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Abstract: To realize a long-distance underwater communication by using low-cost light
emitting diode (LED) and single photon avalanche diode (SPAD), we proposed a method for
recovering clock and data directly from discrete random pulse sequences output by SPAD.
On this basis, a new communication model is established, taking into account not only
fluctuations in photon flux and quantum efficiency of photon detection in a time-slot, but also
the phase difference of the recovered clock caused by it. A photon-counting underwater
optical wireless communication (UOWC) system was built. The effects of the system setting
parameters such as the number of gating signals, synchronous character length and baud
rate on the average bit error rate (BER) were verified by experiments. The experimental
results show that under condition of only average 10 photons in one time-slot, photon-
counting UOWC with a BER of 3.51 x 10~* and a baud rate of 1 Mbps can be achieved.

Index Terms: Underwater optical wireless communication (UOWC), photon-counting, clock
synchronization, data recovery.

1. Introduction

Underwater wireless communication has attracted more and more attention and plays an impor-
tant role in military, environmental detection, offshore exploration and disaster prevention [1]-[4]. At
present, there are communication technologies such as ultrasound, radio frequency (RF) and optics
for underwater data transmission. Ultrasonic communication can achieve long-distance communi-
cation over kilometers, but the communication rate is very low (Kbps) due to the problems of high
latency, multipath propagation and doppler shift. Although the RF can realize high-speed communi-
cation, the electromagnetic wave is limited to achieving short-distance transmission because of the
serious attenuation underwater. Since the optical window of blue-green band (430-520 nm) has less
attenuation underwater, the underwater optical wireless communication (UOWC) in the blue-green
band stands as the best option for underwater high-speed communications in medium and long
distance. Besides, it has the advantages of small size, low power consumption and high security.
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At the transmitting terminal of wireless optical communication, a laser diode (LD) or light emitting
diode (LED) is used to emit optical signal [5]-[9]. With the advantages of low cost, convenient align-
ment and high power, LED-based visible light communication technology is increasingly adopted
in underwater wireless communication devices [10]-[15]. Compared to LD, LED has a large emis-
sion angle, which results in severe geometric attenuation and short communication distance. At
the receiving terminal of traditional wireless optical communication systems, PIN photodiode and
avalanche photo diode (APD) detectors are mostly used to detect optical signal [16]-[20]. The
detector works in the analog mode, the photocurrent signal output by detector is amplified by a
transimpedance amplifier (TIA), and the receiving terminal demodulates the communication signal
from the amplified current signal. The low noise design of the TIA is the key to improve detection
sensitivity and communication distance.

In recent years, single photon detectors with single photon sensitivity were used to detect the op-
tical signal at the receiving terminal, and good results have been achieved in deep space laser com-
munication, atmospheric laser communication, indoor visible light communication and other fields
[21]-[33]. With the increasing demand for various underwater vehicles, sensors and obvservation,
using the low-cost LED and single photon detector to realize long-distance underwater communica-
tion has become a research hotspot. In 2014, Philip A. et al. developed a photon-counting wireless
optical communication system for underwater data transmission using single photon avalanche
diode (SPAD) [34]. A long distance underwater visible light communication based on a SPAD re-
ceiver is designed and a two-term exponential channel model is established in [22]. Multiple LED
chips parallel transmission scheme for underwater visible light communication system with one
photon-counting SPAD receiver is proposed in [7]. The use of Silicon photo-multipliers (SiPM) for
underwater wireless communication is studied in [27]. A photon-counting receiver system for long-
distance underwater wireless laser communication at different code rate Reed-Solomon (RS) and
low-density parity check (LDPC) codes is reported in [21]. A UOWC system based on single LED as
well as a lens-free multi-pixel photon counter (MPPC) is proposed in [35]. After receiving the very
weak light signal attenuated by the channel, the single photon detector outputs discrete random
pulse sequences due to fluctuations in photon flux and quantum efficiency of photon detection. Most
of these pulses represent detected signal photons but also include a few of noise pulses caused
by background photons and dark count. In the above literature, how to demodulate transmission
information from these discrete random pulses is not described in detail and completely. A relatively
simple way is to demodulate the optical signal in analog mode after the random pulses from the
single photon detector pass through a filter. This method only takes advantage of the high gain of
the single photon detector, and the communication rate will be limited by filter bandwidth. Demodu-
lation of communication signals includes clock and data recovery, where clock recovery is the basis
for data recovery. The recovered clock includes three levels of synchronous clocks of time-slot,
symbol and frame, where the recovery of the time-slot clock is the basis of the other two levels.
Time-slot is the smallest unit of information transmission. Multiple time-slots constitute a symbol,
and multiple symbols constitute a frame. Therefore, how to recover the time-slot synchronization
clock from the discrete random single photon pulse is the key to the demodulation of the photon
counting communication signal.

