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ARTICLE INFO ABSTRACT

Keywords: In this paper, we investigate the performance of an Underwater Wireless Optical Communication (UWOC)
Underwater Wireless Optical Communication system employing on-off keying modulation at a data-rate of 500 Mbps over a link-range of 30 m.
(UWOC) Transmit/receive diversity schemes, namely Multiple-Input to Single-Output (MISO), Single-Input to Multiple-
rsn\:&es Output (SIMO) and Multiple-Input to Multiple-Output (MIMO) techniques with and without RS-coding have

been employed to mitigate the effects of weak oceanic turbulence and beam attenuation. The novel closed-form
analytical Bit Error Rate (BER) expressions of Single-Input to Single-Output (SISO), SIMO, MISO and MIMO
links for un-coded and RS-coded cases have been computed using the hyperbolic tangent distribution and
validated with Monte-Carlo simulation results. The obtained BER results show that the use of (63, 51) RS-coded
4 x 5 MIMO UWOC system offers at-least 35 dB of transmit power gain compared with the un-coded SISO
UWOC system at a BER of 107. Emerging technologies like the fifth-generation (5G) networks and the Internet
of Underwater Things (IoUT) will have a high impact on UWOC as these systems require a high degree of
information integrity, high data rates and energy efficiency when employed in conjunction with data transfer
between underwater vehicles and objects. The proposed RS-coded MIMO UWOC system offers high reliability

Hyperbolic tangent distribution
Internet of Underwater Things (IoUT)
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and power efficiency and it has the potential to be gainfully employed in IoUT applications.

1. Introduction

In recent years, a number of researchers have turned their attention
to the study, analysis and design of Underwater Wireless Optical Com-
munication (UWOC) systems. This is because of the advantage of high
transmission speeds and reliable communication over short ranges (~
tens of meters) in the ocean/seawater channels. This technology has the
potential to enable many underwater services like ocean monitoring,
safe navigation and disaster prevention, etc. The infrastructure to be
put in place to enable these services has been referred to the Internet
of Underwater Things (IoUT), which is a class of Internet of Things
(IoT) and is defined as the network of smart underwater objects [1,2].
Recently, it has been proposed that underwater sensors can be intercon-
nected with the data aggregating nodes through UWOC links to achieve
high data-rate and reliability. The major limiting factors of the UWOC
systems are beam absorption, scattering and underwater turbulence.
Absorption reduces the intensity level and scattering causes deviation
of the beam path away from the line of sight path directed towards the
receiver. The combined effect of absorption and scattering will result in
optical beam attenuation. The effect of attenuation can be minimized
by the use of 400-530 nm wavelength LASER source [3,4].

* Corresponding author.

The presence of underwater turbulence causes fluctuation of the
light intensities from higher to lower levels, which degrades the system
performance. A study of optical turbulence in underwater medium and
corresponding BER performance is presented in [5]. It is well known
that the effect of turbulence can be mitigated by the use of spatial
diversity, optical amplification and channel coding techniques. Single-
Input to Multiple-Output (SIMO) schemes such as maximum receiver
combining, Equal Gain Combining (EGC) and selection combining have
been employed to mitigate the effect of turbulence in UWOC sys-
tems [6]. It has been demonstrated that the performance of the EGC
scheme is superior to all other schemes in the turbulent underwater
medium [6]. The performance improvement obtained by the use of
the EGC scheme along with the optical amplifier is proposed in [7].
The performance of the UWOC system can be further improved by
employing multiple transmit sources along with the multiple detectors
at the receiver discussed in [8].

The contributions of this paper are as follows. The Bit Error Rate
(BER) performance of an On-Off Keying (OOK) modulation based
UWOC system in weak turbulence and propagation loss due to beam at-
tenuation regimes are studied for Single-Input to Single-Output (SISO),
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Fig. 1. Schematic diagram of a UWOC system.
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Fig. 2. Link geometry of MIMO UWOC system.

Single-Input to Multiple-Output (SIMO), Multiple-Input to Single-
Output (MISO) and Multiple-Input to Multiple-Output (MIMO)
schemes. The performance of the links in the presence of (63, 51)
RS-code is determined and compared with the un-coded system per-
formance. This RS-code is chosen because of its moderate complexity
and ability to correct burst errors [9]. The transmission speed is fixed at
500 Mbps and the link range is set to 30 m. The analytical closed-form
expressions for the BER are derived by use of the Hyperbolic Tangent
Distribution (HTD) family to validate the Monte-Carlo simulation re-
sults. Throughout this paper, the performance improvement is defined
in terms of ‘transmit power gain’, which is the reduction in transmit
power observed to obtain a BER of 10™> when the two competing
schemes are used.

