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We consider an free-space optical (FSO) system for high-speed trains where the sampling clock offset is randomly changing and the receiver does not have any information on the instantaneous channel fading coefficient. Based on the use of multiple samplers at the receiver, we propose a novel sequence blind detection method, thus without requiring any pilot symbol. Furthermore, using the detected data, we propose a channel estimation scheme for the considered system.

I. INTRODUCTION

Free-space optical (FSO) communication is well known as a promising wireless access technology thanks to its feautures of huge available license-free spectrum, low-cost implementation, and robustness to electromagnetic interference [START_REF] Khalighi | Survey on free space optical communication: A communication theory perspective[END_REF]. In most commercial FSO systems, intensity modulation with direct detection (IM/DD) is used for the reason of relatively low implementation complexity. When On-Off keying (OOK) modulation is used, the receiver requires adaptive threshold setting for signal detection. In order to avoid data framing and packetization at the transmitter and also the transmission of pilot symbols (leading to a loss of spectral efficiency), several works have considered sequence detection without pilot transmission. In the earlier works, maximum-likelihood sequence detection and its generalization without using pilot symbols were considered in [START_REF] Zhu | Free-space optical communication through atmospheric turbulence channels[END_REF], [START_REF] Riediger | Fast multiple-symbol detection for free-space optical communications[END_REF]. However, the proposed methods generally suffer from high computational complexity. Therefore, more recent works have tried to design lower complexity signal detection methods, such as [START_REF] Song | A robust GLRT receiver with implicit channel estimation and automatic threshold adjustment for the free space optical channel with IM/DD[END_REF]- [START_REF] Dabiri | Generalized blind detection of OOK modulation for free-space optical communication[END_REF].

In this paper we are interested in using the FSO technology for providing high-data-rate wireless access for high speed trains, which has attracted a great deal of attention in the past few years. Indeed, the demand of passengers to access broadband services with high quality in high speed trains is exponentially increasing. However, current radio frequency wireless technologies such as the 4-Generation Long Term Evolution (LTE) (and LTE-Advanced) networks can offer unreliable handovers and limited data rate, resulting in unsatisfying quality-of-experience for users [START_REF] Ai | Challenges toward wireless communications for highspeed railway[END_REF]- [START_REF] Fathi-Kazerooni | Optimal positioning of ground base stations in free-space optical communications for high-speed trains[END_REF]. Within this context, FSO technology has been recognized as a promising connectivity solution [START_REF] Fathi-Kazerooni | Optimal positioning of ground base stations in free-space optical communications for high-speed trains[END_REF]- [START_REF] Paudel | Laboratory demonstration of FSO ground-to-train communications with multiple base stations[END_REF]. However, in most of these works, OOK symbols are detected under the assumption of perfectly synchronized (PSY) transmitter and receiver, which is practically not valid for FSO links with high mobility. In fact, apart from the requirement of highly accurate and agile beam tracking, one of the most important challenges of such system is time synchronization between the transmitter and the receiver. To clarify better this point, consider a high data-rate ground-to-train FSO link with bitrate R b = 1/T b = 1 Gbps, where T b is the bit duration, and a train speed of V t = 100 m/s (i.e. 360 Km/h). Given the speed of light c = 3 × 10 8 m/s, only after 1 ms the sampling time at the receiver is deviated by at least 0.33T b . This can result in a significant performance degradation of the link. Moreover, due to the Doppler effect, the coherence time of the underlying channel is reduced significantly. Hence, for reliable communication we would need to adjust the synchronization at intervals much shorter than 1 ms, which requires the insertion of several pilot bits inside each data frame and the use of extra-fast electrical synchronization circuits. However, this comes at the cost of a considerable spectral efficiency loss and an important increase in the system complexity and cost.

These considerations suggest the practical interest of blind signal detection for such FSO links with high mobility. In this paper, we assume that the sampling clock offset is randomly changing and, in addition, the receiver does not have access to the instantaneous channel fading coefficient. By using N s samplers at the receiver, we propose a sequence blind detection method to detect OOK signals over an observation window of length L. The proposed method, which relies on the knowledge of the channel distribution, can achieve a performance close to the receiver with perfect PSY and channel state information (PCSI). In the second part of this paper, we propose an efficient estimation scheme based on the detected data.

The reminder of this paper is organized as follows. In Section II, we describe our system model and main assumptions. Data detection schemes for considered system model is proposed in Section III. Next, in Section IV, we present our numerical results to study the performance of the proposed detection method. Finally, Section V summarizes our work.

