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Multi-pixel photon-counters (MPPCs) are interesting alternatives to photo-multiplier tubes for use in underwater wireless optical communication systems to allow extending the link range. We show the influence of different MPPC parameters on the link performance while considering multiple sub-carrier modulation based on the well-known DC-biased optical orthogonal frequency-division multiplexing in order to considerably increase the data ate of such links. Meanwhile, we discuss the effect of signal clipping on the link performance due to the limited dynamic range of the emitting device.

I. INTRODUCTION

Emerging maritime applications are in great demand for underwater wireless high-speed data transmissions. Underwater wireless optical communication (UWOC) is well recognized to be a cost-effective and energy-efficient technology for high data-rate communication across short-to-moderate link distances [START_REF] Khalighi | Visible Light Communications: Theory and Applications[END_REF]. To extend the transmission range of UWOC systems, there has been a growing interest in the use of multipixel photon-counters (MPPCs), also referred to as silicon photo-multipliers (SiPMs) at the receiver (Rx). These components provide high Rx sensitivity in addition to several practical advantages, as compared with photo-multiplier tubes (PMTs), for instance [START_REF] Khalighi | Underwater wireless optical communications using silicon photo-multipliers[END_REF]. However, one drawback of MPPCs, as compared to PMTs is their limited bandwidth (BW) and their smaller active area. In order to ensure high data rates despite this limited BW, high spectral-efficiency signalling schemes need to be employed. Also, an MPPC can be used with an imaging lens to increase the effective area of the Rx but this may impose limitations in terms of pointing accuracy. In this paper, we consider the interest of multiple sub-carrier modulation signaling, based on optical orthogonal frequencydivision multiplexing (O-OFDM) and investigate the influence of different MPPC parameters on the link performance.

Given the relatively high signal peak-to-average power ratio (PAPR) of OFDM-based signaling schemes, this may result This work was partly supported by the French PACA (Provence, Alpes, Côte d'Azur) Regional Council and the École Centrale Marseille, as well as Alex Ekwueme Federal University Ndufu-Alike (AE-FUNAI), Nigeria, and Campus France. It was also based upon work from European Union's Horizon 2020 COST Action CA19111 NEWFOCUS (European network on future generation optical wireless communication technologies). in a considerable deterioration of the link performance due to the constrained dynamic range (DR) of the transmitter (Tx) (mainly the emitting device and its driver). On the Rx side, the limited number of MPPC "pixels" (i.e., Single-Photon Avalanche Detectors, SPADs) and the resulting limited DR also affects the signal detection. The presented study, hence, takes this Tx/Rx DR limitations into consideration and demonstrates the effect of different link or MPPC parameters on the system performance.

The remainder of this paper is organized as follows. Section II introduces the general assumptions and system model of the considered UWOC link. A brief description of MPPCs is presented in Section III, followed by a short introduction on O-OFDM signaling in Section IV. Then, numerical results are presented in Section V to investigate the effects of system parameters on the link performance, namely the average biterror-rate (BER). Lastly, Section VI concludes the paper.

II. ASSUMPTIONS AND SYSTEM MODEL

We consider the use of light-emitting diodes (LEDs) at the Tx, with advantages including lower cost and higher output power, as compared to laser diodes. As mentioned previously, an MPPC is used at the Rx (without a lens), allowing significant range extension as well as operational robustness and implementation simplicity. Signal transmission is based on intensity modulation and direct detection (IM/DD), obviously imposing that the transmitted signal after modulation must be positive and real. In our study, we fix the transmit electrical power as the main Tx parameter, directly related to the power consumption of the underwater unit.

We assume perfect channel knowledge at the Rx and also perfect time synchronization between the Tx and the Rx. Furthermore, we make the simplifying assumption of negligible Tx-Rx beam misalignment and oceanic turbulence to focus on the effect of Rx parameters and modulation scheme.

We consider the classical Lambertian model [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF] for the beam divergence of the Tx LED, and denote by m and P Tx the Lambertian order and the transmit optical power, respectively.

Channel attenuation is modeled by a coefficient h, which takes into account water absorption and scattering. For the sake of simplicity, we assume working in relatively clear (low turbidity) waters where the effect of multiple-scattering can be neglected [START_REF] Gabriel | Monte-carlo-based channel characterization for underwater optical communication systems[END_REF], [START_REF] Cochenour | Temporal response of the underwater optical channel for high-bandwidth wireless laser communications[END_REF]. Consequently, we consider the simple Beer-Lambert model to account for beam attenuation in water, which consists in an exponential decrease of the optical power at a specific distance Z from the optical source.

h ch = exp(-KZ), (1) 
where K in units of m -1 denotes the diffuse attenuation coefficient, which applies to an non-collimated light source, and depends on the concentration of different types of particulates or molecules in seawater, as well as on λ [START_REF] Hamza | Investigation of solar noise impact on the performance of underwater wireless optical communication links[END_REF]. As we assume relatively low-turbidity waters, the delay spread of the aquatic channel can reasonably be neglected [START_REF] Gabriel | Monte-carlo-based channel characterization for underwater optical communication systems[END_REF]. Still, considerable system BW limitation can arise from the LED and the MPPC.

