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As 5G devices and networks continue to roll out, new broadcasting services and capabilities have been introduced to the entire ecosystem, opening up additional new applications and granular business opportunities, where indoor joint communication and sensing are critical. Under this trend, in this paper, we propose a new system using multi-band carrierless amplitude and phase (m-CAP) modulation associated with received signal strength (RSS)-based trilateration to achieve visible light sensing and communication from the same signal. The architecture of this system is first detailed, with an emphasis on how the light source limitations in terms of dynamic range and modulation bandwidth may be taken into account. The proposed set-up is then shown through simulations to provide an illuminance between 300 and 500 lux over the whole room, positioning with an error lower than 7.17 cm in 90% of the cases, and a continuous data connectivity at 32 Mbps. The influence of several parameters, including that of the main m-CAP settings, on this performance is studied in order to define some general rules for the design of such a system.

I. INTRODUCTION

T HE encounter between mobile network technologies and broadcasting services opens up the prospect of radical transformations in the user experience, thanks in particular to the emergence of location-based services (LBS) [START_REF] Jeong | Location based service based on digital multimedia broadcasting[END_REF]. Therefore, as with fifth generation (5G) communications, beyond 5G and sixth generation (6G) technologies are expected to deliver high performance mobile data broadcasting along with a variety of high-accuracy sensing services to enable and support the growth of applications such as 4K and beyond live broadcasting or augmented and virtual reality in mobile indoor scenarios [START_REF] Jawad | Smart television services using nfv/sdn network management[END_REF]. However, such applications are expected to increase the pressure on existing spectrum, so that new spectrum bands will undoubtedly be needed to support future joint communication and sensing technologies.

The sensing and communication functions are usually designed and implemented separately, on different hardware that operate on distinct frequency bands. However, the emergence of sub-millimetre waves and massive multiple-input multiple-output (MIMO) technologies is paving the way for communication systems with increased angular and temporal resolution providing high-accuracy sensing and high-speed data transmission over the same frequency band by using the same hardware. For this purpose, several critical technologies have been identified, such as terahertz communications which operate over a wide spectrum from 0.1 to 10 THz and provide high transmission rates, good resilience to interference along with easy integration of high-performance communication and sensing [START_REF] Chaccour | Seven defining features of terahertz (thz) wireless systems: A fellowship of communication and sensing[END_REF]- [START_REF] Sarieddeen | Next generation terahertz communications: A rendez-vous of sensing, imaging, and localization[END_REF].

Optical wireless communication (OWC) is another interesting candidate for last meter wireless connectivity in broadcasting systems, as it can operate over an ultra-wide spectrum from near-infrared to ultraviolet wavelengths, thus including the visible light spectrum. In the latter case, the lighting infrastructure within buildings may also be used to provide not only visible light-based OWC -usually called visible light communication (VLC) -, but also visible light positioning (VLP). Both topics have thus received a lot of attention from researchers and industry [START_REF] Karunatilaka | Led based indoor visible light communications: State of the art[END_REF], [START_REF] Zhuang | A survey of positioning systems using visible led lights[END_REF].

From the data transmission point of view, a large part of the research has been focused on modulation techniques to optimise the performance of VLC systems. In this respect, many variants of the well-known orthogonal frequency division multiplexing (OFDM) scheme have been proposedfor example direct current (DC)-biased optical (DCO) OFDM, asymmetrically clipped optical (ACO) OFDM or layered ACO (LACO) OFDM [START_REF] Zhang | The evolution of optical ofdm[END_REF] -, so that it is now the dominant modulation in OWC, including in standards [START_REF]High-speed indoor visible light communication transceiver -System architecture, physical layer and data link layer specification[END_REF]. OFDM offers high spectral and energy efficiency as well as significant time and frequency multiplexing capabilities, but at the cost of a high peak-to-average power ratio (PAPR), which therefore requires highly linear amplifiers and light sources, and high complexity due to the use of fast Fourier transform (FFT) and inverse FFT (IFFT) [START_REF] Islim | Modulation techniques for li-fi[END_REF], [START_REF]Comparison of dco-ofdm, ado-ofdm, hdc-ofdm and hnc-ofdm for optical wireless communications[END_REF].

Carrierless amplitude and phase (CAP) modulation and multi-band CAP (m-CAP) have therefore been proposed as promising alternatives [START_REF] Wu | 1.1-gb/s white-led-based visible light communication employing carrier-less amplitude and phase modulation[END_REF]- [START_REF] Li | A full-digital m-cap receiver with synchronisation and adaptive blind equalisation for visible light communications[END_REF], as they have a lower PAPR than common OFDM schemes [START_REF] Khalighi | Pamand cap-based transmission schemes for visible-light communications[END_REF] and rely on digital or even analogue pulse shaping filters less complex than the FFT/IFFT operations. m-CAP is a variant which changes the conventional CAP into a multi-carrier format by separating the frequency spectrum into multiple sub-bands, each using a CAP modulation process [START_REF] Olmedo | Multiband carrierless amplitude phase modulation for high capacity optical data links[END_REF]. m-CAP thus retains well the advantages of traditional CAP while reducing the sensitivity to non-flat channel response.

From the VLP point of view, the research efforts have been directed towards the development of various algorithms using VLC for high-performance indoor positioning that competes and even outperforms more common radio frequency (RF) based technologies such as WiFi, Bluetooth, radioidentification (RFID), ultra-wide band (UWB) or ZigBee [START_REF] Zafari | A survey of indoor localization systems and technologies[END_REF] in terms of accuracy and system complexity [START_REF] Zhuang | A survey of positioning systems using visible led lights[END_REF]. When using a photodiode (PD) as receiver, these algorithms include the time of arrival (TOA), time or phase difference of arrival (TDOA/PDOA), angle of arrival (AOA) and received signal strength (RSS) techniques [START_REF] Zhuang | A survey of positioning systems using visible led lights[END_REF].

Although they provide good performance, the TOA, TDOA and PDOA methods require precise synchronisation between the transmitter and receiver and are therefore complex to use in practical applications. The AOA method also enables high accuracy, but requires a sensor network that can be very expensive and complex to implement [START_REF] Zhuang | A survey of positioning systems using visible led lights[END_REF]. In contrast, the RSS technique does not require high precision timing and can be used with a single photodiode, so that it has been adopted in many works [START_REF] Lou | Fundamental analysis for indoor visible light positioning system[END_REF]- [START_REF] Li | Epsilon: A visible light based positioning system[END_REF].