In order to realize a long-distance UOWC, we propose and implement a method for directly recov-
ering clock and data from discrete random pulse sequence output by SPAD. Based on this method,
a communication model is established, and a long-distance photon-counting UOWC experimental
system for verification is bulit.

2. System Model
2.1 LED Emission Light Field and Underwater Channel Attenuation

In the photon-counting wireless optical communication system, the optical signal should be regarded
as discrete photon stream. Due to the bunching effect of photons, the photon stream generated by
LED is Poisson distribution rather than Uniform distribution. We assume that the average number
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TABLE 1
Parameters of the SPAD and the Optics System

Part number SPCM20A
Wavelength range 350-900 nm
Active detector size @20 pm
Max efficiency 35%@500 nm
Dark count rate 25 Hz
Max count rate 28 MHZ
Deadtime 40 ns
Pulse width 20 ns
L 1.5m

of photons in each time-slot is . Then, the probability that the LED emits n photons in each symbol
can be expressed as

P(n. 1) = = exp(—n) (1)

Where u = PsTs/E+, Ps denotes the LED optical power, Ts denotes length of time-slot, and E;
denotes the energy of one photon.

In the pure seawater environment, we used Beer Law to describe the attenuation characteristics
of optical signals under water. The power of the optical signal at the receiving terminal is P,(L) =
Pe—°ML  where c(1) denotes the total attenuation coefficient in underwater channel, and L is the
communication distance [36], [37]. Therefore, when n = u, the number of photons output by the
SPAD can be expressed as

CrpePsTs
E4

Where Cppr is the quantum efficiency of SPAD, N, is the noise photons per time-slot, s[k] € {0, 1}
is the transmitted NRZ-OOK symbol.

Asf) = exp(—¢(r)L) + Np = nCppe exp(—c(A)L) + Np 2)

2.2 Time-Slot Synchronization

After the SPAD detects a photon, it takes some time to recover the ability to detect the next photon.
This phenomenon, called dead time effect, results in that the statistical distribution of photons output
by the SPAD is not an ideal Poisson model. Some parameters of the SPAD and the optics system
are shown in Table 1.

When the dead time effect is taken into account, the actual probability mass function of y, under
fixed dead time and time-slot is [23]

(Aag(1 — yid))™
V!

Where A4y is the average photons recieved by the SPAD, y, is the photons output by the SPAD,
8 = 1/T; is dead time ratio, and t denotes the fixed dead time.

