig. 1.
In practice, these 7; are not estimated directly, but through
estimates czi of the absolute distances d; between the UE and

the APs, using the relationship 7; = 1/d2 — h2.

These d; are themselves obtained indirectly through esti-
mates <I>m ; and <I>u . of the optical powers transmitted by
the APs and received by the UE, which are theoretically
linked with each other via the optical wireless channel. In
order to reduce the complexity of estimation of these d;, we
have chosen to neglect the NLOS contribution to the optical
wireless channel, so that ®,,; = Hy,0s,;(0)®; ;. Assuming
in addition that the APs point to the ground, that the UE points
to the ceiling, and that it is equipped with neither optical
concentrators nor optical filters, then the relationship between
dz, <I>m ; and <I>m ; can be deduced from (2), (5) and (6) as:

(i N APD (mi + 1) hmi+1
L 2T

napiV {Li5,:(t)} R
eV {Lr2,i(t)}

According to this equation, we first understand that since
positioning is performed by the UE, the latter must be able to
estimate the variance of the drive current Iy, ;(¢) of each AP,
which in practice cannot be done directly. However, note that
these variables can be measured by the APs themselves and
then transmitted to the UE in specific data frames, as proposed
in [23].

Then, (11) also illustrates the various limitations of the RSS
method we have adopted for estimating the UE’s location. First
of all, the estimates cfv will necessarily be biased insofar as
NLOS contributions are neglected. Furthermore, and as stated
previously, the signals produced by the UE are themselves
tainted by AWGN noise and the non-flat portions of the
frequency responses of the AP and UE are not taken into
account in the optical power estimates, and thus in (11), which
introduces an additional bias. To mitigate these limitations and
their incidence on the RMS positioning error while still using
a simple system model, we have adopted a calibration process
that will be detailed in Section III-B.

(1)

D. Communication With m-CAP

While the received analog signal I, ;(t) is processed for
estimation of the UE’s location, it is in parallel demodulated
to retrieve the transmitted data. From a communication per-
spective, the role of the proposed OWC-based ISAC system is
to provide continuous communication coverage throughout the
room, i.e. whatever the position of the UE on the z-y receiver
plane. In practice, the system uses an m-CAP waveform for
data transmission, whose performance is evaluated according
to two metrics: the BER, i.e. the ratio between the number of
bits received in error and the total number of bits transmitted;
and the communication coverage, which we define as the set

of points on the receiver plane where the BER < 3.8 x 1073,
a threshold below which FEC may be used efficiently, with a
nominal overhead of 7% [37].

As further detailed in [23], we adopt here m-CAP because
this multi-carrier scheme is an interesting alternative to con-
ventional techniques, adding to the attributes of standard CAP
areduced sensitivity to non-flat channels and providing a lower
PAPR compared to common OFDM schemes [14]. To that
end, m-CAP divides the frequency spectrum into m sub-bands,
each modulated with CAP through the use of digital or analog
pulse shaping filters rather than fast Fourier transform and
inverse fast Fourier transform in OFDM [16].

More precisely, the m-CAP modulation we implemented
in each AP operates as follows: an input binary stream is
first mapped over m parallel branches into M-QAM symbols,
that are then upsampled by a factor N5 and separated into
their real and imaginary (i.e., in-phase and quadrature, or I/Q)
components, noted X" (¢) and X" (t) in the time domain
and with respect to the n-th branch of the ¢-th AP. The
resulting m pairs of I/Q signals are then loaded onto the
m sub-bands of width B, by digital finite impulse response
(FIR) filters, characterized by their length Lgpan, their roll-
off factor « and their impulse response. For the n-th sub-band
of the i-th AP, the responses of these I and Q filters, noted
here f;"(t) and fg5"(t), are designed to form a Hilbert pair,
and can be expressed as:

S

}"(t) = gsrrc(t) - cos (7‘(‘;(2% -1+ a)) , (12)

7,n . t
fQ’ (t) = gsrre(t) - sin (ﬂ'T(Q’rL -1+ a)) ,  (13)
with Ty = 1/B;. the m-CAP symbol duration and gsgrc(t)
the response of the square-root raised cosine (SRRC) pulse
shaping filter, defined as:

- 1—a)nt 4o¢ 14+a)nt
sin (7( Ts) ) + 4 cog (7( Ts) )

t sat)?
T, {1 - (?) }
After filtering, the final m-CAP waveform Iy, ;(t) is ob-
tained by summing together all sub-bands and then converting

the resulting digital signal into its analog counterpart with a
DAC, which translates mathematically into:

It;z,i(t) = Z [
n=1

As it will be further detailed in Section III-A, this modula-
tion signal is first amplified and then added to a DC current by
the AP’s optical antenna, in order to match the characteristics
of the transmit IR LED. After free space propagation from the
i-th AP to the UE, this DC component is directly removed by
the UE using high-pass filtering, so that the received signal
I, i(t) is centered on zero. This received signal is then
digitized by an ADC, and duplicated into 2m equal signals that
are filtered with time-reversed versions of the pulse shaping
filters used at the transmitter side, i.e. with filters of impulse
responses f;"(—t) and f;" (—t). The resulting 1/Q signals are

(14)

gsrrc(t) =

X0« f" (0 = XG50« £5" )] . (15)



then down-sampled, recombined and demapped to recover the
received binary data stream, which can be compared to the
original data to evaluate the BER performance of the link.

As can be seen, the use of an m-CAP waveform requires
the definition of a number of parameters, such as the number
of sub-bands m, their center frequency fs., width B,., QAM
order M and oversampling factor Ngg, along with the filters
parameters like their length Lgpan and roll-off factor o.. For
this, it is necessary to take into account the characteristics of
the transmitting and receiving optical antennas — bandwidth,
frequency response, drive current-to-optical power linearity,
etc. —, which is why the values of these parameters will
be defined in Section III-B, after the characterization of the
optical antennas used experimentally.

II1. DETAILS ON THE PROTOTYPE IMPLEMENTATION
A. Overview of the Experimental Test Bench

As mentioned in Fig. 1, we have in practice implemented
our OWC-based ISAC system using MATLAB, an Ettus USRP
X300 and optical antennas. Figure 2 shows in more detail
how these fundamental components were arranged to build our
experimental test bench. As shown in Fig. 2(a), a computer
® is used to first generate the m-CAP signal sy, ; with
MATLAB, and then transmit it to the USRP X300 @ via an
Ethernet link controlled by the GNU Radio software.

The USRP then transmits in loop the m-CAP waveform
Stz in its baseband analog form I;, ;(t) thanks to an Ettus
BasicTX daughterboard. However, this analog signal has a
too low peak-to-peak amplitude of 0.6 V,,, to drive the AP’s
optical antenna correctly, and must therefore be amplified
beforehand. A Mini-Circuit ZHL-6A-S+ power amplifier ®,
coupled to two 6 dB SMA attenuators, and powered by an
external power supply @, is therefore added at the output of
the USRP X300 to amplify I, ;(t) with a gain of 13 dB, thus
ensuring that its peak-to-peak amplitude is around 2.8 Vpp.
It is indeed crucial that this peak-to-peak voltage threshold is
not exceeded, in order to remain within the LED’s electro-
optical linearity zone after addition of the bias current, as
further detailed in Section III-B-2).

As shown in Fig. 2(b), this optical antenna ® is installed
on the ceiling of a 1.2 x 1.2 x 2.16 m? test area. Since the
antenna’s only interface is an RJ45 connector, it is in practice
connected to the power amplifier @ and power supply @ via a
simple custom-made SMA/RJ45 interface board, not shown in
Fig. 2. At the other end of the link, a second optical antenna
®, this time serving as a UE, is mounted on a double rail
@ enabling it to be positioned precisely in an z-y receiving
plane, located at a distance ' = 20 cm from the ground, so that
the vertical distance between AP and UE is h = 1.96 m. The
entire test area is protected from external light interference by
black curtains ®.

The UE’s optical antenna, fed on the one hand by the
external power supply @ via a second SMA/RJ45 interface
board, is on the other hand connected via this interface board
to the USRP X300 @, which uses a BasicRX daughter board
to convert the received analog signal I, ;(t) into its digital
equivalent s, ;. This digital signal is eventually recorded as

(a) Control area of the ISAC prototype, with @ the
control computer for signal modulation and post-
processing, @ the USRP X300, ® a power amplifier
for transmit signal amplification and @ the power

supply.
z

(b) Test area of the ISAC prototype, with ® the transmit
optical antenna, ® the receive optical antenna, @ a double rail
to position the receive optical antenna and ® black curtains
delimiting the test area.

Fig. 2: Overview of the OWC-based ISAC prototype imple-
mented, composed of a control area (a) and of a test area (b).
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a vector of samples in real time by the computer @ through
GNU Radio. Note, however, that due to the limited computing
power of @, the sampling frequency could not exceed 20
MHz, otherwise overflow errors would occur. Once recorded,
these samples were eventually post-processed with MATLAB
in order to evaluate the communication and positioning per-
formance of the proposed system.