In practice, this algorithm is coupled either with the proximity, the fingerprinting or the trilateration approach. Proximity is the simplest but also least accurate method, as the location of the target device is assumed to be that of the closest transmitter it detects [START_REF] Lou | Fundamental analysis for indoor visible light positioning system[END_REF]. On its side, fingerprinting involves matching real-time measurements with fingerprints stored in a database to determine the location of the device. Therefore, this method does not rely on any specific model or additional device, which saves a considerable amount of computation, but it depends nonetheless on an advanced database that needs to be updated regularly as the environment changes, otherwise the positioning would be extremely inaccurate [START_REF] Guo | Indoor localization using visible light via fusion of multiple classifiers[END_REF]. Finally, with trilateration, the device first estimates its distance to at least three transmitters to recover then its coordinates by solving a simple system of equations. Despite its limited accuracy, this method is the simplest to implement and use, as long as several transmitters are seen by the target device [START_REF] Zhang | Asynchronous indoor positioning system based on visible light communications[END_REF]- [START_REF] Li | Epsilon: A visible light based positioning system[END_REF].

VLC and VLP have raised a strong interest over the past years, but they have generally been treated separately so that only a few works have been focused on joint sensing and communication using visible light [START_REF] Xu | Accuracy analysis and improvement of visible light positioning based on vlc system using orthogonal frequency division multiple access[END_REF]- [START_REF] Yang | Demonstration of a quasi-gapless integrated visible light communication and positioning system[END_REF]. In [START_REF] Xu | Accuracy analysis and improvement of visible light positioning based on vlc system using orthogonal frequency division multiple access[END_REF], [START_REF] Yang | Qosdriven optimized design-based integrated visible light communication and positioning for indoor iot networks[END_REF], [START_REF] Lin | Experimental demonstration of an indoor vlc positioning system based on ofdma[END_REF], a combination of OFDM and RSS is proposed and analyzed theoretically [START_REF] Xu | Accuracy analysis and improvement of visible light positioning based on vlc system using orthogonal frequency division multiple access[END_REF] as well as experimentally [START_REF] Lin | Experimental demonstration of an indoor vlc positioning system based on ofdma[END_REF], whereas PDOA-based joint VLC and VLP systems were simulated and tested in [START_REF] Yang | Demonstration of a quasi-gapless integrated visible light communication and positioning system[END_REF] and [START_REF] Yang | An integrated indoor visible light communication and positioning system based on fbmc-scm[END_REF] respectively. More recently, the use of m-CAP for such systems has been investigated through simulations in [START_REF] Nassiri | A hybrid vlp and vlc system using m-cap modulation and fingerprinting algorithm[END_REF], where the authors combined it with an RSS-fingerprinting algorithm to achieve communication and localization.

Although these works are of great interest, the simulation models on which they are based are generally incomplete, as it is further detailed in Section II, where the interest of the joint visible light communication and sensing system we propose is also exposed along with its architecture and main working principles. Section III then gives the simulation hypothesis we have made and results we have obtained along with discussions on the performance. In particular, it shows that our system ensures an illuminance between 300 and 500 lux over the whole room, and that any user equipment (UE) can be located with an error lower than 7.17 cm in 90% of the cases, while receiving data at 32 Mbps without loss of connectivity. Eventually, Section IV lists some concluding remarks and future research directions.

II. SYSTEM INTEREST, ARCHITECTURE AND MODELING A. Interest of the Proposed System

In this work, we propose a joint visible light communication and sensing system relying on m-CAP modulation and RSSbased trilateration. To the best of our knowledge, this is the first time such a system is proposed, which is highlighted in Table I along with the main other differences between our proposal and existing works on joint VLC and VLP.

Among these main differences, note that our system has been designed to be first and foremost a lighting system with additional VLC and VLP features. Therefore, its architecture and parameters have been carefully defined to ensure that the average radiated optical power remains constant and therefore that the average illuminance it provides remains within standard limits.

In addition to the lighting constraint, we have taken into account the main limitations of light-emitting diode (LED) sources, especially in terms of modulation bandwidth and operating range in drive current. Such an approach strongly limits the variance of the data signal to be transmitted, which in turn may greatly influence the communication and sensing performance, as we will see in Section III. The LED model adopted to take these constraints into account is thus detailed in Section II-C, after a first overview of the proposed system architecture in Section II-B.

Taking into account the constraints induced by lighting standards on the one hand and by the limitations of LEDs on the other hand constitutes, together with the combination of m-CAP modulation with RSS-based trilateration, the main motivation of this work. Therefore, note that as these constraints are generally not considered in existing works, our study does not aim to compare the performance of different modulation and positioning techniques, so the 'Data rate' and 'Positioning accuracy' criteria are given in Table I for information and not for comparison.

B. General Architecture of the Proposed System

As detailed in Fig. 1, the proposed system is composed of nine access points (APs), installed on the ceiling of a 4 m × 4 m × 2.5 m (length, width, height) room and oriented toward the floor. A single UE is considered. It is oriented toward the ceiling while moving in an x-y plane located 85 cm above the floor. In this section, we consider without loss of generality the i-th AP, which operates as follows.

First, a binary data stream is modulated using an m-CAP scheme. The resulting digital signal is then turned into a scaled analog signal I i (t) by a digital-to-analog converter (DAC), to which a DC current I b is added via a bias tee to fit the LED characteristics. The resulting signal I tx,i (t) is eventually fed to the transmitter, composed of an LED driver of impulse response h LED (t) and of an LED of wall-plug efficiency η WPE [START_REF] Deng | Throughput, power consumption and interference considerations in visible light communication[END_REF]. This transmitting chain is further detailed in Section II-C.

After free space propagation over a distance d i , which influence is detailed in Section II-D, the light signal sent by the i-th AP is collected by the UE using a PD of photosensitivity R PD , and thus turned into a proportional photocurrent I rx,i (t). This analog signal may be first filtered, then converted into a digital signal by an analog-to-digital converter (ADC), and finally processed to recover, on the one hand, the transmitted data as explained in Section II-E, and on the other hand, the UE localization as detailed in Section II-F.

The data stream transmitted by each AP may be formatted according to the medium access control (MAC) cycle structure detailed in Fig. 2. The nine APs first transmit all together the same preamble, specifying for example the modulation and synchronization schemes used and the time and frequency slots allocated to each AP when multiple access (MA) is needed. This way, the signal received by the UE will be stronger than if it was transmitted by a single AP, hence optimizing the performance of signaling reception. Then, each AP transmits consecutively a location data frame containing at least its coordinates and the optical power it radiates, but short enough that users do not notice any fluctuation in the average illuminance. This way, the UE will be able to measure the optical power received from each AP without interference from the other APs, which is critical to apply then the RSS algorithm. Finally, once all the location data frames have been sent, the nine APs transmit their respective payload following the chosen MA technique.