II. SYSTEM MODEL

We consider an FSO transceiver with high mobility using IM/DD with OOK modulation. As mentioned in the introduction, due to the high mobility and high data rate of the system, the sampling clock offset at the receiver is
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Fig. 1. Block diagram of the receiver samplers for Ns = 3.
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Ideal sampler considered to be constantly changing, where we use N s samplers denoted by SP i , i ∈ {1, 2, ..., N s }. Let τ be the sampling clock offset between the transmitter and SP 1 . We assume that τ is an unknown parameter and has a uniform distribution in the interval (-T b , T b ). As illustrated in Fig. 1 for N s = 3, SP i samples the ith integrator output at time t = τ i + kT b where τ i = τ + (i -1)T b /N s , with k denoting the kth bit interval. The corresponding output sample can be written as
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r (i) k =ηh(1 -τ i )s k+k i + ηhτ i s k+k i +1 + n (i) k+k i , (1) 
where

τ i = τ i -k i T b , k i = τ i /T b
and . is the well known floor function. Also, h denotes the instantaneous channel coefficient, assumed to remain unchanged over a large number of transmitted bits; s k denotes the transmitted OOK symbols which take the values 2P t or zero for the cases of a bit "1" and "0", respectively; η denotes the photodetector responsivity; and n

(i)
k is the zero mean Gaussian noise with variance N 0 , corresponding to thermal and/or background noise [START_REF] Xu | Impact of different noise sources on the performance of PIN-and APD-based FSO receivers[END_REF].

According to (1), the SP i 's' output at the discrete time k depends on the transmitted signals at discrete times k + k i and k + k i + 1. Note that, k i = τ i /T b only takes three discrete values {-1, 0, 1}. Moreover, although k i depends on τ , k i changes much slower than τ . This fact allows us to estimate k i s with high accuracy compared to the sampling clock offset τ . Here, we reasonably assume that k i is perfectly known at the receiver (the estimation of this parameter is beyond the scope of this paper). Let us denote r

(i) k = r (i) k-k i . We have r (i) k =ηh(1 -τ i )s k + ηhτ i s k+1 + n (i) k . (2) 
It can be easily seen that one of τ i s gets its value in the interval [0, T b /N s ). This is an important point and, as we will see in the next section, it allows us to simplify the detector's structure. In relation with the illustration of Fig. 1, we have shown the state of the samplers and r (i) k for N s = 3 in Fig. 2.

III. BLIND DATA DETECTION AND CHANNEL ESTIMATION

We consider a practical scenario where we do not have any prior information on τ and h and propose a blind detection method, i.e., without requiring any pilot symbol. The proposed method performs block-by-block detection. For this aim, the outputs of SP i s are gathered in the observation windows composed of L intervals. Let

r i (L) = [r (i) 1 , r (i) 2 , ..., r (i) 
L ] be the gathered outputs of SP i related to transmitted signals s(L + 1) = [s 1 , s 2 , ..., s L+1 ]. According to (2), the PDF of r i (L) conditioned on h, τ i , and s(L + 1) can be obtained as

p r i (L) h, τ i , s(L + 1) = L k=1 p r (i) k h, τ i , s k , s k+1 , (3) 
where p r

(i) k h, τ i , s k , s k+1 = 1 √ 2πN 0 × exp - r (i) k -ηh(1 -τ i )s k -ηhτ i s k+1 2 2N 0 . (4) 
As explained previously, one of τ i s, i ∈ {1, ..., N s }, gets its value in the interval [0, T b /N s ); yet, we don not know which one (which i). Therefore, we propose here a detection method to decide jointly on i and s(L) based on the generalized likelihood ratio test (GLRT) principle as [START_REF] Warrier | Spectrally efficient noncoherent communication[END_REF], [START_REF] Wu | Performance analysis and computational complexity comparison of sequence detection receivers with no explicit channel estimation[END_REF] î, ŝ(L) = arg max i,s(L+1)

p r i (L) τ i ∈ 0, T b N s , s(L + 1) = arg max i,s(L+1) ∞ 0 p r i (L) h, τ i ∈ 0, T b N s , s(L + 1) × f h (h)dh, (5) 
where Substituting ( 4) in ( 6) and after some analytical calculations, the closed form expression of ( 6) is derived as

p r i (L) h, τ i ∈ 0, T b N s , s(L + 1) = N s T b N s T b 0 p r i (L) h, τ i , s(L + 1) dτ i = N s T b N s T b 0 L k=1 p r (i) k h, τ i , s k , s k+1 dτ i . ( 6 
)
p r i (L) h, τ i ∈ 0, T b N s , s(L + 1) = D 1 √ D 3 Q N s √ D 3 T b √ N 0 - D 2 D 3 , (7) 
where

D 1 = N s exp    D 2 2 /D 3 - L k=1 r (i) k -ηhs k 2 2N 0    T b (2πN 0 ) L/2-1 D 2 = ηh L k=1 r (i) k -ηhs k s d,k D 3 = η 2 h 2 L k=1 s 2 d,k , s d,k = s k+1 -s k .
We note that the proposed method detects ŝ(L) by searching over N s × 2 L+1 possible states of ( 5). An important point is that this method relies on the knowledge of f h (h). This would be a secondary issue as the channel distribution, or in other words, the turbulence characteristics, can be determined or known a priori. Nevertheless, for the sake of completeness, we propose here a method to determine the fading statistics.