The aggregate channel impulse response (IR) h agg is then:

h agg (t) = h ch • h LED (t) * h MPPC (t), (2) 
where * denotes convolution, and h LED (t) and h MPPC (t) denote normalized IRs of the LED and the MPPC, respectively. These latter are modeled as a 1 st -order low pass filter with 3-dB cutoff frequencies of f c,LED and f c,MPPC , respectively [START_REF] Khalighi | Underwater wireless optical communications using silicon photo-multipliers[END_REF]:

h LED (t) = exp (-2πf c,LED t) (3) h MPPC (t) = exp (-2πf c,MPPC t) (4) 
It is obvious that the aggregate channel becomes frequencyselective when working with high data rates. To reduce the corresponding inter-symbol interference (ISI) at the Rx, channel equalization can be performed at the Rx either in time or frequency domains. The latter approach generally implies a lower computational complexity, as considered in [START_REF] Khalighi | SiPM-based underwater wireless optical communication using pulse-amplitude modulation[END_REF], [START_REF] Hamza | On limitations of using silicon photomultipliers for underwater wireless optical communications[END_REF]. An alternative solution, considered here, is to use optical OFDM signaling, which is a quite popular approach in wireless communication systems [START_REF] Prasad | OFDM for Wireless Communications Systems[END_REF], [START_REF] Shieh | OFDM for Optical Communications[END_REF]. We focus on the well-known DC-biased O-OFDM (DCO-OFDM) scheme, which has the advantage of reduced computational complexity and lower PAPR, as compared to other O-OFDM variants [START_REF] Essalih | Optical OFDM for SiPM-based underwater optical wireless communication links[END_REF].

III. MPPC-BASED RX FORMULATION

The process of photon counting follows a Poisson distribution. Representing µ as the average number of received photons, the photon count probability is expressed by exp(-µ)µ k /k! [START_REF] Khalighi | Underwater wireless optical communications using silicon photo-multipliers[END_REF], [START_REF] Li | Nonlinear distortion in SPAD-based optical OFDM systems[END_REF]. The factor µ can be expressed in relation to the received optical power P Rx as [START_REF] Khalighi | Underwater wireless optical communications using silicon photo-multipliers[END_REF]:

µ = Γ PDE E p P Rx + f DCR (1 + P CT + P AP )T s (5)
where T s is the counting period (i.e., the symbol duration) and E p the photon energy. Also, f DCR , Γ PDE , P CT , and P AP denote the MPPC dark count rate, photon detection efficiency, probability of cross-talk, and probability of after-pulsing, respectively (see [START_REF] Khalighi | Underwater wireless optical communications using silicon photo-multipliers[END_REF] for details).

With increase in P Rx , and consequently in the number of received photons, the MPPC approaches its non-linear operation or, in other words, its saturation mode. This is due to the limited number of pixels (SPADs), and hence, its limited DR. In addition, once a photon is detected in a pixel, it will be unable to detect a new photon during an interval, called dead-time, denoted here by τ d . Here, we consider passive quenching, where the average MPPC output count µ PQ during T s and for a number of MPPC pixels N SPAD is given by [START_REF] Li | Nonlinear distortion in SPAD-based optical OFDM systems[END_REF]:

µ PQ = µ exp(- µ τ d T s N SPAD ). (6) 
IV. DCO-OFDM SIGNALING Being a popular scheme in optical wireless communications systems, and in particular in visible-light communications [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF], DCO-OFDM has been also investigated for use in UWOC systems in several previous works, where "classical" photodetectors (i.e., a PIN or an APD) have been mostly considered. For instance, in [START_REF] Nakamura | Optical wireless transmission of 405 nm, 1.45 Gbit/s optical IM/DD-OFDM signals through a 4.8 m underwater channel[END_REF], using an APD at the Rx, a data rate of 1.45 Gbps was achieved over a range of 4.8 m. Similarly, the authors in [START_REF] Oubei | 4.8 Gbit/s 16-QAM-OFDM transmission based on compact 450-nm laser for underwater wireless optical communication[END_REF] reported a data rate of 4.8 Gbps over 5.4 m. On the other hand, using a PIN photo-detector and a lens at the Rx, [START_REF] Xu | Underwater wireless transmission of high-speed QAM-OFDM signals using a compact red-light laser[END_REF], [START_REF] Tsai-Chen | Blue laser diode enables underwater communication at 12.4 Gbps[END_REF], and [START_REF] Xu | OFDM-based broadband underwater wireless optical communication system using a compact blue LED[END_REF], reported data rates of 1.3 Gbps over 6 m, 12.4 Gbps over 1.7 m, and 161 Mbps over 2 m, respectively.