C. Design and Modeling of the Light Sources

The joint sensing and communication system proposed here is above all a lighting system. Consequently, all its parameters must be carefully chosen to ensure an illuminance that complies with the regulations in force for the chosen use case. Here, we consider the scenario of a room dedicated to basic office work, where the illuminance level should be at least 300 lux, and where this minimum level should not be less than 20% of the maximum illuminance [START_REF]Light and lighting -Lighting of work places -Part 1: Indoor work places[END_REF].

All AP embed light sources of identical characteristics. However, since the datasheets of commercial LED lighting never mention all the optical and electrical parameters relevant for communication and sensing purpose, we preferred to base the design of our sources on Lumileds LUXEON Rebel white LED chips, which characteristics are much more detailed [START_REF] Lumileds | LUXEON Rebel -General purpose white[END_REF]. Each light source is thus composed of four LUXEON LED chips, and each chip is driven in parallel by a 700 mA current, corresponding to a 3.5 V voltage, so as to emit an average luminous flux of 220 lm. Therefore, the i-th light source consumes an average electrical power of P tx,i = 4 × 0.7 × 3.5 = 9.8 W and emits an average luminous flux Φ p tx,i = 880 lm, giving a luminous efficacy of 90 lm/W, a common value for LED lighting. Assuming these chips are mounted on a reflector-based optical system, we set the semi-angle at half-power Φ 1/2,i of each light source to be 30 • , which is also a common value for LED lighting. Using these parameters, we obtain eventually the illuminance map shown in Fig. 3, where we can see the minimum and maximum illuminance levels reach around 300 lux and 500 lux respectively, hence meeting the targeted lighting constraints.

Since our light communication and sensing system relies on a PD and not on human eyes, the optical parameters relevant for its characterization must however be expressed in radiometric units rather than photometric ones. In our case, the average optical power, or radiant flux, Φ r tx,i emitted by a light source of average luminous flux Φ p tx,i = 880 lm in photopic conditions and of wavelength spectrum such as that in [START_REF] Lumileds | LUXEON Rebel -General purpose white[END_REF] is 2.84 W. Note that we can also deduce from this value that the wall-plug efficiency η WPE = Φ r tx,i /P tx,i of the light sources -i.e. their ability to turn the consumed electrical power P tx,i into an emitted optical power Φ r tx,i -is equal to 0.29, which is also a common value in LED lighting [START_REF] Schubert | Light emitting diodes cambridge university[END_REF].

In practice, the signal I tx,i (t) fed to the LED driver is a current signal varying in real-time depending on the data to transmit. In order to model our system, it is therefore useful to define a relationship between this current and the instantaneous optical power signal emitted by each light source Φ r tx,i (t). As shown in [START_REF] Deng | Throughput, power consumption and interference considerations in visible light communication[END_REF], the output optical power of a gallium nitride LED is a non-linear polynomial function of its drive current. However, by using an appropriate DC bias I b and setting the swing ∆I i of I tx,i (t) so that I b ± ∆I i remains between the fixed limits I max and I min , the drive current I tx,i (t) can be set to lie in the linear region of the LED.

Here, we consider this linear region to range from 400 mA to 1 A, which corresponds for each LED chip to a current swing ∆I i = ±300 mA with a current bias I b = 700 mA. In such a case, the current-to-optical power relationship can be reduced to a first-order polynomial and is thus linear, of coefficient η EO . In order to also take into account the constraints imposed by the limited modulation bandwidth of the LED chips and their driver, we consider that these elements behave as a first-order low-pass filter of -3 dB cutoff frequency f LED , which impulse response h LED (t) is thus given by:

h LED (t) = e -2πfLEDt . (1) 
Consequently, the drive current-to-transmitted optical power relationship can be written as: 1), (14) 𝐼 𝑡𝑥,𝑖 𝑡

Φ r tx,i (t) = η EO I tx,i (t) ⊗ h LED (t), (2) 
𝐼 𝑏 𝐼 𝑖 𝑡 [START_REF] Olmedo | Multiband carrierless amplitude phase modulation for high capacity optical data links[END_REF] m-CAP module Φ 𝑟𝑥,𝑖 𝑟 (𝑡)

Binary data received Estimated coordinates

Channel 𝐼 𝑟𝑥,𝑖 (𝑡) (6) ( 4), ( 5), ( 14), (1) ℎ 𝐿𝑂𝑆,𝑖 𝑡 (4), ( 5) PD (14) , (18) (6) 2. AP 𝑖 -to-UE distance estimation መ 𝑑 𝑖 (21) ( 17)-( 18 where ⊗ is the time domain convolution. Note that according to this first-order model, the current-to-optical power conversion factor η EO can also be directly linked with the wall-plug efficiency η WPE by η WPE = η EO V b , with V b the bias voltage matching the current DC bias I b , and when the alternative current (AC) part of the drive signal I tx,i (t) has a null mean.

D. The Optical Wireless Channel

Once the drive current signal I tx,i (t) of the i-th AP is turned into a light signal of instantaneous optical power Φ r tx,i (t), it travels through free space before being collected and turned into a photocurrent I rx,i (t) by the PD in the UE. In order to set-up a relationship between these two currents, and knowing (2), we now need to establish the link between Φ r tx,i (t) and I rx,t (t), which can be done from the commonly used OWC channel model [START_REF] Ghassemlooy | Channel modeling[END_REF], according to which:

I rx,i (t) = R PD Φ r tx,i (t) ⊗ h i (t) + n(t), (3) 
where R PD is the PD responsivity, n(t) is the channel noise, usually modeled as a signal independent additive white Gaussian Noise (AWGN) of power spectral density (PSD) N 0 , and h i (t) is the optical wireless channel impulse response between the i-th AP and the UE.

In indoor OWC systems, the channel impulse response is composed of a line-of-sight (LOS) component h LOS,i (t) coming from the direct path between the AP and the UE, and of a diffuse component -also know as non-line-of-sight (NLOS) component h NLOS,i (t) -coming from the multiple paths that include at least one reflection between the AP and the UE. In this work, the NLOS component is not taken into Fig. 3: Distribution of illuminance provided by the proposed system. account, since its contribution has been shown to be negligible, except at the room edges [START_REF] An | Energy efficiency optimization for mimo visible light communication systems[END_REF], so that h(t) = h LOS,i (t).