It is important to note that, as mentioned in Section II-A,
four APs are normally required for the positioning technique
used by our system to work properly. In addition, it is
preferable for the UE to receive the signal from each AP while
the other APs are switched off, to avoid receiving parasitic
optical power that would distort the positioning results. In [23],
we proposed to use a time division multiplexing-like protocol
to ensure such conditions are met. However, in the present
work, for reasons of limited availability of the optical antennas,
we used only one AP during our tests, which we successively
placed in the four positions listed in Table II according to the
coordinate system represented in Fig. 2(b).

We then followed the protocol detailed in Fig. 3. For a
given position ¢ of the AP, the UE was on its side placed
at a starting position j = 1 on the z-y receiver plane (e.g.
xz1 = 0, y1 = 0). We then transmitted the m-CAP waveform
and recorded the received signal s}, ; over a duration of
around 80 ms to allow the transmission of 10° bits, which
we finally post-processed with MATLAB. This process was
then repeated for all UE positions 7 on the receiver plane,
moving along the latter in 10 cm steps in z and y, i.e. placing
itin N, and IV, different locations along these respective axis.
Once this process was completed with a given AP location,
the optical antenna was moved to the next AP location and the
procedure was repeated, until all data signals were acquired
from all N,N, UE positions of all Nap positions. These
signals were then post-processed with MATLAB to evaluate
both the communication and positioning performance of the
system, as it will be detailed in Sections IV and V. Such
a protocol is thus in practice equivalent to using Nap = 4
different APs transmitting successively their data signals.

B. Details on the Optical Antenna

Before detailing the experimental performance of our pro-
totype, it is necessary to characterize the optical antennas we
have used in order to: 1) define the parameters of the m-CAP
waveform to be transmitted, and 2) identify any differences
between the model we have adopted and presented in Section
II-B, and our real OWC-based ISAC system.

communication and positioning data acquisition.

TABLE II: EXPERIMENTAL TEST-BENCH PARAMETERS.

Value

12 x 1.2 x 2.16 m®
AP1: [0.3, 0.3, 0] m
AP5: [0.9, 0.3, 0] m
AP3: [0.3, 0.9, 0] m
AP4: [0.9, 0.9, 0] m

Parameter
Test area dimensions, L x W x H

Coordinates of the APs, [z, yi, 2i]

Normal vector of the APs, iap ; [0,0,-1]
Normal vector of the UE, iyg [0,0,1]
Height between APs and UE, h 1.96 m
Height of the reception plane h’ 20 cm

Granularity of the reception plan 10 cm in z and y
Number of test points along z, Ny 13

Number of test points along y, Ny 13

Total of position in (z, y) 13%x13 = 169

1) Motivations for Using a Commercial Optical Antenna:

It appears clearly from the previous section that the optical
antennas are among the fundamental components of our
demonstrator. In practice, the optical antennas we have used,
shown in Fig. 4(a), have been designed by Oledcomm for
its LIFIMAX product, which implements the ITU-T G.9991
standard [9] to provide 150 Mbps LiFi network access to
any UE equipped with a compatible dongle. It should be
noted here that the use of such antennas rather than separate
off-the-shelf transmitters and receivers, as is often the case
in the literature, is a deliberate choice motivated by two
main reasons. Firstly, we intended to show that OWC-based
ISAC systems could already be implemented on commercial
systems. Secondly, the antenna’s reception characteristics are
actually superior to those of commercially available receivers
[11]. However, as pointed out in the previous section, the use
of this antenna requires a non-optimal intermediate amplifier
stage, particularly in emission, to ensure correct operation with
a USRP, as a detailed description of the antenna’s architecture
will further justify.

2) Architecture of the optical antenna: The internal archi-
tecture of the antennas, shown in Fig. 4(b), consists of four
main stages: a transmitter chain, a receiver chain, a power
stage and an interface stage. The latter enables the input and
output signals of the antenna to be combined on a single RJ45
connector, whereas the power stage consists mainly of DC-DC
converters generating, from a single external power supply
‘Power’, the various power supplies required by the antenna.

The role of the transmission chain is to convert the electrical
drive signal I, ;(¢) into its optical equivalent ®;, ;(¢). The
central component of this chain is thus the IR LED which, as
detailed in Table III, has a central wavelength of 940 nm, a



(a) Top view of an optical antenna, with its RJ45
interface, single IR LED and three PDs.

DC-DC Converters

______________________________________________________

Transmitter chain

Power —»|

> P ()

IR
LED

Source
Amplifier

Tx —

i Pre-
] s
i | Equalization

RJ45 Interface

Post-
Equalization

! | Amplificr B i
i & Filter [

(b) Block diagram.