A few previous works also considered O-OFDM signaling for the case of an MPPC at the Rx. In particular, [START_REF] Wang | Underwater wireless optical communication based on multipixel photon counter and OFDM modulation[END_REF] achieved a data rate of 312 Mbps in downlink/uplink transmission over a 5 m air and a 21 m water channel using a plano-convex lens at the Rx. In [START_REF] Li | Nonlinear distortion in SPAD-based optical OFDM systems[END_REF], the problem of non-linear distortion in singlepixel MPPC (i.e., SPAD)-based Rxs was investigated. In a recent work [START_REF] Essalih | Optical OFDM for SiPM-based underwater optical wireless communication links[END_REF], the performances of several O-OFDM-based techniques were contrasted where, in particular, the compromise between energy efficiency, operational range flexibility, and computational complexity were discussed.

Figure 1 shows the block diagram of the UWOC link based on DCO-OFDM signaling. At the Tx, Hermitian symmetry is imposed on blocks of size N of M -QAM mapped symbols X k , which are passed to an IFFT block, generating the timedomain OFDM signal x n (see [START_REF] Essalih | Optical OFDM for SiPM-based underwater optical wireless communication links[END_REF] for more details). Next, a cyclic prefix (CP) is added to each block, whose length N CP depends on the aggregate channel delay spread. Then, in order to fit the signal to the LED DR, the signal is multiplied by a scaling factor α. After adding a DC bias B DC to xn , signal clipping is done, resulting in xn , see Fig. 1.

At the Rx, the MPPC output (photon count) is converted to an electrical signal, e.g., by multiplying it by the photon energy E p [START_REF] Li | Nonlinear distortion in SPAD-based optical OFDM systems[END_REF]. Then, after removing the CP, the time-domain OFDM symbols r n are passed through an FFT block. Then, single-tap equalization and QAM-demapping are performed on the signal. Note that the noise after the FFT block is almost independent from the signal, see [START_REF] Essalih | Optical OFDM for SiPM-based underwater optical wireless communication links[END_REF], [START_REF] Safari | Efficient optical wireless communication in the presence of signal-dependent noise[END_REF] for more details.

V. LINK PERFORMANCE ANALYSIS A. Main parameters

We use a blue LED, i.e., λ = 470 nm at the Tx of model NICHIA NSPB510AS [START_REF]Specifications for blue LED: NSPB510AS[END_REF], with 3-dB cut-off frequency of 10 MHz [START_REF] Khalighi | Underwater wireless optical communications using silicon photo-multipliers[END_REF]. Its Lambertian order is considered as m ≈ 45, corresponding to a half-angle of ≈ 10 • . Figure 2 shows the I-V characteristics of the LED extrapolated from the LED datasheet, where we have also shown the approximate linearized characteristics (in red) that we consider here for simplicity. To set the DC bias B DC at the Tx, we consider a clipping factor K, defined as [START_REF] Armstrong | Comparison of asymmetrically clipped optical OFDM and DC-biased optical OFDM in AWGN[END_REF]:

B DC = K E{x 2 n } + V min ≈ K α + V min . ( 7 
)
or equivalently, the value in dB, K dB = 10 log 10 K. As mentioned previously, we fix the electrical transmit power at the Tx P Tx,e , which depends on α and B DC . Its value is calculated by taking the average of the power specific to a symbol, given the LED I-V characteristics.

The MPPC used at the Rx is the Hamamatsu C13366 3050GA model [START_REF] Hamamatsu | MPPC modules data-sheet, GA types, C13366 Series[END_REF] with the main characteristics provided in Table I.