In practice, the LOS impulse response h LOS,i (t) can be modeled as:

h LOS,i (t) = H LOS,i (0)δ t - d i c , (4) 
where δ(•) is the Dirac function, c is the light speed so that d i /c is the propagation delay between the i-th AP and the UE, and H LOS,i (0) is the channel DC-gain, which mainly depends on the link geometry. Assuming the link geometry is as represented on Fig. 4, then it can be shown that [START_REF] Ghassemlooy | Channel modeling[END_REF]:

H LOS,i (0) =      APD(mi+1) 2πd 2 i cos mi (ϕ i ) cos(ψ i )T f (ψ i )G c (ψ i ) if 0 ≤ ψ i ≤ Ψ c and 0 ≤ ϕ i ≤ π/2, 0 otherwise , (5) 
where ϕ i is the radiation angle, ψ i is the incident angle, Ψ c is the PD field-of-view (FOV), A PD is its sensitive area, m i is the order of Lambertian emission of the i-th light source, which is related to its semi-angle at half-power Φ 1/2,i by m i = -ln 2/ ln cos Φ 1/2,i , and where T f (ψ i ) and G c (ψ i ) are respectively the gain of the optical filter and of the optical concentrator that may be added in front of the PD to enhance light collection. Note also that the incident angle ψ i of any light ray must be lower than the PD FOV Ψ c , otherwise it will not be collected.

Consequently, by mixing (2), ( 3) and (4), we can show that the relationship between the drive current of the LED in the i-th AP and the photocurrent produced by the PD in the UE is:

I rx,i (t) = η EO H LOS,i (0)R PD × I tx,i (t) ⊗ h LED (t) ⊗ δ t - d i c + n(t). (6) 

E. m-CAP Data Transmission Principles

The drive current I tx,i (t) of the i-th AP depends on the modulation adopted, which is here an m-CAP modulation, where m is the total number of sub-bands [START_REF] Merah | Experimental multiuser visible light communication attocell using multiband carrierless amplitude and phase modulation[END_REF]. Each AP embeds an m-CAP module, where a binary data stream is first mapped over the m sub-bands by a quadrature amplitude modulation (QAM) mapping scheme of order M n , with n = 1, ..., m the sub-band index. Note that here, we adopt a uniform bit loading strategy so that M n = M for all n.

In this work, the m-CAP module is designed in such a way that its main parameters are derived from a limited number of parameters that the designer can freely set. These degrees of freedom are the total bandwidth B of the m-CAP signal, the number of sub-bands m, their center frequencies f i,n sc , and their width B i,n sc , with n = 1, ..., m. In practice, B can be set from the LED frequency response, and the frequencies f i,n sc can then be selected to be less than B and greater than a certain DC-centered guard band. This prevents a significant portion of the signal power from being in low frequencies that may be disturbed by other artificial or natural light sources. Finally, the width of the sub-bands B sc can be set to meet a target data rate R b while ensuring sufficient guard bands between each sub-band. Assuming all sub-bands have the same width, that is B i,n sc = B sc for all n, then the m-CAP symbol duration is indeed T s = 1/B sc , which thus means that R b directly depends on B sc through the relation:

R b = m log 2 (M ) T s = m log 2 (M )B sc . (7) 
In order to respect the chosen constraint on B sc , the M -QAM data stream of each sub-band must first be upsampled by a factor N ss setting the number of samples per symbol and defined as:

N ss = f samp B sc = 2B B sc , (8) 
where ⌊•⌋ is the floor function and f samp is the base sampling frequency, defined as twice the m-CAP signal bandwidth B. These upsampled M -QAM symbols are then separated into their in-phase (real) and quadrature (imaginary) components, denoted in the continuous time domain as X i,n I (t) and X i,n Q (t) respectively.

These m pairs of in-phase and quadrature (I/Q) components are then filtered with analog or digital finite impulse response (FIR) filters of length L SPAN , of roll-off factor α and of respective responses f i,n I (t) and f i,n Q (t), designed such that they form Hilbert pairs of time domain form:

f i,n I (t) = g SRRC (t) • cos π t T s (2n -1)(1 + α) , (9) 
f i,n Q (t) = g SRRC (t) • sin π t T s (2n -1)(1 + α) , (10) 
where g SRRC (t) is the response of the square-root raised cosine (SRRC) pulse shaping filter, defined as:

g SRRC (t) = sin (1-α)πt Ts + 4αt Ts cos (1+α)πt Ts πt Ts 1 -4αt Ts 2 . ( 11 
)
After filtering, all sub-bands are summed together and then passed through a DAC to generate the modulation current Îi (t), given by:

Îi (t) = m n=1 X i,n I (t) ⊗ f i,n I (t) -X i,n Q (t) ⊗ f i,n Q (t) . ( 12 
)
At this stage, the modulation current Îi (t) is such that its mean value is null, i.e. E{ Îi (t)} = 0, with E{•} the expected value function, and has a PAPR increasing with the number of sub-bands used m and the QAM order or each sub-band M [START_REF] Khalighi | Pamand cap-based transmission schemes for visible-light communications[END_REF]. This behavior may lead, after addition of the DC bias I b , to a drive current ranging out of the linear region of the LED (i.e. max(I tx,i (t)) > I max and/or min(I tx,i (t)) < I min , with max(•) and min(•) the maximum and minimum functions respectively).

To avoid this issue, but also to ensure that the luminous flux produced by each light source remains stable, the modulation current may thus be scaled so that its swing ∆I i equals (I max -I min )/2. In practice, this scaling operation may be done by normalizing the m-CAP signal before digital-toanalog conversion, and then amplifying the resulting analog signal by a gain ∆I i . In this case, the scaled drive signal I i (t) is given by:

I i (t) = Îi (t) max(| Îi (t)|) • I max -I min 2 , ( 13 
)
where |•| is the absolute value function. Finally, an appropriate DC bias I b can be added via a bias tee to ensure the drive signal I tx,i (t), given by the following expression, lies in the linear region of the LED:

I tx,i (t) = I i (t) + I b , (14) 
At the receiver, the DC component in the collected photocurrent signal I rx,i (t) is first removed using a filter, after which the remaining current component I ′ i (t) is sampled by an ADC and then duplicated into 2m equal signals denoted r i,n 1 and r i,n 2 . These signals are filtered using their associated matched filters f ′ i,n I and f ′ i,n Q , which are the time-reversed versions of the pulse shaping filters used at the transmitter side, i.e. f ′ i,n

I (t) = f i,n I (-t) and f ′ i,n Q (t) = f i,n Q (-t)
when expressed in the time domain. The output waveforms for each sub-band are thus the recovered data streams X ′ i,n I and X ′ i,n I , given by:

X ′ i,n I = r i,n 1 ⊗ f ′ i,n I , (15) 
X ′ i,n Q = r i,n 2 ⊗ f ′ i,n Q . ( 16 
)
After down-sampling and recombination, these I/Q components are demapped and demodulated to recover binary data which can be compared to the original binary data in order to evaluate the BER performance of the link. This brief description of the m-CAP principles shows that this modulation offers several degrees of freedom to the designer, including not only the number of sub-bands m, their central frequencies f i,n sc , their width B sc and their QAM order M , but also the roll-off factor α and length L SPAN of the pulse shaping filters, which influence on the communication performance is critical [START_REF] Merah | Experimental multiuser visible light communication attocell using multiband carrierless amplitude and phase modulation[END_REF].