Fig. 4: Real view and block diagram of the optical antenna
used for light signal transmission and reception in our OWC-
based ISAC prototype.

semi-angle at half power of 45°, and is calibrated to emit an
optical signal of average power 472.5 mW with a swing of
+ 337.5 mW. This optical power range was chosen for two
main reasons: on the one hand, the electro-optical response of
the LED remains relatively linear over this range of optical
power, thus avoiding the non-linearity usually observed for
drive currents that are too low or too high; on the other
hand, such optical power values remain well below standard
photobiological safety limits [38].

In practice, the average optical power of 472.5 mW is
obtained using a bias current [, added within the transmission
chain and set at 350 mA, while the swing of + 337.5 mW
corresponds to the input drive current I, ;(¢) amplified and
pre-equalized by the transmission chain. It should be noted that
this internal amplification stage, initially designed to ensure the
antenna’s correct operation with commercial G.9991 semicon-
ductors, requires an input signal with a dynamic range of +
250 mA to guarantee an optical dynamic range of 4+ 337.5
mW at the output of the transmission chain. However, and as
previously mentioned, the USRP alone is not able to provide
such a high-amplitude drive signal, which justifies the 13
dB gain we have introduced using the ZHL-6A-S+ amplifier
coupled with SMA attenuators. It should also be noted that
the pre-equalization stage consists mainly of an RC resonator
[39] that introduces peaking in the frequency response of the

TABLE III: OPTICAL ANTENNA CHARACTERISTICS.

Transmitter chain characteristics

Parameter Value
Central wavelength of operation 940 nm
FWHM spectral width 45 nm
Semi-angle at half-power (®;,5) | 45°

LED linearity drive voltage range | 3.2 V 4+ 2.8 V /350 mA £ 250 mA

LED output optical power range 472.5 mW =+ 337.5 mW

Receiver chain characteristics

Parameter Value

Type of PD Non disclosable [40]

Effective sensitive area (App) 79.2 mm? [40]

Responsivity (Rpp) 0.62 A/W at 940 nm [40]

FWHM angle of sensitivity (W) 125° [40]

transmission chain around 31 MHz, to compensate for the
onset of roll-off in the receiver’s frequency response, as we
will see in the following Section III-B-3).

On its side, the receiver chain converts the incident optical
signal ®,.,,(t) into its electrical equivalent I, ;(t), using
three silicon PDs, each coupled to a TIA, whose respective
signals are then summed and post-equalized. The internal
capacitance of each PD introduces indeed low-pass filtering,
which cut-off frequency decreases as this internal capacitance,
and therefore the PD sensitive area, increase. The role of post-
equalization is then, in the same way as pre-equalization, to
push back this cut-off frequency, this time introducing peaking
into the receiver’s frequency response around 30 MHz. As
summarized in Table III, the resulting receiver has eventually
a total sensitive area of 79.2 mm? with a photosensitivity of
0.62 A/W at 940 nm, and with a -3 dB bandwidth of 30 MHz.
Note that this sensitive area-bandwidth compromise, which is
high compared to commercial photoreceivers [11], is made
possible by the use of three PDs in parallel rather than in
series, which therefore prevents their capacitance from adding
up, thus considerably enhancing bandwidth.

3) Implications on the m-CAP waveform design: As men-
tioned in Section III-A, only two such optical antennas were
used in the experiments, the first playing successively the role
of the four APs and the second playing the role of the UE. In
order to set properly the parameters of the m-CAP waveform
to transmit from one to the other, we first measured the
frequency response of the system made of these two antennas.
To do this, we observed with an Agilent Technologies ES071C
vector network analyzer (VNA) the frequency evolution of the
S21 parameter while the AP antenna, connected to the VNA
output, was driven by a frequency sweep ranging from 100
kHz to 100 MHz, and the UE antenna, connected to the VNA
input, received this signal after a short and calibrated optical
wireless propagation.

According to the resulting frequency response, represented
in Fig. 5, we can conclude that the end-to-end link has a —3
dB bandwidth of around 30 MHz, between 1.17 MHz and
31.2 MHz. Note that, on the one hand, the high-pass roll-off
observed around 1 MHz actually comes from the use of a
high pass filter at the receiver level of the optical antenna,
in order to filter out ambient lighting, which spectrum can
extend up to a few hundred kHz. On the other hand, the low-
pass roll-off observed around 31 MHz is mainly due to the
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Fig. 5: Frequency response of the system composed of an
optical antenna as light transmitter and another optical antenna
as light receiver. The dashed-dotted orange lines highlight the
-3 dB bandwidth of this system.

internal capacitances of the PDs which, despite being slightly
compensated by pre- and post-equalization, behave like low-
pass filters [39].