P(yk, AgK) ~ exp(—Argk (1 — ykd)) )
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The model of time-slot synchronous clock extraction is established by considering the influences
of communication rate, the number of gating signals and the number of photons in the time-slot on
clock extraction. In our communication system, L s is the synchronous character length, M is the
number of gating signals, and At =2T;/M is the offset of adjacent gating signalon the time axis.
We assume that the time interval on the time axis is t, and the length of the character carrying the
synchronization information is /. Therefore, the probability that the SPAD within t does not output
photons can be expressed as

t
P(yx =0,1=1,t) =exp <_)Ls[k]?> (4)
S

We assume that Np is the photon count value in At. Then, the probability of adjacent gating
signals with the same photon count value can be expressed as

At
P(yk=Np =0,/=1, At) = exp (—/\sm?) )
S

In order to extract time-slot synchronization clock, the optimal gating signal corresponds to a
count value that is greater than the count value corresponding to the others gating signals. We
assume that the events of the detector output photons are independent of each other in different
time-slot. The probability that the number of photons in adjacent gating signalis different can be
expressed as

At
P(Np =1,2,3,...,/1=1,A)=1—-P(Np :O,l:1,At):1—exp(—ks[k]?> (6)
s

Therefore, the relation between the probability of successfully extracting time-slot synchronization
clock and the required synchronous character length and the number of gating signals can be
expressed as

Le/2

Ls Ls 2X gk Ls/2
P(ND >0,/= E,At) =1- HP(ND =0,/=E,At> =1- [exp(-T (7)

=1

It can be seen from Eq. (7) that when the number of gating signals is constant, the probability of
successfully extracting the optimal time-slot synchronization clock is proportional to the length of
the synchronous character and the number of photons in the time-slot.

2.3 Performance Estimation

We assume that ny is the photon counts of modulation signal output by the SPAD, and ny is the
noise photon counts caused by the background light and dark count. According to the probability
distribution of the photons output by the detector under the dead time limit, the maximum likelihood
detection rule of symbol “1” and symbol “0” is [30]

Pl 1) _ BOFHE expl(=21(1 = yko)) st
P(}/k, ko) ()‘0(1;—::‘(5))“ eXp(—)»o('l _ }/kg)) é[k]<:0

(8)

Where 11 = ny+ng represents the photon counts in time-slot “1” and Ao = ng represents the
photon counts in time-slot “0”.

In the above model, the researcher considers that the photons in the time-slot are composed of
noise photons and signal photons, and does not take into account that the synchronization error will
cause the photon of time-slot “1” to be misjudged as belonging to time-slot “0”. In this paper, due to
the photon detected by the randomness and synchronization error, the symbol deletion generated
by the photon not detected in time-slot accounts for the majority, while the symbol error caused by
background light and dark count is very few. The number of photons n, that are misjudged because

Vol. 11, No. 5, October 2019 7905815



IEEE Photonics Journal Photon-Counting Underwater Wireless Optical Communication

of synchronization error can be expressed as

At n{ -+ no
n n
2T(1+ 0) = m

As can be seen from Eq. (7), when the number of photons in time-slot remains unchanged, the
number of photons that are misjudged depends on the number of gating signals.

When the system transmits the symbol “1” and the symbol “0” with equal probability, the number
of photons in a time-slot can be expressed as

Ny =

)

A1 =ny+ng—ny;

, (10)
Ao =Ng + Nz;

Agk =

Therefor, we rewrite Eq. (8) as

P(yx. 2'1) %eXp( A1(1 = y8)) s{k] 1

P(yk. Mo) Wy—{k‘s exp(—1o(1 — y«8)) s{k] 0
In this system, the bit error rate (BER) is derived from the misjudgment of the number of photons
in time-slot. The probability that the time-slot “0” is misjudged as the symbol “1” is

P{3[k] = 1|s[k] = 0} = P{P{yx, 1"1} > P{yk, M'o}|lAqq = 2’0}

M=o
P — | Agq=A
{yk - In)J1 — In)Jol s O}

Kmax [+ N
- Z MGXP(—?&U — Ns))
N=y1 :

(11)

- Z (o1 _N5)) exp(—x'o(1 — N§)) (12)
Where y1 = (1} — Ay)c/(Ind — Inig). Similarly, the probability that time-slot “1” is misjudged as
symbol “0” can be expressed as