F. RSS-Based Localization Principles

While the photocurrent I rx,i (t) is processed to retrieve the transmitted data, it can also be used to estimate the UE localization via the RSS technique. RSS-based positioning consists in computing the ratio between the average optical power transmitted by each AP Φ r tx,i and the corresponding average optical power collected by the UE Φ r rx,i . Therefore, the first step in applying this method is for the UE to know the different values of Φ r tx,i . In practice, each AP is able to estimate its own Φ r tx,i , or at least an image of this parameter, by computing the variance of its drive signal I tx,i (t), noted P tx,i , and then converting it into a pseudo-optical power Φr tx,i using:

Φr tx,i = η WPE P tx,i = η WPE V (I tx,i (t)) , (17) 
with V(•) the variance function. Although the use of this method will be justified later, note already that in this case, the calculated pseudo-optical power is underestimated compared to the real optical power because the variance of I tx,i (t) does not correspond exactly to the electrical power consumed by the AP, to which η WPE normally applies. In any case, once estimated, this pseudo-optical power can then be easily sent by the AP to the UE via its allocated location data frame, as mentioned in Section II-C. The second step in the application of the RSS technique is for the UE to estimate the optical power it receives from each AP, or at least here again an image of it. The solution adopted thus consists in computing the variance of the photocurrent signal I rx,i (t), produced by the PD when receiving the location data frame of each AP so that interference from the other APs is avoided. The resulting signal power P rx,i is then converted into a pseudo-received optical power Φr rx,i using:

Φr rx,i = P rx,i R PD = V (I rx,i (t)) R PD . ( 18 
)
Note that without additional hardware, there is no way to measure the actual received optical power, hence the need to compute Φr rx,i through the variance of the photocurrent. This explains why on the AP side, the transmitted optical power is estimated through the drive signal variance rather than through the electrical power consumption, otherwise the comparison between Φr tx,i and Φr rx,i would not be relevant. This comparison is at the heart of the third step, which consists in estimating the distance d i between the i-th AP and the UE using the values Φr tx,i and Φr rx,i . According to the optical wireless channel model, we know that [START_REF] Ghassemlooy | Channel modeling[END_REF]

: Φ r rx,i Φ r tx,i = A PD (m i + 1) 2πd 2 i cos mi (ϕ i ) cos(ψ i )T f (ψ i )G c (ψ i ). (19) 
In this work, we assume the normal vectors of the APs and of the UE are colinear and of opposite direction, which means with reference to Fig. 4 that ϕ i = ψ i and cos(ϕ i ) = h/d i . We also assume the optical filter and concentrator gains do not vary with the incidence angle. In such a case, ( 19) can be simplified as follows:

Φ r rx,i Φ r tx,i = A PD (m i + 1) T f G c h mi+1 2πd mi+3 i . (20) 
Therefore, an estimate di of d i can be obtained using:

di = m i +3 A PD (m i + 1) T f G c h mi+1 2π • Φr tx,i Φr rx,i . (21) 
Once at least four distances di have been estimated, they can be projected into the receiver plane in order to calculate an estimate ri of their radial component r i using:

ri = d2 i -h 2 . (22) 
Then, the actual UE coordinates, denoted as X e = (x e , y e ), can be linked to the coordinates of the four closest APs {(x i , y i )} i=1...4 using the following system of equations:

       (x e -x 1 ) 2 + (y e -y 1 ) 2 = r 2 1 (x e -x 2 ) 2 + (y e -y 2 ) 2 = r 2 2 (x e -x 3 ) 2 + (y e -y 3 ) 2 = r 2 3 (x e -x 4 ) 2 + (y e -y 4 ) 2 = r 2 4 , (23) 
which can also be expressed in the matrix form:

BX e = C, (24) 
with B and C defined as:

B =   x 2 -x 1 y 2 -y 1 x 3 -x 1 y 3 -y 1 x 4 -x 1 y 4 -y 1   , (25) 
C = 1 2   (r 2 1 -r 2 2 ) + (x 2 2 + y 2 2 ) -(x 2 1 + y 2 1 ) (r 2 1 -r 2 3 ) + (x 2 3 + y 2 3 ) -(x 2 1 + y 2 1 ) (r 2 1 -r 2 4 ) + (x 2 4 + y 2 4 ) -(x 2 1 + y 2 1 )   . ( 26 
)
In order to solve this system, we can use the linear least squares method [START_REF] Zhang | Asynchronous indoor positioning system based on visible light communications[END_REF], which gives eventually an estimation of the receiver coordinates X e = (x e , ŷe ), defined as:

X e = B T B -1 B T Ĉ, (27) 
with Ĉ given by [START_REF] Yang | Qosdriven optimized design-based integrated visible light communication and positioning for indoor iot networks[END_REF] where the r i are replaced by their estimates ri . The root-mean square (RMS) localization error ∆ RMS is finally given by:

∆ RMS = (x e -x e ) 2 + (ŷ e -y e ) 2 . ( 28 
)
It appears clearly that this RMS error depends directly on the accuracy with which the radial distances ri are estimated, and thus on that of the AP-to-UE distances di . Therefore, the UE may in practice prioritize the four larger values of Φ r rx,i , which correspond to the four closest APs and should provide the best estimates of d i .

III. SIMULATION RESULTS AND DISCUSSIONS

A. Simulation Hypothesis and Method

In our simulations, we consider the 4 m × 4 m × 2.5 m room shown in Fig. 1, where nine APs are evenly installed on the ceiling and where the UE may move in a 4 m × 4 m receiver plane located 85 cm above the floor. The different parameters of the APs and UE used during the simulations are detailed in Table II with their values.