The remaining part of the paper is organized as follows. Section 2
describes the system and UWOC channel model. RS-code encoding and
decoding are presented in Section 3. A closed-form expression for the
BER pertaining to the UWOC system employing different diversity and
MIMO techniques for un-coded and RS-coded cases are presented in
Section 4. Monte-Carlo simulation and analytical results specifying the
BER as a function of transmit power are provided in Section 5. The
paper is concluded in Section 6 with a brief discussion of the analytic
and simulation results obtained and their significance.

2. System and channel model

The system and channel models of a UWOC link operating under the
influence of weak oceanic turbulence and beam attenuation scenarios
are presented in this section.

2.1. System model

Consider an OOK modulated UWOC system with N number of
LASER sources (4 = 470 nm wavelength) at the transmitter and M
number of Photo-Detectors (PD) at the receiver. The same data is
transmitted from all the sources and the data symbols received by M
detectors are combined using EGC. Fig. 1, depicts the UWOC system
schematic diagram, where T}, T,,..., Ty are N number of LASER

Equal
Gain
Combining

(7]

Fig. 3. Structure of transmit and receive array.

sources and D;, D,, ..., D), are M PDs. We have considered the
MIMO UWOC system with the transmit and receiver array separated by
30 m far and facing each other. A separation of 5 cm between adjacent
LASER sources at the transmitter and PDs at the receiver is maintained.
The LASER sources and PD modules are assumed to be in the line
of sight and the Divergence Angle (DA) of LASER sources is with in
the Field Of View (FOV) of all available PDs. Figs. 2 and 3 are shows
the link geometry and structure of the MIMO UWOC transmitter and
receiver array.

It is considered that a binary ‘1’ is communicated with P, watts of
optical power (amplitude across individual source is A = /P,T,/N
among N available sources) and binary ‘0’ is communicated with 0
watts of optical power (amplitude A = 0) for a duration of T} s
(Conventional OOK modulated system) through the N sources. The
received symbol at the i PD can be expressed as [10],

N PT N
X:n,A(ZIU)s+n[:ni\/th(ZI[j>s+n[, l<isM (D)

Jj=1 Jj=1
where Y, represents the response of i’ PD after trans-impedance am-
plification and it is represented in terms of volts, P, is transmit power
per bit (mW), s € (0,1) represents the information bits, #, represents
detector’s responsivity (A/W), I;; is irradiance received from Jj* source
to i"* detector and channel noise »; is the additive white Gaussian
noise with zero mean and variance o2. Here, we have assumed the
source of noise variance to be thermal noise only and ignored the
noise variance due to background and shot noise (due to these noise
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variances being significantly smaller than the variance of thermal noise
source). Thus, noise variance is specified as 6> = 4K,T,B/R;, where

= 1.38 x 10723 J/K is the Boltzmann’s constant, T, = 256 K is the
absolute receiver temperature, B = 2 GHz is electronic bandwidth,
R; = 100 Q is load resistance of the detector, which leads the noise
variance ¢2 = 2.82 x 10713 [11].

2.2. Channel model

In this section, we present the distribution of the UWOC channel in
the presence of weak turbulence and beam attenuation scenarios.

2.2.1. Attenuation channel model

UWOC channel exhibits beam attenuation due to absorption and
scattering. Beam attenuation in UWOC channel is deterministic in
nature and it can be determined by use of Beer-Lambert’s law, which
is given as [12],

I, =exp(—C(A)L) (2)

where C(A) = A(4) + B(A) is attenuation coefficient, A(4) and B(A)
are absorption and scattering coefficients respectively and these values
changes with the different wavelength sources and different water

types.

