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N+1 i—1
Py, (error)= Z{Pwﬂu — 2Py )} (33)

i=1 j=1

R B Ak — kA EL AT R[] 1% 1 i kB, EL A% i B 58 A0 /K BT i R S8 L & 5 WO PIL G A AR )
U0 T A7 B ) g 0 SR HRAT R [R] B~ 2 R A R P, U SEAR 31 50 (33) 45 BIZ A I T o 4k A% ¢ o 2] o ) R 8 =R
BN

(32)
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Py (error)=P,,i=1
Py (error)=P,.+ P,.(1 — 2P,.),i=2
PeZe*b‘\(error):Phe+Pl)e(17 2Pbe)+Pbe(17 2Pbe)2’i:3 (34)

Py (error)= P, + P, (1 — 2P, )+ P,.(1 — 2P, ) + -+ + P, .(1—=2P,.)" ,i=n
AR i =n il Hodg B iR A R — NN @y = P, A g=1— 2P, 1 n 0055 LB 0 A,
FIH & BB R AA RS, = a, (1 —¢") /(1 — ¢) ¥ — gt (34) itk
1—(1—2P, )"
2

P, (error )= (35)

24 HEHESSW
AT A AL O A4S FFIR RS R A 5 2800 . GGD ¥ 55 i i LA & % /4 2 00l 45 1] i
ZHERAEFEHNZNBRITTHUWOC R M REMHRE. o T R85 (4) i ir 7 19 78 32 7% 15 18 w3 5y
FFIRA(2), B 63 T 3CHk [26-27 10 THE 8 T — A& & T UWOC F G809 1 18 oh iom 1 05 5OF & il i
MC FE 7 B AR BOR [F AL Fir B 25 F 1015 8 fE f ke tE . b FRIR 5 22 R 48 BER i B s i) — 26800 R
GEBHNE PR
%1 FFIREZSBERFEFEEESH

Table 1 Main parameters for numerical simulation of FFIR and system BER""*>**"

Coefficient Symbol Value
Transmission rate R, 2 Gbps
Half divergence angle for laser beam o 0.01°/3°
Source wavelength A 532 nm
Asymmetric factor of HG model g 0.924
Receiver half angle Orov 40°
Laser beam waist radius W, 3 mm
Total number of transmitted photons N, 107
Aperture diameter D, 20 cm
Photon weight survival threshold Wi 10°*
Quantum efficiency Vi 0.8
Electron charge q 1.6 X 10"
Planck constant h 6.626 X 107*
Underwater speed of light o 2.26 X 10°
Boltzmann constant K 1.38 X 107 * J/K
Equivalent temperature T 290 K
Filter bandwidth B 10 GHz
Load resistance R, 100 Q
Transmission distance 4 11.25/15/22.5/45m
Scintillation index ol 0.1074/0.3
GGD model shape parameters ¢ 3
Absorption and scattering coefficients N
(a',0") (0.179,0.219)m !

(coastal waters)

Pl 2 25 T S0 VI AR K BT R, SR A Gauss I BEBOG TR, 263 & 80/ 43 51 2 0.01°7F1 3°RF, UW OC %5 #% 7%
RO AR R 11.25 m (15 m  22.5 m DA M 45 m I 0 FFIR @05 45 3R . wI LU i« Bl & 1% S i e Ao
R AR I BN, VA — Ak B Ak R JEE T R A A 1 [) s T U R T 8 R, B 8 AR A i g B o
#, XRIDEIE TAEFRESM OMKEEEE ZWEIE T &5 5 E i 258800 %5 5 0018 ks =24
e 1 52 el B A0 SR 7 B4 SR Sy FFIR % 9% 2 80T 3 3 D e % I8 4 4 AR TR 3R A5 5 I, b 20 28 2%
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Fig. 2 FFIRs of laser-based collimated and diffusive UWOC links in coastal waters
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Fig. 3 The theoretical and simulated BER values of the serial-relayed UWOC systems varying with the average transmission
power per bit under different node numbers (o, = 10 cm, R, = 2 Gbps, r = 10 cm, of = 0.107 4)
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Fig.4 The theoretical and simulated BER values of the serial-relayed UWOC systems varying with the average transmission
power per bit under different node numbers (o, = 20 cm, R, = 2 Gbps, r= 10 cm, 6 = 0.107 4)
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Fig. 5 The theoretical and simulated BER values of the serial-relayed UWOC systems varying with the average transmission
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Fig. 6 The theoretical and simulated BER values of the serial-relayed UWOC systems varying with the average transmission
power per bit under different node numbers (6,= 7 cm, R, = 2 Gbps, s = 5cm, ¢f = 0.3)
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Fig. 7 The theoretical and simulated BER values of the serial-relayed UWOC systems varying with the average transmission
power per bit under different node numbers (o,= 7 cm, R, = 2 Gbps, s = 10 cm, o = 0.3)
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Error Performance Analysis of Serial-relayed Underwater Wireless
Optical Communication Systems over Generalized Gamma Distribution
Weak Turbulence Environment with Pointing Error