Note that when possible, we set these values according to those of existing components. On the one hand, as detailed in Section II-C, each light source is made of four Lumileds LUXEON LED chips [START_REF] Lumileds | LUXEON Rebel -General purpose white[END_REF], from which we defined the APs bias current (I b ) and voltage (V b ) as well as their linear region (I max -I min ) and wavelength spectrum. We also set their -3 dB cut-off frequency f LED to 3 MHz [START_REF] Kwon | Modulation bandwidth enhancement of white-led-based visible light communications using electrical equalizations[END_REF], although we exploited these components beyond this limit by sending m-CAP signals of bandwidth B = 10 MHz. On the other hand, we considered the photoreceiver in the UE to be composed of four Hamamatsu S6967 photodiodes in parallel [38], from which we extracted values for the FOV (Ψ c ), responsivity (R PD ) and effective area (A PD ). In parallel, we set the noise PSD at the receiver level to 10 -21 W/Hz [START_REF] Hei | Energy-spectral efficiency tradeoff in dco-ofdm visible light communication system[END_REF].

The remaining degrees of freedom for the simulations are thus the main m-CAP parameters, listed in Table III. We compared two configurations having different number of subbands m and sub-bands width B sc but providing eventually the same aggregated data rate R b . For each configuration, we varied the QAM order of the sub-bands M , along with the FIR filters parameters like their roll-off factor α and their length L SPAN .

Once all these parameters were set, we defined the coordinates of the UE in the receiver plane and used MAT-LAB to compute the fundamental variables which are listed successively from left to right in Fig. 1 (in blue) using the corresponding equations (in red). Therefore, we generated 34560 M -QAM symbols with each AP (i.e. more than 10 5 bits whatever the QAM order M > 8), which were then modulated with m-CAP, sent through the OWC channel and detected by the PD, before being processed to estimate the coordinates X e of the UE on the one hand, and to recover the transmitted data on the other hand.

These results were then used to analyze the influence of the different m-CAP parameters on the sensing performance (Section III-B) and on the communication performance (Section III-C) by calculating respectively the RMS positioning error [START_REF] Nassiri | A hybrid vlp and vlc system using m-cap modulation and fingerprinting algorithm[END_REF] and the bit error rate (BER) along with the signalto-noise ratio (SNR) at the UE level. All these operation were eventually repeated for all the receiving points by moving the UE in 10 cm steps in the x and y directions of the receiver plane. B. Positioning Performance 1) Overall performance: First, and without loss of generality, as we will see later, we focus on the positioning performance of 'Configuration 1' when α = 0.4, L SPAN = 10 and M = 64. Figure 5 shows the spatial distribution of the RMS positioning error obtained when the DC part of the signals received consecutively by the UE from each AP is not filtered out. Note that such a method is only applicable if the room in which the system is deployed is not lit by additional natural or artificial light. We can see that this error varies between 0.3 cm and 11.7 cm, and is minimal at the center of each group of four APs on the one hand (e.g. point A), at mid-distance between two APs when x = 0 or y = 0 on the other hand (e.g. point B).

This is because at point A, the four signals used by the RSS algorithm to estimate the distances di between the UE and the four closest APs have an SNR of 43.1 dB, 44.4 dB, 44.4 and 45.8 dB, whereas at point B, they have an SNR of 32.6 dB, 32.6 dB, 49.0 dB and 50.1 dB. However, the larger this SNR, the lower the error in di . Consequently, at point B, the top two SNR values will give better absolute distance estimates than at point A, whereas the next two will give worse distance estimates, leading eventually to a similar RMS error.

Figure 6(a) provides another perspective on the RMS po- sitioning error by showing in black solid line its cumulative distribution function (CDF), calculated from the 1681 values obtained in Fig. 5. We can see that in 90% of the cases, this error is lower than 7.17 cm. If the confidence threshold is set to 66% or 99%, the corresponding errors are 5.34 cm and 9.96 cm respectively, hence showing that the proposed system can provide a very interesting indoor positioning solution.

Note that the results presented so far have been obtained by estimating the UE position only once at each test point. When this operation is repeated, the estimates obtained show only a very small variability of the order of a millimeter, which is why these results are not further detailed here. Figure 6(a) also shows in black dotted line the CDF of the RMS positioning error when the noise PSD is not 10 -21 W/Hz but null, i.e. when the UE is considered noiseless. In such a case, we can see that there is still a non-null error, which in 90% of the case is lower than 6.95 cm. This is because the RSS algorithm adopted here does not rely on the calculation of the actual optical powers transmitted and received Φ r tx,i and Φ r rx,i but on pseudo optical powers calculated from the variances of the transmitted and received electrical signals I tx,i (t) and I rx,i (t). These pseudo optical powers are lower than their actual counterparts, which leads to intrinsic positioning errors that could however be calibrated and thus corrected using specific methods. Such methods are nevertheless out of the scope of this article.

2) Influence of I b , α, L SPAN , m and M : We now consider the case where the DC part of the signals received consecutively by the UE from each AP is filtered out, which may be necessary when the room is illuminated by additional natural or artificial sources in order to eliminate spurious DC levels. In such a case, the CDF of the RMS positioning error given by Fig. 6(b) shows that 90% of these errors are lower than 64.81 cm, a value way larger than that obtained when keeping the DC part of the received signals. This gap comes from the lower optical power available when discarding the DC component, as highlighted in Fig. 7, which shows in orange and yellow the standard deviations of the drive signal with and without its DC part, i.e. of the current signals I tx,i (t) and I tx,i (t) -I b respectively, to which the transmitted optical power is directly proportional according to our first order LED model. We can clearly see that this standard deviation is logically much lower when the DC part is removed, by a factor of about 7. In this case, the received optical power that can be exploited to retrieve the absolute distance between the UE and AP is thus also much lower than when keeping the DC component, leading to worse position estimates.

In Fig. 7, the standard deviations of I tx,i (t) and I tx,i (t)-I b are actually given along with that of the initial data signal Îi (t) (in blue). They are represented as functions of the QAM order M and are framed by vertical bars indicating their minimum and maximum values as the roll-off factor α varies. For example, when M = 64, the standard deviation of Îi (t) varies between 7.58 A when α = 1 and 9.37 A when α = 0. Let us recall here that a roll-off factor close to 0 gives almost perfect bandpass filters, whose frequency response is similar to a gate function, while a roll-off factor close to 1 gives a very smooth frequency response at the bandwidth level. In other words, decreasing the roll-off factor leads to sharper I/Q filters and thus to signals with larger power over the same spectrum than when α = 1, hence the observed difference in standard deviation.