2.2.2. Turbulence channel model

Turbulence due to movement of water medium can fluctuate the
optical signal strength. The irradiance (/,) fluctuation due to under-
water weak turbulence is characterized by log-normal density func-
tion [13,14]. The Probability Density Function (PDF) of a log-normally
distributed random variable I is given by,

0 (i) = 2uy)’
21 / 802

where yy and o2 " are mean and variance respectively of the Gaussian
distributed random variable X = In(1;)/2. Normalized log-normal PDF

Srd) = 3)

can be obtained by considering E(I;) = 1, which implies uy = —af(
and Gaussian variance ¢2 = 0.25In (af + 1), where E(-) denotes
t

expectation, a? is Scintillation Index (SI). The SI for plane wave in the

presence of underwater turbulence is given as [15,16],

1 [ 2
o? = 87r2k2L/ / Ko, (K) (1 — cos < L”Z;’C )) dKd.s )
! o Jo

where k = 2z /4 is the wave-number, 1 is the wavelength of the LASER

source, L is link-range, @, (K) is power spectrum of oceanic water and

it is given as [16],

0.388 x 10781731173 5,
2

X (a)ze"“T'S +eAs8 — 2we’AT55) (5)

@, (K) = [1+2.350ce?)

where Kolmogorov micro-scale length ¢ = 1073 m, ¢ is rate of dis-
sipation of turbulent kinetic energy per unit mass (m?/s®), yr is the
dissipation rate of mean square temperature (K?/s) and o is a unit-
less quantity that represents the strength of the temperature—salinity
parameter, respectively. The values of w in the range of [-5, 0], ® = =5
corresponds to temperature dominant turbulence, @ = 0 corresponds
to salinity dominant turbulence and minus sign indicates that a reduc-
tion in temperature and an increase in salinity with depth [17]. The
remaining parameters Ay, Ag, Ayg and 6 are considered as specified
in [16].

2.2.3. Combined channel model

The channel gain due to the combined effect of underwater tur-
bulence and propagation loss due to attenuation is I = I,I, and
corresponding PDF is obtained as,

Optics Communications xxx (xxxx) Xxx

3. Reed-solomon coding and decoding

In underwater channels, the data transmission can be occasionally
blocked for certain durations due to the movement of large water
mammals or schools of fish. During this duration, the transmission path
could be entirely blocked due to which burst or random error is in-
duced in the information stream. Channel codes can correct random or
burst errors. Turbo codes and Low-Density Parity-Check codes (LDPC)
are efficient random error-correcting codes, whereas RS-codes possess
excellent burst error-correcting capability [18,19]. In UWOC systems,
the probability of encountering burst errors is high. Hence, we have
proposed the use of RS-codes in UWOC systems to improve the integrity
of information transmission. The procedure of RS-code encoding and
decoding is provided in Section 3.1.

3.1. Encoding and decoding of (n, k, t) RS-codes

The generator polynomial of an n-length RS-code over Galois Field
GF(q), (g = p™, pis a prime number, m is the order of the field extension
and n| (p™ — 1)) with ¢ symbol error correcting capability is defined by,
g(x) = (x — a®)(x — a®*!) ... (x — a®*¥72), where « is a primitive element
of the GF(p™), b > 0 is any real positive integer and 6 = 2¢ + 1. The
generator polynomial of (n, k) RS-code with b =1 (typical choice) and
t symbol error correcting capability can be expressed as [18],

g) = (x —a)(x — ) ... (x — a¥ H(x — o) %)

where all the computations are performed in the field GF(p™). The
code-word polynomial is defined by c¢(x) = g(x) x s(x), where g(x) is
the generator polynomial and s(x) = s+ 5, X +5,x% + -+ +5,_; x*! is the
message polynomial obtained by representing the k message symbols
S0- 51552, ..., Sg_; as a polynomial in the indeterminate x. The n— length
code-word is represented in polynomial form as ¢(x) = ¢y +c¢;x + ¢, x> +
-+ ¢,_;x"~! and bears one to one correspondence to the information
bearing (message) polynomial s(x) = sy + 51X + 55x2 + - + s, xk7L
In this paper, a (n = 63, k = 51) RS code over the field GF(2°)
has been designed and employed for error detection/correction. Each
symbol from the field GF(2°) can be expressed as a binary 6-tuple.
Each individual symbol of the code-word polynomial is converted into
6-tuple of binary bits and communicated through the UWOC channel
via an OOK modulated LASER source. At the receiver, the incoming
bits are combined into 6 bit symbols lying in the field GF(2°). A set
of successive 63 6-bit symbols constitutes the received vector r(x) =
Fy + )X + FoyX? + -+ + r,_yx""!, where r, represents the extracted
ith symbol, i =0, 1,...,n — 1, which is then processed to determine the
error locations and error magnitudes. Berlekamp-Massey algorithm and
Chien search algorithm are employed for determining the locations in
which the channel has induced errors and Forney’s algorithm is used
to determine the error magnitudes. The estimate of transmitted code-
word is then determined by é(x) = r(x) — e(x), where e(x) = Z, o & X', e;
is the ith error magnitude obtained by the use of Forney’s algorithm
and x' represents the ith error location obtained by making use of
Berlekamp-Massey and Chien search algorithms.