In order to optimize communication performance, the cen-
tral frequencies of the m-CAP sub-bands should thus be set
between these two limits. In practice, however, given the
maximum sampling frequency of 20 MHz induced by the
limited processing power of the computer used to drive the
USRP and GNU Radio in reception, we had to limit the
maximum frequency of the m-CAP waveform to 10 MHz.
As a result, we have chosen to set the number of sub-bands
to m = 4, their width B,. to 1 MHz and their respective
center frequencies fs. to 1, 3, 5 and 7 MHz, as listed in Table
IV. In other words, we deliberately under-dimensioned the
number of sub-bands in order to facilitate the analysis of data
transmission results, while guaranteeing an adequate guard
band between them and with the usual frequency spectrum
of interfering artificial and natural light sources. At the same
time, we deliberately placed the first sub-band at the limit
of the system bandwidth, in order to study the influence of
the corresponding non-flat portion of the antennas’ frequency
response on communication performance.

The other m-CAP waveform parameters, also listed in Table
IV, and notably the rolloff factor «, the length of the FIR
filters LspaN, the oversampling factor Ny, and final sampling
frequency fsqmp, Were set at values providing the best compro-
mise in terms of communication and positioning performance
based on our previous simulations [23]. Furthermore, and
given that reaching high throughput was not our priority, we
have limited the QAM order of the sub-bands to M = 16,
enabling our system to ultimately support data transmission at
a data rate Ry, = mlogy(M)Bs. = 16 Mbps.

4) Deviations from the system model: The characterization
of the optical antennas used experimentally provides funda-
mental insights for the analysis of positioning results. We have

TABLE IV: m-CAP PARAMETERS.

Parameter Value

Number of sub-bands, m 4

Sub-bands center frequencies, fsc 1,3,5, 7 MHz
Sub-bands width, Bs, 1 MHz

FIR filters roll-off factor, o 0.4

FIR filters length, LgpaN 10
Oversampling factor, N 20

Final sampling frequency, fsamp 20 MHz

QAM order, M 16

Data rate, Ry, 16 Mbps

already pointed out in the Section II-C that the RSS positioning
method used in our system is based on simplified models of
the optical wireless channel and the impulse response of the
optical transmitter and receiver. On the one hand, only the LOS
contribution is used to calculate the distances between APs
and UE from the estimated transmitted and received optical
powers (11). On the other hand, the estimation of these powers
is based on simple proportionality coefficients nyg and nap
which, while providing good first-order approximations, do
not capture the non-flat behavior of the frequency response of
the transmit-receive chain illustrated in Fig. 5.

Analysis of the emission pattern of the AP’s IR LED reveals
two additional deviations between our prototype and the model
used for position estimation. The latter assumes that the optical
sources used to transmit positioning signals have a generalized
Lambertian profile, whose orders for semi-angles at half-power
of 45° would be m; = 2. Figure 6(a) shows, however, that the
actual emission profile of the AP’s IR LED, extracted from
the datasheet in solid blue line and measured in red dots,
sometimes differs significantly from a generalized Lambertian
profile of order 2, in dashed orange line.

Furthermore, the RSS model used assumes that the emission
pattern of the optical sources is symmetrical by rotation
around the normal 7isp ;. Using a test bench similar to that
shown in Fig. 2(b), but replacing the UE with a Thorlabs
PMD100 power meter equipped with a S120C sensor, we
measured the power received along a circle of radius 1 m
and center coincident with the AP in x and y, by variation
of the polar angle 6 in steps of 10°. Figure 6(b) shows the
relative difference, in %, between the average optical power
on the whole circle and the optical power measured at angle
6 when the AP points perfectly to the ground (green curve) or
imperfectly, with an angle of 5° between —Z and 7iop ; (orange
curve). In both cases, this relative difference, far from being
zero, can reach up to 2.8% in absolute value. We therefore
conclude that the AP’s IR LED is not symmetrical, which
could therefore have an impact on localization performance.

It may also be noted that despite slightly different orien-
tations, the average received optical power is in both cases
extremely similar, with an only 0.1% relative difference. At the
same time, the fluctuations in received optical power caused
by the asymmetrical pattern of the IR LED in the case of a 5°
misalignment are of at most around 2.5% in absolute value,
i.e. rather close to that of the case without misalignment. At
the same time, since the Lambertian order of the IR source is
m; = 2, we can deduce from (2) that a slight misalignment
of the AP will have a stronger impact on the received optical
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Fig. 6: Calibration of the beam pattern of the IR LED mounted
on the optical antenna used as AP on (a) a z-z plane and (b)
an z-y plane.

power than a slight misalignment of the UE. In other words,
when the misalignment of the AP or the UE with respect to the
vertical axis is small, its impact on the received optical power
can be considered to be negligible compared to the effects of
the asymmetrical pattern of the IR source.