/1 , N
Pk = Okl = 1) = 3 W1 NO

N exp(—A'1(1 — N§)) (13)
N=0 '
Therefore, the BER of system P, can be expressed as
1 1
Pe = EP{é[k] =0|k] =1} + EP{E[k] = 1|s[k] =
1 ol B U ) R S ST et L)) At
:5{1—1\’20[Te R Y (14)

3. Experiment Setup and Principle

The experimental setup of the photon-counting UOWC system is shown in Fig. 1. At the transmitting
terminal, a field programmable gate array (FPGA) (Altera, DE-2) is used to convert the input data
into non-return-to-zero on-off keying (NRZ-OOK) modulation signal, and the modulation signal is
input to LED (CREE, Q5) drive circuit to drive LED output light wave signal. In order to simulate
the long-distance and weak-link underwater communication environment, the diaphragm and many
attenuators behind it are used to adjust the emitted light wave to the single photon state. The
cylindrical water tank is 1.5 m in length and is filled with pure seawater. The focusing lens at the
front of the water tank is used to expand field-of-view (FOV) so as to increase the received optical
power. At last, the FPGA data processor performs clock and data recovery. We are committed to
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Fig. 1. Experimental setup of photon-counting UOWC.
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Fig. 2. The principle of photon-counting wireless optical communication.

Y Y

verifying the method of extracting clock and data from single photon pulses. Due to the limited length
of the water tank, longer distance communication is simulated by attenuating the power of the LED,
the attenuation in the direction of communication is mainly caused by scattering and absorption.
Since the communication rate is low and the communication distance is short, scattering is only
considered as the cause of the attenuation. Other impact caused by scattering are very small and
are therefore ignored.

The principle of photon-counting wireless optical communication is shown in Fig. 2. After the OOK
modulated optical signal is attenuated by the channel, even if it becomes extremely weak when it
arrives at the SPAD, the SPAD can still output discrete single photon pulses in some corresponding
“1” time-slots. In addition, the number of single photon pulses in time-slot is random rather than
fixed. There may be no single photon pulse (symbol deletion) in some time-slots corresponding
to “1” due to fluctuations in photon flux and quantum efficiency of photon detection, and there
may be noise pulse (symbol error caused by dark counts and background light) in some time-slots
corresponding to “0”. However, as long as there are enough single photon pulses in the time-slots
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Fig. 3. The principle of time-slot synchronization clock recovery. (a) modualtion signal. (b) single photon
pulse. (c) idle time-slot synchronization clock (d) gating signal 1. (e) gating signal 2. (f) gating signal 3.

corresponding to “1”, it can be considered that the communication system has a certain channel
capacity. The signal demodulation method is to first recover the time-slot synchronization clock,
and then count the single photon pulses in the time-slot synchronization clock. Finally, the time-slot
is “1” when the count value is greater than the set threshold, and the time-slot is “0” when the count
value is less than the set threshold.

4. The Method of Clock and Data Recovery
4.1 Time-Slot Synchronization Clock Recovery

The time-slot clock recovery method proposed in this paper is shown in Fig. 3. The transmitting
terminal directly uses the time-slot synchronization clock as a modulated signal shown in (a), the
detector outputs single photon pulses at the corresponding high level. In order to recover the clock
in the receiving terminal, several clock signals with the same period and different phases is first
generated. Moreover, phase is continuously incremented with p. If these clock signals act as gating
signals to control a counter to count the single photon pulses output by the detector, count value
after many period is proportional to the width of the overlapping portion of the high level (t, b,
f3). The maximum count value comes from the gating signals with the smallest phase difference
from the time-slot clock, although it may not be apparent in a few periods due to fluctuations in
photon flux and quantum efficiency of photon detection. Therefore, at the receiving terminal, we
can select the gating signal corresponding to the maximum count value as the recovered clock
signal.