We assume that the fading statistics are modeled by log-normal distribution with parameter σ 2 LNh , which is a valid assumption for relatively short link spans and/or for a receiver with a relatively large aperture [START_REF] Khalighi | Fading reduction by aperture averaging and spatial diversity in optical wireless systems[END_REF], [START_REF] Mostafa | Channel measurement and markov modeling of an urban free-space optical link[END_REF]. In the case of changing turbulence conditions, σ 2 LNh changes with a coherence time much larger than the coherence time of the instantaneous channel coefficient h. Let us consider N h consecutive blocks of transmitted symbols and denote by ĥm , m ∈ {1, ..., N h }, the estimated h on the mth block. We can estimate σ 2 LNh using N h estimations of ĥm as

σ2 LNh = 1 N h N h m=1 ln ĥm - 1 N h N h m=1 ln ĥm 2 . (8) 
Now, to obtain ĥm , we propose an efficient channel estimation method based on the detected data ŝ(L). For this, given s(L) and τ i , we estimate the channel over each block based on the maximum likelihood (ML) criterion as ĥ = arg max

h p r i (L -1) h, τ i , s(L) = arg min h L k=1 r (i) k -ηh(1 -τ i )s k -ηhτ i s k+1 2 . ( 9 
)
To obtain the optimum h from ( 9), we differentiate it with respect to h and set the result to zero. We have

ĥ = L-1 k=1 r (i) k ((1 -τ i )ŝ k + τ i ŝk+1 ) η L-1 k=1 ((1 -τ i )ŝ k + τ i ŝk+1 ) 2 . (10) 
From the previous section, the mean and the variance of τ i are τ i = T b /2N s and σ 2 τi = T 2 b /3N 2 s . Obviously, σ 2 τi is a decreasing function of N s . As a result, h can be estimated from [START_REF] Ding | Adaptive threshold decision for onoff keying transmission systems in atmospheric turbulence[END_REF] in off-line by substituting ŝ(L) and τ by s(L) and τ i , respectively.

IV. SIMULATION RESULTS

In this section, we study the performance of the proposed blind detection method. We assume that the channel is lognormal distributed with σ 2 LNh = 0.1, and, to normalize the channel coefficients, we set µ LNh = -σ 2

LNh . We also normalize the average transmit optical power, i.e., P t = 1, and consider the electrical signal-to-noise ratio (SNR) as 2 N0 . In Fig. 3, we have presented bit-error-rate (BER) plots as a function of SNR, to demonstrate the impact of the main parameters, i.e., the number of samplers N s , and the length of the observation window, L. The BER plot with PCSI and PSY is also provided as the lower bound benchmark. We notice that, as expected, by increasing L and N s , the performance of the blind detector is improved. This improvement is significant when N s increases from 2 to 3. For N s > 2, the receiver with a larger L has a better performance, but this is the inverse for N s = 2, where an increase of L results in a performance degradation. From Fig. 3, L = 8 and N s = 4 can be considered as suitable choices for the proposed detector as it can achieve a performance close to the receiver with PCSI and PSY, i.e., with an SNR gap of less than 2 dB at a target BER of 10 -6 .

To investigate the efficiency of the proposed channel estimator in [START_REF] Ding | Adaptive threshold decision for onoff keying transmission systems in atmospheric turbulence[END_REF], we have further shown in Fig. 4, the normalized mean-squared estimation error (MSE) for different values of N s and for L = 4, 8. We have also provided as benchmark the MSE plot for the case of the ML estimator for which s i and τ i are perfectly known. We notice from these results that, as expected, by increasing L and N s , the performance of the proposed estimator gets improved and becomes closer to the 'ideal' estimator. 

V. CONCLUDING REMARKS

In this work, we considered an FSO link with high mobility and investigated optimal signal detection in the case of random sampling clock offset and when the receiver does not have any information on the instantaneous channel fading coefficient. Using N s samplers at the receiver, we proposed a GLRT-based sequence blind detector for OOK signal detection, hence requiring no pilot symbol. Moreover, using the detected data, we proposed an efficient channel estimation scheme for the considered system. By adjusting appropriately the parameters of the receiver, namely the number of samplers N s and the block length L, we showed that the proposed detector can achieve performance close to the receiver with PSY and PCSI.

Despite showing a good performance, the computational complexity of the proposed method remains relatively high. In fact, in order to detect a sequence of L symbols, the proposed method requires to calculate N s ×2 L+1 possible states of the GLRT-based metric (3×2 8+1 = 1536 for N s = 3 and L = 8, considered here). Note that each metric calculation requires solving an integral over channel distribution, whose accuracy highly depends on the estimation of the channel distribution f h (h) at the receiver. Therefore, although being quite promising, the proposed methods should be simplified in order to be adapted for implementation in a practical highrate FSO system, which is the subject of our future research.

Fig. 2 .
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 84 Fig. 4. MSE of the proposed estimator based on (10) for different Ns; comparison with the ML estimator with known s i and τ i .