B. Effect of MPPC Parameters

In order to show the effect of Tx/Rx DR limitation on the link performance, we have shown in Fig. 3 color maps of BER versus range and electrical transmit power for two data rates of R b = 20 and 100 Mbps. The dark blue area shows the region corresponding to "sufficiently low BER," which is appropriate for signal transmission. For too high P Tx,e , the link suffers from significant signal clipping at the Tx due to the limited LED DR. Also, for relatively short Z, we are concerned by Rx saturation due to the limited DR of the MPPC. For too large Z, the BER is relatively high due to high signal attenuation, obviously. We notice a much reduced "region of interest" for the higher data rate of R b = 100 Mbps. In fact, firstly, by increasing R b , the symbol duration T s reduces, which results in a smaller received energy for the transmitted OFDM symbol for a given transmit power, and potentially in a degraded BER performance. From Fig. 3, in the sequel, we will set P Tx,e to 200 mW, as this value provides the maximum operation window (with respect to Z), or in other words, the largest low-BER-interval (LBI), see [START_REF] Essalih | Optical OFDM for SiPM-based underwater optical wireless communication links[END_REF], [START_REF] Li | Nonlinear distortion in SPAD-based optical OFDM systems[END_REF]). To see the impact of the DCR on the link performance, considering DCO-OFDM signaling based on 4-QAM modulation, Fig. 4 shows BER plots versus Z for a data rate of R b = 20 Mbps, where in addition to the actual value of 25 kHz that corresponds to the used MPPC, we have considered other DCR values. (For instance, the DCR of 7 MHz is close to that for SensL B-series MicroSB 30020 MPPCs [START_REF] Fast | Blue-Sensitive Silicon Photomultiplier Sensors datasheet[END_REF]). Notice the neat impact of DCR on the performance, which can be deduced to be the dominant noise source (in the absence of background radiation).

A higher data rate can additionally limit the transmission range, as it can be seen from Fig. 5, where we have presented BER plots versus Z for different R b and DCR values. Note, no bit/power loading is performed in order to focus on the impact of increasing the data rate. In the previous results, we can notice the impact of MPPC saturation on the link BER. As explained in Section III, N SPAD and τ d are the two main parameters which determine the MPPC response at relatively large photon counts (i.e., high received signal intensities). To better elucidate the effect of these parameters, we have shown in Figs. 6 and and τ d while including the actual values for the considered component. In order to better see the limitation in terms of τ d , a high data rate of R b = 20 Mbps is considered. We notice that, as expected, the main parameter affecting the Rx saturation is N SPAD , which directly determines the Rx DR. For a larger signal constellation size, the signal has a higher PAPR, and the impact on the BER at low Z due to MPPC saturation is more pronounced, which can be seen from Fig. 6(b). I.

In principle, τ d should play a more important role at higher data rates as it determines the reactivity of a pixel to "redetect an incoming photon" after detecting a photon, which would be manifest at relatively large photon counts. However, VI. CONCLUSIONS For an UWOC link employing an MPPC for signal detection, we considered the use of DCO-OFDM signaling to extend the transmission rate far above the BW limitation of the Tx and the Rx. We then studied the impact of different MPPC parameters, namely the DCR, the number of pixels, and the dead-time. It was shown that in the absence of background noise the DCR has the major impact on the Rx performance, and practically determines the maximum achievable link range for a given target BER. It is hence important to maintain the Rx temperature quite low by using a cooling system in order to keep the DCR as low as possible. On the other hand, the influence of N SPAD and τ d on the actual Rx DR was discussed, and it was shown to which extent the performance is affected when working at relatively short ranges, i.e., high intensities. Particularly, we showed that in practice (when using O-OFDM signaling), the dead-time constraint of the MPPC does not impose further limitation on the operation distance.
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 2 Fig.2. Real (blue) and approximate linearized (red) I-V LED characteristics[START_REF]Specifications for blue LED: NSPB510AS[END_REF]. V min = 2.75 V, Vmax = 4.03 V, I min = 1 mA, Imax = 110 mA.
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 34 Fig. 3. Color-maps of BER versus range and electrical transmit power for R b = 20 and 100 Mbps with N CP = 5 and 20, respectively; N = 1024.
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 56 Fig. 5. BER performance for 4-QAM DCO-OFDM for DCR = 1 and 70 MHz. P Tx,e = 200 mW; K dB = 7 dB; N = 1024; N CP = 9; R b = 1, 20 and 100 Mbps. The other MPPC parameters correspond to TableI.
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 7 Fig. 7. Effect of dead-time τ d on Rx saturation at relatively short Z. BER performance for 4-QAM DCO-OFDM, P Tx,e = 200 mW; N = 1024; N CP = 9; R b = 20 Mbps; the other MPPC parameters correspond to TableI.

TABLE I

 I 

	Hamamatsu C13366 3050GA MPPC parameters [22].
	Photon Detection Efficiency Γ PDE	40%
	Surface Area A MPPC	9 mm 2
	Dark Count Rate f DCR	25 kHz
	Dead Time τ d	68.1 ns
	Number of SPADs N SPAD	3600
	CrossTalk Probability P CT	3%
	After-pulse Probability P AP	0.1%
	3-dB Cut-Off Frequency	4 MHz