The above time-slot synchronization clock recover method implemented on a FPGA is shown
in Fig. 4, the circuit is composed of gating signal generator, counters, numeric comparator, signal
selector, digital demodulator and control logic. Firstly, the gating signal generator is used to generate
multiplex periodic square wave signals with the same width as time-slot synchronization clock.
Meanwhile, the phase shift of each periodic square wave signal is the same. Then, these periodic
square waves are input to the enable terminal of the corresponding counters. The arrived single
photon pulse is counted within the high level of the periodic square wave signal, and the counter
stops counting within the low level of the periodic square wave signal. After each count value
is compared by the numeric comparator, the serial number of the counter with the maximum
count value is sent to the signal selector. According to the serial number output by the numeric
comparator, the signal selector outputs a gating signal as the recovered time-slot synchronization
clock. Obviously, this time-slot synchronization clock recover method can be used for both OOK
modulation and pulse position modulation (PPM) modulation.
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Fig. 5. The timing of signal demodulation.

4.2 Signal Demodulation Method Based on Photon-Counting

The data recovery method proposed in this paper is shown in Fig. 5. The digital demodulator based
on FPGA includes edge detection, counter and decision device. The specific signal demodulation
process is as follows. Firstly, when the edge detection detects the arrival of the rising edge and
falling edge of time-slot clock, it outputs the sign signals to the counter. Then, after receiving the
sign signals, the counter is cleared and starts to count the number of photons in time-slot clock.
Finally, the decision device recoveries the data according to the relative value between the count
value in time-slot and the threshold. As can be seen from Fig. 5, threshold is set to 2, when the
number of photons in time-slot is greater than or equal to 2, the time-slot represents “1”, and when
the number of photons the time-slot is less than 2, the time-slot represents “0”. In the experiment,
the threshold is set based on the average number of photons and the average noise photons in the
time-slot.

4.3 Frame Structure

According to the above analysis, the designed data frame structure is shown in Fig. 6. Bit sequence
(0101...) is used as synchronous character to generate time-slot synchronization clock. Besides,
the length of synchronous character is not fixed and can be set according to the real-time require-
ments of the communication system. The frame header is a specific bit sequence (01111110),
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SYN frame head data silent time

Fig. 6. Frame structure.

| two data frames
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Fig. 7. The timing of clock and data recovery in our communication system. (a) modulation signal.
(b) single photon pulse from SPAD. (c) gating signal 1. (d) gating signal 2. (e) gating signal Nth.
(f) counter-reset signal. (g) count value 1. (h) count value 2. (i) count value Nth. (j) ouptut enable signal
of signal selector. (k) time-slot synchronization clock.

which is utilized to perform frame synchronization and indicates the start and end of the frame.
Behind the frame header is the 8-bit data to be transmitted, and the end of the frame is a silence
period which does not transmit any information to distinguish adjacent data frames.

The timing of clock and data recovery in our communication system is shown in Fig. 7. After the
system is reset, each counter is ready to receive single photon pulse sequences. Firstly, the counter
counts the number of photons in the time scale of two data frames. Secondly, the signal selector
selects the gating signal corresponding to the maximum count value as the time-slot synchroniza-
tion clock. Finally, the demodulator recovers the time-slot information according to the time-slot
synchronization clock, and performs the frame synchronization by detecting the frame head. When
the next data frame arrives, the counter only needs to count the number of photons in synchronous
character period, and time-slot synchronization clock extraction can be completed again. For OOK
modulation, the time-slot synchronization clock is also the symbol synchronization signal.