As a comparison, the standard deviations of I tx,i (t) and I tx,i (t) -I b for the same QAM order are around 2.82 A and 0.32 A respectively, whatever the roll-off factor. These values also remain constant with the QAM order, whereas this parameter has a strong influence on the standard deviation of Îi (t). In order words, α and M have a negligible influence on the optical power transmitted by each AP. Although not shown here, the same consequences are observed when varying L SPAN and m, which can be explained by the scaling performed on Îi (t) to obtain I tx,i (t) and fit the LED current limits, which erases the differences in the standard deviation of Îi (t) introduced by the I/Q filters and the m-CAP parameters. The direct consequence of all this is that, in the end, the positioning performance of the proposed system is only marginally influenced by m, M , α and L SPAN .

C. Communication Performance 1) Influence of α and L SPAN : Figure 8 shows the evolution of the average BER over the whole reception plane against the roll-off factor α for different couples of filter length L SPAN and number of sub-bands m, with a QAM-order M set to 64. Note that we focus here on the average BER rather than on its spatial distribution because it remains rather constant over the whole reception plane, as all APs are used to transmit simultaneously the same signal to the UE. In parallel, note that the black solid black line on Fig. 8 shows the 3.8 × 10 -3 BER limit under which a 7% overhead forward error correction (FEC) code is able to fully correct the corrupted data [START_REF]Forward error correction for high bit-rate DWDM submarine systems[END_REF]. We can first clearly see that whatever the filters length and number of sub-bands, the average BER decreases as the rolloff factor α increases. As previously mentioned, increasing α tends to smooth the I/Q filters frequency response and thus reduces their non-linearity, so that the associated subbands will experience less clipping and thus better the BER performances [START_REF] Merah | Experimental multiuser visible light communication attocell using multiband carrierless amplitude and phase modulation[END_REF].

Then, we observe that for a given roll-off factor, the average BER gets lower as the filter's length increases. This is because the longer the filters, the more accurate the filtering process, and the better the performance. Such an explanation is especially valid when α gets closer to zero, as the filters approach ideal band-pass filters that will thus need a larger span to maintain a small level of residual inter-symbol interference (ISI) [START_REF] Merah | Experimental multiuser visible light communication attocell using multiband carrierless amplitude and phase modulation[END_REF]. On the contrary, when α is close to 1, the transfer function of the filter is smoother so that it could be implemented in the digital domain with a lower span for the same level of residual ISI.

2) Influence of M and m: Figure 9 gives the evolution of the average BER against the roll-off factor α for a given filter length L SPAN = 10 while the QAM-order M of the sub-bands varies between 16 and 256 and the number of sub-bands m changes from 4 to 8. We can first confirm that the observations previously made for a QAM-order of 64 are also valid for other values of M . In other words, the average BER decreases as the roll-off factor α increases whatever the modulation order, which can be explained by the same reasons as mentioned above.

Then, it can be clearly seen that for a given roll-off factor, the average BER becomes higher as the modulation order increases. This is because for the same symbol energy, the higher the M , the smaller the distance between each constellation point, which leads to a higher BER for a given noise level. Despite this limitation, we can observe that the average BER Fig. 9: Evolution of the average BER over the whole reception plane against the roll-off factor α for different modulation orders M and number of sub-bands m, when L SPAN = 10.

is below the FEC limit whatever the QAM-order and number of sub-bands for roll-off factors α > 0.2. In this case, the spatial distribution of BER is also such that this metric is below the FEC limit at any point in the room, showing that our system can provide continuous communication coverage even when the modulation order and thus the data rate and spectral efficiency are increased.

The BER performance can further be improved by moving from m = 4 sub-bands to m = 8 sub-bands. Note that here, we also changed the sub-bands width when varying m so that the data rate remained constant for a given QAM-order, as highlighted in Table III. Figures 8 and9 show not only that when m = 8, the same behavior as in the previous sections can be observed, but also that the average BER is lower in this case than when m = 4. The reason for this is that as m increases, each sub-band has a smaller width and therefore experiences less distortion due to attenuation caused by the LED low-pass filter, even though the envelope of each signal has the same shape. In other words, increasing the number of sub-bands helps to limit frequency-selective channel fading, as also demonstrated in [START_REF] Haigh | Multi-band carrier-less amplitude and phase modulation for bandlimited visible light communications systems[END_REF].

From these various observations, we can deduce that from the communication point of view, it is in our best interest to use m-CAP modulations with a large number of subbands implemented with I/Q filters of high length and rolloff factor. However, higher m values will lead to greater hardware complexity due to the greater number of FIR filters required. Similarly, longer I/Q filters are more complex to implement. At the same time, increasing the roll-off factor introduces for each m-CAP band an increasing excess bandwidth, and thus reduces the overall spectral efficiency of the scheme. Consequently, a trade-off must be made when α and L SPAN are chosen. Here, we consider that a number of sub-bands m = 4, a roll-off factor α = 0.4 and a filter length L SPAN = 10 provide a good compromise between performance and complexity, so that these values may be used 3) Independent performance of each AP: In such a configuration, we already know that when all AP transmit the same signal at the same time, the BER remains below the FEC limit at all points in the room. Let us now consider the case where each AP transmits data successively during time slots short enough that users do not notice any fluctuation in the average illuminance, as is the case with the location data frames shown in Fig. 2. Figure 10 shows for each AP the boundary of its coverage area, defined as the area where the BER remains below the FEC limit, when the QAM-order of all sub-bands is set to M = 64 (Fig. 10(a)) and to M = 256 (Fig. 10(b)).

In Fig. 10(a), the number of overlapping coverage zones is also indicated. We can clearly see that the zones where the coverage areas of at least four APs overlap are very limited. We can also see that if a QAM order of 64 is used, an UE will be able to receive data with a BER below the FEC limit wherever it is in the room, providing handover mechanisms that are beyond the scope of this paper are implemented. Conversely, if the QAM order is set to 256, there are no overlapping areas of four APs and some areas will even not properly be covered by any AP. The influence of the modulation order on the coverage of our communication and sensing system is therefore critical, and highlights the interdependence between both functions.

D. Interdependence Between Communication and Sensing

As illustrated above, some modulation parameters such as the number of sub-bands m, the roll-off factor α or the filter length L SPAN have a very limited impact on the positioning performance. However, other parameters like the QAM order have a direct influence on the communication coverage of our system, which has itself a direct influence on the localisation performance, as the UE needs to receive correctly the location data frames of at least four neighbouring APs in order to have knowledge of the optical power emitted by all the APs from which it receives signals and thus to use the RSS localisation algorithm correctly.