IV. EVALUATION OF THE COMMUNICATION
PERFORMANCE

As mentioned in Section III-A, communication performance
was evaluated by acquiring approximately 106 bits for each
UE position on the receiver plane, traversed in 10 cm steps
along the x and y axes, and for each AP position. After
demodulation of the received signal, we then compared the

acquired bits with the transmitted bits to evaluate different
values of the link BER. In practice, we were mainly interested
in the BER per sub-band, which then allowed us to analyze the
communication performance of our system in greater detail.

Figure 7 shows the BER distributions for each sub-band in
the receiver plane, while the transmitting optical antenna is
located at AP35 (x = 30 cm, y = 90 cm). Only this position
of AP is shown here, as the results obtained for the other
AP positions follow similar trends. We can therefore extract
several conclusions from Fig. 7, starting with the notable fact
that BER values for the first sub-band (fs. = 1 MHz) are rather
high (around 0.12 in Fig. 7(a)), while those for the other sub-
bands are of the order of 10~° to 1073, as visible in Fig. 7(b),
(c) and (d). Assuming FEC may be used efficiently as long
as the BER < 3.8 x 103 [37], we can deduce that the first
sub-band is not able to provide a reliable communication link,
whereas the others are.

This is because the first sub-band lies at the bandwidth limit
of the AP-UE system, and is therefore subject to distortions
induced by its non-flat frequency response, as shown in Fig. 5.
The other sub-bands are located in frequency ranges where the
gain of the AP-UE system is constant, and are therefore not
subject to such distortions. Indeed, we can see that BER tends,
at least occasionally, to increase as the UE moves further away
from the AP, i.e., in the case of AP3, when the UE is located in
positions with coordinates x close to 120 cm and/or y close to
0 cm. In these cases, the distance increases propagation losses,
as highlighted by (2), leading to a reduction in the signal-to-
noise ratio (SNR) and therefore an increased risk of errors at
the UE level.

Nevertheless, this risk remains limited, as shown in Fig.
8, which represents for each sub-band of each AP (with
the exception of the first sub-band, excluded for the reasons
previously mentioned) the empirical cumulative distribution
function (CDF) of all BER measured on the receiver plane
(i.e. 169 values per sub-band). We can see that for a given
AP position, the BER of the various sub-bands, represented in
the same color but with different markers, are mostly below
the FEC threshold of 3.8x1073. Some curves are even barely
visible (e.g. sub-band 2 of AP,), as the vast majority of
measured BER values are 0 in these cases.

However, we can clearly observe a borderline case, with the
3rd sub-band of AP,, whose CDF remains very low compared
to that of the other sub-bands. This is because the BER of this
sub-band fluctuates around 0.02 over the entire receiver plane.
Despite several tests, we were unfortunately unable to explain
this behavior, which we consider abnormal, given the results
obtained for this same sub-band at other AP positions.

Figure 8 also shows that in some other cases, the BER
is higher than the FEC threshold (e.g. sub-band 3 of AP,),
meaning that communication coverage is in these cases not
ensured over the whole receiver plane. These higher BER
zones can again be explained by greater AP-UE distances,
and therefore lower SNR. We can also observe that they are
mostly located at the boundaries of the receiver plane, i.e. close
to the protective curtains, which although not very reflective,
may induce performance degradation due to multi-path.

In order to quantify the coverage performance of the various
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Fig. 7: Spatial distribution in the x-y receiver plane of the BER of each sub-band when the AP is at location AP3 (z = 30

cm, y = 90 cm).

APs, we used the results in Fig. 8 to calculate the outage
probability P,,;, defined as the probability that the BER is
greater than the FEC threshold of 3.8x10~ over the entire
receiver plane. Table V shows the evolution of P,,; with the
sub-band index and the AP position. In line with our previous
conclusions, we observe that this probability is extremely high
for the first sub-band of each AP (P,,; = 100%) and for the
3rd sub-band of AP2 (P,,; = 96.45%). Similarly, we observe
that it is null or very close to zero in the majority of the
remaining cases, with the exception of the 3rd sub-band of
APy, where P,,; reaches 5.92 %.

We can therefore conclude from these various results that
the proposed OWC-based ISAC system provides continuous
communication coverage over the entire receiver plane, with
an effective pre-FEC data rate of at least 12 Mbps (since the
Ist sub-band is not functional if positioned at 1 MHz). Given
the frequency response of the transmit-receive chain, we can
nevertheless extrapolate much higher data rates if the number

TABLE V: OUTAGE PROBABILITIES OVER THE RECEPTION
PLANE FOR THE DIFFERENT APS AND THEIR RESPECTIVE
SUB-BANDS.