5. Results and Discussion
5.1 Synchronous Character Length Versus BER

According to Eq. (7), with the increase of the synchronous character length / and the number of
photons in time-slot, the probability of successfully extracting the optimal time-slot synchronization
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10 12 14 16 18 20 22 24 26 28 30
The number of photons in time-slot

Fig. 8. The effect of synchronous character length on extracting time-slot synchronization clock.

clock increases. Fig. 8 shows the effect of the synchronous character length and the number of
photons in time-slot on the results of extracting the optimal time-slot synchronization clock when
the number of gating signals is M = 30. In Fig. 8, the ordinate indicates the failure probability to
extract the optimal time-slot synchronization clock, and the abscissa indicates the average number
of photons in the time-slot. Under the condition that the length of synchronous character is 4, 8, and
12 respectively, the failure probability of extracting the time-slot synchronization clock decreases
as the average number of photons in the time-slot becomes larger. When the average number
of photons in the time-slot is constant, the longer the synchronization character is, the lower the
failure probability. As the average number of photons in the time-slot becomes larger, the gap of the
probability failure consponding to different length of synchronous character also becomes larger.

Fig. 9 shows the relation between the synchronous character length and the average BER of the
system when the communication rate is R, = 100 Kbps and the number of gating signals is M =
30. It can be seen from the Fig. 9 that when the optimal demodulation threshold is selected, the
BER of the system gradually decreases with the increase of the number of photons in time-slot and
the synchronous character length. From the comparison between Fig. 8 and Fig. 9, it can be found
that the synchronous characters length affects the probability of successful extraction of time-slot
synchronization clock, and thus affects the performance of the system.

5.2 The Number of Gating Signals Versus BER

When the baud rate is constant, the number of gating signals determines the highest precision of
time-slot synchronization clock. Fig. 10 shows the relation between the number of gating signals
and the average BER of the system when the baud rate is R, = 100 Kbps and the synchronization
character length is /= 12. As can be seen from the Fig. 10, when the number of photons in time-slot
is equal and the corresponding optimal demodulation threshold is selected, the system performance
will be greatly improved as the number of gating signals increases from 10 to 15. This indicates that
increasing the number of gating signals can improve the precision of the time-slot synchronization
clock. Therefore, the average BER will be reduced. When the number of gating signals increases
from 20 to 30, the average BER continues to decrease. However, the BER decreases little and the
system performance tends to be stable. This indicates that although the system performance will
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Fig. 10. BER performance with different number of gating signals.

be improved with the increase of the gating signals, the synchronization error has little effect on the
performance of the system when the gating signal increases to a certain number.

5.3 The Baud Rate Versus BER

It can be seen from Eq. (3) that when the number of photons in time-slot is constant, the photons
distribution output by the detector depends on the dead time ratio §. The fixed dead time of the
detector is T = 40, and the baud rate of the system determines the photons distribution. When
the baud rate Ry, are 1 Mbps, 500 Kbps, 200 Kbps, and 100 Kbps, the corresponding values § are
0.04, 0.02, 0.008, and 0.004. Fig. 11 shows the probability distribution of the photons output by
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Fig. 11. The probability distribution for photons output by SPAD with dead time limit.
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Fig. 12. BER performance with different baud rate.

the detector under different dead time ratio. It can be seen from Fig. 11 that as the dead time ratio
increases, the sharper the probability distribution curve, the smaller the range of variation of the
photon number in time-slot.

Fig. 12 shows the relation between baud rate and BER. It can be seen from the Fig. 12 that as
the number of photons in time-slot increases, the BER gradually decreases. When the number of
photons in time-slot is equal, the higher baud rate, the lower BER. When the BER is lower than 10©
and the data rate is 100 Kbps, 200 Kbps, and 500 Kbps, the number of photons in time-slot is 26,
22, and 20, respectively. In Ref. [39], the photon number of each symbol is less than 100 and the
BER is greater than 1073, It can be seen from Fig. 12 that the photon-counting UOWC with a BER
of 3.51 x 107* and a baud rate of 1 Mbps can be achieved by using 10 photons in the time-slot.
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Fig. 13. The schematic diagram of optical signal propagation.