4. Analytical BER evaluation
A closed-form BER expression corresponding to the use of SISO,
SIMO, MISO and MIMO schemes for un-coded and RS-coded cases has

been evaluated in this section.

4.1. Single-input single-output
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The BER of SISO (P,;,,) with equiprobable input bits (assuming known
log-normally distributed channel) is specified by,

_1 [ 5=1 =0
Pxiso_z/o <P<S=0,I>+P<S=1,I>>fl(l)dl (9)

where, P, = P(%) is the probability of estimated data being

inferred as ‘1’ when transmitted data is ‘0’, P, 1 I is the
probability of estimated data being inferred as when transmitted
data is ‘1’ and f;(I) is log-normal density function. The BER of SISO
by setting the threshold equal to 5nI+/P,T,/2 between the received
levels corresponding the two binary symbols and substituting Eq. (3)
in Eq. (9) is,

e /PT,, _(ln(I/Ia)—ZyX)z
P:iso_/o Q( 1 )21 ,— < 8(7?( dl

(10)

%

where Q(x) £ (1/v/27) [~ exp(-y?/2)dy is Gaussian Q-function. Sub-
stituting I/I, = ¢ in Eq. (10), the obtained equation is given as,

2
o PT,\ 1 1 (In(t) = 2px)
P:iso = / Q ”Iat t_zb 2_ exp\ — B dt
0 4o ! 27563( 8O-X

1D

Solution for Eq. (11) does not exist [20], closed-form solutions can be
obtained by use of Gauss-Hermite Quadrature [20] and power series
method proposed in [21]. In this paper, to facilitate the determina-
tion of closed-form solutions, we have used the Hyperbolic Tangent
Distribution (HTD) family to specify the log-normal PDF in algebraic
form, so that the solution to Eq. (11) can be obtained and the BER
results obtained by employing HTD has fair match with the simulations
obtained by Monte-Carlo. The log-normal PDF representation using
the HTD family given in Appendix A. By substituting log-normal PDF
generated by HTD in Eq. (11), the reformulated equation is given as,

S 1 ¢2 2 2(212
Py, = — - -
siso A ( 12 exp < 2 + 4 exp 3

b-1

y ( bexp(2a)t z)dt a2
(1+exp2a)1?)

where { = nl, %, Q(x) is approximated using [22] as Q(x) =~

1/12exp (—x2/2) + 1/4exp (-2x%/3), a and b are obtained from HTD
family for a particular mean and variance of normal density function
(i.e, uxy and ai) given in Table 3. The closed-form expression is
obtained by substitution and then integration of Eq. 12 using Eq. (21)
of [23] and the obtained expression is given as,

b+1
- b\ 2 %;1 %72
P, ~ 2exp(2a) (g) [E + =2 (13)

where 4, = (\/5/{) G;f;;( 30 IITZ
0.1

-

2246 -1
50,

G2+b2< 0.1

bb@z) &) (\/E/QV)I]

b Py = exp(2a) (x/i/c)b, P, =

>
‘N\Q"

bop2 | i _
b;@z ,i=1,2,

exp(2a) ( V1.5/¢ ) and G[-] is Meijer G-function.
4.2. Single-input multiple-output

It is assumed that a LASER source transmits data through the UWOC
channel and SIMO scheme averages (EGC) the response produced by all
individual detectors. The average of the combined response produced

. PTpsll,
by M detectors is Y = DYiima 4, where [, = Z-—o I; and I;’s

are independent log-normal random variables with identical mean and
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variances. The sum of M independent log-normal random variables
having identical mean and variance is also a log-normally distributed
random variable [24]. Hence, I,, = exp(2.#) is also a log-normally
distributed random variable, where .# is normal random variable
with mean p, and variance o2 (mean and variance of .# given in
Appendix B). The density function of the sum of M log-normal random
variables is given as,

2
| In(1,,) - 2u
Jr,Uy) = ———=c¢exp <—(mg—zm) a4
21,4/2n02, T
462 )-1
where, u, = %m(M) - iln<1+w> and o2 = %ln