Sub-band 1 | Sub-band 2 | Sub-band 3 | Sub-band 4
AP, 100% 0% 0% 0%
APy 100% 0.59% 96.45% 0.59%
AP3 100% 0% 0.59% 0%
APy 100% 0% 5.92% 0%

of sub-bands is increased along with the QAM order (e.g. 56
Mbps with 14 sub-bands centered on odd frequencies between
3 to 29 MHz and loaded with 16-QAM symbols).

V. EVALUATION OF THE POSITIONING PERFORMANCE
A. About the Need for Post-Calibration

Alongside data transmission, the signals acquired during
the experiments enabled us to evaluate the positioning per-
formance of our system. To do this, we used the method
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detailed in Section II-C which consists, for each UE position,
in estimating the distances d; separating it from the four
APs using (11), after calculating first the variances of the
generated and acquired digital signals s, ; and s, ;. However,
estimating the distances d; also requires knowledge of the
electro-optical and opto-electrical conversion factors nap ; and
nue.- Rather than finely determining these conversion factors a
priori, we have opted here for a posteriori calibration, which
in practice consists in determining, from the acquired signals,
the values of nap,; and nug that will optimize the statistical
distribution of the RMS error of all N;N, position estimates
made in the AP configuration detailed in Table II.

To justify the use of such a post-calibration, it is important
to recall here that the RSS positioning technique we have
adopted is based on a system model with multiple deviations
from the real prototype. As mentioned in Section II-C, it
takes into account only the LOS component of the received
optical signal for estimating d;, and is based on simplified
transmitter and receiver models, which are assumed to point
perfectly towards the ground and ceiling respectively, and are
separated by a known vertical distance h. Furthermore, this
method assumes that the optical sources used at the APs have
a generalized Lambertian beam pattern and are symmetrical
about their optical axis. In practice, these assumptions are
not always verified. Using post-calibration thus allows us to
partially correct the errors induced by these various deviations,
while keeping the complexity of the system model (i.e. of the
equations enabling position estimation) relatively low.

The post-calibration process we followed is detailed in Fig.
9. Let us define the ratios n; as:

_ Maps

nue
In a first step, we set all these 7); ratios to a value 7,,,;,, identical
for all APs. For a given UE position j € [1, N;N,]|, the
variances of the digital signals transmitted s, ; and acquired
Srq.i can then be calculated in order to compute the estimated
distances ch and eventually the UE’s location estimate )?e

(16)

i

using (11) to (8). By comparing this estimate with the actual
position of the UE, the RMS error A; at this location j and
with the specific ratios 7;, can be determined. This process is
then repeated for all positions of the UE to obtain a set of
Ny N, RMS errors, from which the corresponding empirical
CDF F(0) can be extracted, along with the value dgg at which
this CDF equals 0.9. This whole process is eventually repeated
for different values of 7;, up to the point they all equal 7,4
The values 7; giving the lowest dgg are then the optimal values
Topt,i that minimize the error threshold §,,; below which 90%
of the errors A; lie.

B. Positioning Performance Evaluation

In a first step, we assumed that the four APs in our system
were characterized by identical conversion constant ratios 7,
since these APs were in practice set up successively using the
same optical antenna. The blue-dashed curve in Fig. 10(a),
which shows the evolution of the CDF of the RMS error in
the receiving plane after post-calibration, allows us to deduce
that in this case, for all the 169 positions, 90% of the errors
are smaller than 15.4 cm.

Nevertheless, as shown in Fig. 6(b), the emission pattern of
the IR LED that equips the AP’s optical antenna is not sym-
metrical. This means that, depending on the relative position
between an AP and the UE and especially on the correspond-
ing direction of emission, the optical power transmitted by the
AP may vary by +3% around its average value. However, as
highlighted in (16), since 7; depends directly on the electro-
optical conversion factor of the i-th AP nap;, a fluctuation
in transmitted optical power will result in a fluctuation in 7;.
Therefore, we assumed that the 7; can vary from one AP to
another, within a slightly lower limit of +2.5% around the
optimum value obtained when they are assumed to be equal.

The CDF of the corresponding error, plotted as a solid
orange line in Fig. 10(a), then shows that in this case, 90%
of the errors are less than 12.2 cm. It should also be noted
that this error threshold at 90% falls to 11.9 cm and 11.3
cm when the variation range in 7); is raised to 5% and
10% respectively, and reaches 10.7 cm when the 7; can be
set without constraints. The latter case, however, has little
physical significance, and we therefore consider here that the
nominal performance of our system after post-calibration, but
before complementary corrections, is that corresponding to a
maximum variation of +2.5%.