Therefore, in order to ensure proper operation over the whole reception plane without having to degrade the modulation settings, each AP could transmit during its dedicated slot not only its own location data but also that of the neighboring APs. Adaptive bit loading strategies could also be used [START_REF] Haigh | Multi-band carrier-less amplitude and phase modulation for bandlimited visible light communications systems[END_REF], applying for example low QAM orders when transmitting the location data frames and variables QAM orders when transmitting the payload. In all cases, such solutions would however increase the duration of the traffic dedicated to signaling transmission, and thus reduce that of user traffic. Therefore, they could be combined with other solutions, such as the optimization of the AP layout or of the light sources parameters, and especially of their beam pattern, taking however into consideration the lighting constraints.

On its side, the sensing function has very little impact on communications performance, as it mainly relies on the estimation of the transmitted and received optical power. However, the necessary transmission of location data frames adds an overhead, which could probably be reduced by optimizing the MAC cycle structure, although such an optimization is out of the scope of this paper.

IV. CONCLUSIONS AND FUTURE WORKS

In this paper, a joint visible light communication and sensing system using the m-CAP modulation and an RSSbased trilateration algorithm is proposed and assessed for the first time. This system is designed to take into account the lighting constraints of the deployment scenario, as well as the bandwidth and current limitations of the LED light sources it uses. The communication and sensing performance is then fully investigated, with a specific attention on the influence of the number of sub-bands m, the QAM order M , the I/Q filters roll-off factor α and length L SPAN or the DC bias I b .

The simulations show that in the proposed set-up, an UE placed at any point 85 cm above the floor will be exposed to an illuminance between 300 and 500 lux, will be located with an error lower than 7.17 cm in 90% of the cases, and will be able to receive data at 32 Mbps with a BER < 3.8 × 10 -3 . They also show that the positioning error depends strongly on the bias current I b but marginally on the other studied parameters, whereas the communication performance increase with m, α and L SPAN , however at the cost of complexity.

These results show that despite lighting and LED constraints, the proposed m-CAP and RSS-based joint communication and sensing system could be performing enough to support part of the current LBS services such as 4K broadcasting, which currently requires between 15 and 18 Mbps data rates [START_REF]Cisco annual internet report[END_REF], or some virtual reality applications [START_REF] Mangiante | Vr is on the edge: How to deliver 360°videos in mobile networks[END_REF], but also future services that will come with beyond 5G and 6G technologies.

Our simulations also provide useful insight on how to properly implement such an m-CAP/RSS system in practice in order to validate it experimentally, an aspect on which we are now focusing our efforts. In parallel, the simulation model used will be improved in order to study the impact on communication and sensing performance of certain critical phenomena such as the propagation of NLOS signals [START_REF] Schulze | Frequency-domain simulation of the indoor wireless optical communication channel[END_REF], the random orientation of the UE caused by the user's movements, but also to take into account a finer model of the photoreceiver and allow 3D positioning [START_REF] Zhu | Three-dimensional vlc positioning based on angle difference of arrival with arbitrary tilting angle of receiver[END_REF] while reducing the interdependence between communication and sensing. This improved model will finally be used to perform a fair comparison between different modulation schemes, such as m-CAP, DCO-OFDM, ACO-OFDM or LACO-OFDM.

Fig. 1 :

 1 Fig. 1: System configuration (AP: access point, PD: photodiode, UE: user equipment). The main variables are in blue, whereas the equations used to compute them in the simulations are in red (normal font: main equations, superscript: secondary equations). The m-CAP modulation, demodulation and RSS algorithm are detailed in the corresponding grey dashed boxes, with reference to variables and equations defined in Sections II-E and II-F. The other variables and equations are defined in Sections II-C and II-D.
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 4 Fig. 4: Light transmission between LED and receiver.
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 5 Fig. 5: Distribution of the RMS positioning error over a reception plane of resolution 10 cm in the x and y directions. The black circles indicate the coordinates of the APs whereas A and B are examples of points where the error is minimal.

  (a) Case when the DC part of the signals received by the UE from each AP is kept. (b) Case when the DC part of the signals received by the UE from each AP is filtered out.

Fig. 6 :

 6 Fig. 6: CDF of the positioning error.

Fig. 7 :

 7 Fig. 7: Standard deviation of the transmitted signal against the QAM order M . The vertical bars indicate the variations in standard deviation observed when changing the roll-off factor.
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 8 Fig. 8: Evolution of the average BER over the whole reception plane against the roll-off factor α for different filters length L SPAN and number of sub-bands m, when M = 64.

  (a) Case when M = 64. (b) Case when M = 256.

Fig. 10 :

 10 Fig. 10: Coverage area of each AP when used successively and not together to transmit a data signal. The numbers indicate the number of overlapping coverage areas.

TABLE I :

 I COMPARISON BETWEEN OUR WORK AND THE EXITING LITERATURE ON VLC-BASED COMMUNICATION AND SENSING (ND: NON-DEFINED).

	Reference	[25]	[26]	[27]	[28]	This work
	Modulation	OFDM	OFDM	FBMC	m-CAP	m-CAP
	Positioning algorithm	RSS trilatera-tion	RSS trilater-ation	PDOA trilater-ation	RSS finger-printing	
		No	No	No	No	Yes
	Data rate	ND	1.31 Gbps	ND	ND	32 Mbps
	Positioning accuracy	2.9 to 21.2 cm	4.3 to 20 cm	8.1 cm	4.5 to 10.7 cm	7.17 cm

TABLE II :

 II SIMULATION PARAMETERS.

	APs parameters
	Parameter	Value
		AP 1,2,3,4 : (±1.5, ±1.5, 2.5)
	3D coordinates	AP 5,6 : (±1.5, 0, 2.5) AP 7,8 : (0, ±1.5, 2.5)
		AP 9 : (0, 0, 2.5)
	Semi-angle at half-power (Φ 1/2 )	30 •
	-3 dB cut-off frequency (f LED )	3 MHz [37]
	Bias current (I b )	2.8 A (4×700 mA) [33]
	Bias voltage (V b )	3.5 V [33]
	Linear region (I min to Imax)	4×400 mA to 4×1 A [33]
	Electrical power consumption (P tx,i )	9.8 W
	Optical power radiated (Φ r tx,i )	2.84 W
	Wall-plug efficiency (η WPE )	0.29 [34]
	UE parameters
	Parameter	Value
	Height of the UE	0.85 m (i.e. h = 1.65 m)
	FOV of the PD (Ψc)	85 • [38]
	Responsivity of the PD (R PD )	0.63 A/W [38]
	Effective area of the PD (A PD )	105.6 mm 2 [38]
	Optical filter gain (T f )	1 (no filter used)
	Optical concentrator gain (Gc)	1 (no concentrator used)
	Total bandwidth (B)	10 MHz
	Noise PSD (N 0 )	10 -21 [39]

TABLE III :

 III 

m-CAP PARAMETERS.
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