WANG Yixu, LI Yueheng, HUANG Ping, JU Meiyan
(School of Computer and Information, Hohai University, Nanjing 211100, China)

Abstract: The channel fading generated by seawater absorption and scattering, oceanic turbulence, and
pointing error will severely reduce the communication quality of an Underwater Wireless Optical
Communication (UWOC) system. Many scholars directly transplanted the weak atmospheric turbulence
model to depict the oceanic turbulence statistics, and this had been proven to be incorrect by a series of
laboratory measurements and associated data—fitting tests. So, it is obviously of great significance to study
and evaluate the effects of a composite fading channel on the key performance of the UWOC system,
especially with a proper weak oceanic turbulence model.

In this paper, the Generalized Gamma Distribution (GGD) verified by a series of experimental tests
was selected to characterize the weak oceanic turbulence. Then, a new hybrid fading channel model was
proposed to more reasonably simulate the communication environment in the ocean, which had integrated
the GGD weak turbulence, the zero/nonzero boresight pointing error, the implicit path loss and multipath
propagation effect characterized by Fading Free Impulse Response (FFIR). Next, the mathematical
expressions of the Probability Density Function (PDF) considering GGD weak turbulence and zero/
nonzero boresight pointing errors were derived using higher transcendental Meijer-G and Whittaker
functions. Subsequently, based on this, the closed—form expressions of the average Bit Error Rate (BER)
were derived for the serial-relayed UWOC systems with both zero and nonzero boresight pointing errors,
respectively. Finally, the accuracy and rationality of the derived closed-form formulas for the average bit
error rate of the relaying UWOC system derived above were verified by some Monte Carlo numerical
simulations; meanwhile, the influences of different key parameters on the system BERs were also
investigated.

The results show that the introduction of serial relaying nodes can effectively improve the end-to—-end
BER performance of the UWOC systems in a long—distance communication environment. With the increase
of the relaying nodes number, the system's BER decreases rapidly at the same transmission power,
indicating that the serial-relayed scheme dramatically improves the performance. For instance, if the end-
to—end distance is fixed as 45 m and the target BER is set to be 10°, under the zero boresight pointing
error condition, the required node transmission power will be reduced to 24 dBm, 12 dBm, and 6 dBm,
respectively, when the relaying node number is assumed to be 1 to 3 individually. Similar to the working
situation of zero boresight pointing error, when there is a non-zero boresight pointing error, the serial
relaying node still effectively improves the system's BER performance. Unfortunately, the delayed spread
expansion of the FFIR caused by the increase of the initial divergence angle of light source, that is, the so—-
called Inter-symbol Interference (ISI) , will seriously degrade this performance improvement. For
example, when the initial divergence angle is increased from 0.01° to 3", the transmission power needs to
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be increased in general by about 10~15 dBm to obtain the same BER compared with the original
transmission one. In addition, the jitter standard deviation and the initial boresight displacement associated
with the pointing error will also significantly impact the BER performance of the relaying UWOC systems.
For instance, if the jitter standard deviation is enhanced from 10 cm to 20 ¢cm, the node transmission power
needs to be increased by nearly 20~25 dBm to achieve the same BER value; meanwhile, when the initial
boresight displacement increases from 5 cm to 10 em, the transmission power needs to be added by about
5 dBm to reach the same BER target. Therefore, when one considers the BER evaluation of the serial-
relayed UWOC systems, it is necessary to consider the impacts of the initial divergence angle, the jitter
standard deviation, and the initial boresight displacement on performance thoroughly.The analytical results
of this paper can provide calculation support for analyzing the BER performance of the relaying UWOC
systems.

Key words: Underwater wireless optical communication; Serial relaying; Performance analysis; Bit error
rate; Generalized Gamma distribution
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