Fig. 10(b) shows another way to visualize the distribution
of RMS positioning error in the receiving plane, with blue
circles representing the tested reference positions and red
stars representing the estimated positions when allowing a
maximum +2.5% variation in the 7; (i.e. corresponding to
the orange curve in Fig. 10(a)). Grey dotted lines have been
added to identify more clearly to which reference position
each estimated position corresponds. From these dotted lines,
it can be seen that the RMS errors of two adjacent estimated
positions are often oriented in very close directions, which
could also be estimated during the post-calibration phase.

Assuming these directions are known, it would then be
possible to add an second error correction step, by removing
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Fig. 9: Process followed to post-calibrate the positioning system.
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Fig. 10: CDF and spatial distribution of the RMS positioning
error over the whole reception plane.

the average RMS error, calculated over the entire receiver
plane, from each estimated position and in the direction given
by the dotted line running from the estimated point to the
reference point.

To verify this assumptions, we made for each reference
position of the UE 100 consecutive estimates of its position.
Then, we calculated the coordinates of the support vectors
running from the reference position to each of the 100 position
estimates, to finally calculate the angles between the support
vector shown in Fig. 10(b) (grey dotted lines) and these 100
support vectors. This approach allows to assess the dispersion
of the orientation of the error, which is represented in Fig. 11
in the form of the empirical CDF of all error angles calculated
for all reference positions (i.e. 100 x 169 = 16900 values). We
can see that in 90% of cases, the error in angle is below 17°,
which remains reasonably low and thus allows us to apply the
proposed additional correction step.
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Fig. 11: CDF of the error in the angle defining the orientation
of the estimated positions compared to the reference positions.

The positions corrected using this method, shown as black
crosses in Fig. 10(b), appear to be closer to the reference posi-
tions, as confirmed by the empirical CDF of the corresponding
error distribution, shown as yellow dashed-dotted lines in Fig.
10(a). In this case, 90% of errors are indeed less than 5.9 cm.



In practice, these directions of correction can only be esti-
mated during the calibration phase for the reference positions
tested. Consequently, if the UE subsequently finds itself at an
actual position that does not correspond to any of the tested
reference positions, the support vector defining the direction
of correction will have to be a weighted average of the
support vectors of the adjacent reference points. Consequently,
the corrected coordinates and their CDF, shown in Fig. 10,
correspond to an ideal case of correction, which defines a
minimum value for positioning error. Note also that this
second error-correction step, like the first, requires the prior
acquisition of a set of measurements that should ideally be
repeated when using a new UE, which remains quite restrictive
for a large-scale deployment of the proposed system.

We can nevertheless conclude that our OWC-based ISAC
system is capable of estimating the position of a UE with
a relatively high resolution compared with state of the art
systems operating over similar test areas, and that our post-
calibration technique, while unlikely to correct all errors due
to deviations of the real system from the model, does provide
flexibility for fine-tuning the positioning.

VI. CONCLUSIONS AND FUTURE WORKS

In this article, an OWC-based ISAC system using m-CAP
modulation for data transmission and RSS-based positioning
is proposed and implemented using USRPs and custom-
made IR optical transceivers. The assumptions on which this
system rely are clearly stated: in order to estimate the user’s
coordinates, the RSS model used is based solely on the LOS
component of the received optical signal, and on simplified
optical transmitter and receiver models which are assumed to
point perfectly towards the ground and ceiling respectively,
with a known vertical distance and with a symmetrical and
generalized Lambertian beam pattern.

Although some of these assumptions are not or par-
tially verified in practice, experimental tests carried out in
a 1.2x1.2%x2.16 m>® room still show that, after a two steps
correction process, the proposed system is able to estimate the
user coordinates with an RMS error below 5.9 cm in 90% of
cases. At the same time, a pre-FEC data rate of 12 Mbps with
a BER under 3.8x1072 is guaranteed to the user whatever its
location on the receiver plane, 20 cm above the ground (i.e.
11.16 Mbps of useful data rate if taking into account a 7%
FEC overhead [37]).

Such performance is very encouraging, given that the ITU
expects ISAC systems with a positioning accuracy of between
1 and 10 cm as part of its IMT-2030 framework. Future
work should even enable us to further reduce this positioning
error, while considerably limiting the number of calibration
points currently required, in particular by adopting a more
realistic RSS model along with machine learning techniques
to determine the direction of error correction more precisely.
At the same time, it would be useful for future applications to
switch from two-dimensional to three-dimensional positioning,
while increasing communication throughput by exploiting the
full available bandwidth of the optical antennas we have
developed, for example by using directly a commercial system.
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