TABLE 2
The Parameters of the Two Waters Quality

water quality a(A\)(m™?) b(A)(m™)
Pure Seawater (I) 0.053 0.003
Clean Ocean (ll) 0.069 0.08

5.4. Theoretical Communication Distance

The propagation model of the optical signal is shown in the Fig. 13. The attenuation caused by
divergence of optical signals, scattering and absorption in underwater channels are considered to
calculate the theoretical communication distance. The divergence angle 6 of collimator is equal to
0.1°. The diameter of transmitting end dr and the diameter of receiving end dr are equal to 6cm.
The attenuation coefficient by the divergence of the optical signal in the propagation process can
be expressed as

Ediv = il i (15)
av = dr+L %6

According to Beer Law, the attenuation caused by scattering and absorption in underwater
channels can be expressed as [36], [37]

Ewater = g A +bOIL (16)

Where a()) denotes the absorption coefficient, b(A) denotes scattering coefficient. The attenua-
tion coefficient of pure seawater and clear seawater are shown in the Table 2 [38]. Therefore, the
cumulative attenuation in our proposed system is expressed as follow

d 2
_ —[a()+b()IL R 17
FREEEEE (dT+L*9) (17)

Where p r denotes the optical power at the transmitting terminal, p g denotes the optical power at
the receiving terminal.

Optical power at the receiving terminal corresponding to the number of photons in a time-slot can
be expresed as

B Nhv
~ tCppE

Where N denotes the photon number in a time-slot, h denotes the Planck constant, v denotes the
optical frequency, t denotes the the width of time-slot, Cppr is the quantum efficiency of SPAD. For

Pr (18)
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TABLE 3
Theoretical Communication Distance

Photons  Baud rate [of water quality Distance BER
10 1 Mbps  -79.45 dBm 1/1 362m/144m <103
10 500 Kbps  -82.46 dBm 1/1 373m/150m <103
20 200 Kbps  -82.43 dBm 1/ 373m/150m <10
20 100 Kbps  -86.44 dBm /1 389m/154m <10*

example, using the clock and data recovery methods proposed in this paper, when the Baud rate
is 1Mbps and average 10 photons in one time-slot, a BER of less than 1073 can be achieved. At
this time the corresponding optical power pg is —79.45 dBm. In Ref. [40], when the communication
rate is 5 MHZ, the optical power of the receiver is —62.8 dBm. If we adopt the communication rate
of 5 MHz, even if the optical power of the receiver will increase to —72.46 dBm, it is still below
—62.8 dBm. According to Eq. (17) and Eq. (18), when pr is set to 30 dBm (1W), the communication
distance under in pure seawater can be calculated to be 362 m. The theoretical communication
distances for other parameters can also be found in Table 3.

6. Conclusion

An experimental system for simulating long-distance photon-counting UOWC is built. On this basis,
a method of directly recovering clock and data from discrete random pulse sequence output by the
SPAD is proposed and implemented. A new communication model is established, taking into ac-
count not only fluctuations in photon flux and quantum efficiency of photon detection in a time-slot,
but also the phase difference of the recovered clock caused by it. The effects of the system setting
parameters such as the number of gate signals, synchronous character length and baud rate on
the average BER were verified by experiments. The experimental results show that increasing the
number of photons in time-slot and the length of synchronous characters is beneficial to recovering
time-slot synchronization clock, thus reducing the BER of system. Under the same experimental
conditions, the more the number of gating signals, the higher the precision of the time-slot synchro-
nization clock, and the better the system performance. The variation range of photons in time-slot
decreases with the increase of baud rate, which leads to the reduction of BER. When the number
of gating signals is set to 30, the length of synchronous characters is set to 12 and the baud rate
is set to 1 Mbps, photon-counting UOWC with and a BER of 3.51 x 10~* can be achieved under
condition of only average 10 photons in one time-slot. If 256-PPM is used instead of OOK, then
one time-slot can represent 8 bits and eventually 1.25 photons/bit can be achieved.
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