2
exp( 4oy )-1 ) .
+ # are mean and variance of normal random variable

. The BER associated with SIMO system is given as,

© Im
Psimo = /0 Q <§M> flm(lm)dlm (15)

Eq. (15) is also computed in a similar manner to Eq. (12). The analytical
BER obtained as,

2,
Pipo ® Zexp(2a)( ) 1 + Tz] (16)

where 9, = (\/EM/ > G22+2b+2b< %01

0,=
22+b -
2 0, b
Gyina ol

b”%‘2>, Dy = (\/EM/g)b

b%?;), i=1,2,....b; %, = exp(2a) (\/EM/g)b, R, =

72
2

b
exp(2a) (\/I.SM /¢ ) , a and b values for various M (y,, and "3. varies
with M) are given in Table 3.

4.3. Multiple-input single-output

Assume that N transmit sources transmit the same data through the
underwater channel and the detector’s response is Y = 1,1,
nwhere I, = I, +1,+---+1I, since I,’s are log-normal random variables
then I, = exp(2./") is also log-normal random variable and .4 is normal

. . 1 1 exp(4ax)—|
random variable with mean y, = 7In(N) = ;In{ 1+ ———— | and

variance 62 = 1 ln<
n= 3

exp( 4 2 )1
1+ %) The BER of MISO system is given

as,

¢,
pP. = Q I)dI 17
miso /0 ( ,—N> f]n( n) a7)

where f; (I,) is log-normal PDF and it is obtained into algebraic form
using HTD. The simplified BER equation can be obtained by solving
similar way of BER of SISO and it is given as,

b+l Cgl (52 ]

b
P, ~ 2exp(2a) (E) o+ (18)

ww

where

b 1
_ 2006 —Lo,t
- (\/2N/§> GHM( 203
b
G22+b -1 %
2+4b,2 0l
)

tion in a and b values with respect u, and 53 of particular N is given
in Table 3.

v 7). = (VISNLe)

v P2 ), P, P, are given under Eq. (13), the varia-

1
"2

4.4. Multiple-input multiple-output

Multiple transmit sources T, T,, ..., Ty are used to transmit same
information through the channel and the detector’s responses are com—

bined using EGC at the receiver. The combined response is Y = Z, | M s

V (RT,/N)s+
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where Y; = n1, (Zjvzl I,»j) VPBTys+n, Iy, ..., I are independent log-
normal random variables, the resultant summation (I,,, = exp(0)) is
also a log-normal random variable, where & is a normally distributed

. . 1 1 exp(4a§()—1
random variable with mean y,, = 3 In(MN) — 1 In{ 1+ —uN

exp(4a§( )—1
T MN

2

and variance o},

= %ln 1+ . The probability of error

associated with this MIMO scheme can be expressed as,

® Clmn
Pmima = / Q f (Imn)dlmn (19)
0 < MVN ) "

where I, = I}y + I, + - + Iy and f; (1,,) is PDF of log-normal
random variable I,,,. Similar to Eq. (16), the closed-form solution is,

b+l
b\2 [2 P
Poino ~2expC0) (52 ) 7 | 33+ 42] (20)

b
b 1,3

2246 -1,
where 7, = (M\/ZN/() G2+bf2< 30.5

1 "*%

2246 -1, b2
Gyina ol b,
lues of a and b are given in Table 3 for different M and N

,i=1,2,...,b; %, %, are given under Eq. (16)

and the val
values.

4.5. Coded BER evaluation

When the decoded code-word is not identical to the transmitted
code-word, a decoding error is said to occur. An upper bound on the
BER (P,) associated with a (n, k, ) non-binary RS-code over GF(2™)
with 7 symbol error correcting capability and symbol error probability
P, is given by [25],

n
Py <’,’>PS" (1-p)"" (18]
izre1 N\

where P, =1-(1- pb)”’, p, represents the transition probability of the
binary symmetric channel. In the presented analysis, p, corresponds to
P, in Eq. (13), P;,, in Eq. (16), P,;,, in Eq. (18) and P,,;,,, in Eq. (20)
for SISO, SIMO, MISO and MIMO schemes respectively with code-rate
r=k/n.

5. Results and discussions

In this section, we present the simulation and analytical BER results
of the OOK modulated UWOC system as a function of transmit power
per bit in dB.

The simulations of the BER of the UWOC system are based on the
transmission of / = 10° binary data bits (s) generated using a pseudo-
random binary generator. Each data sample drives a N number of laser
sources in parallel. The irradiance produced by the laser sources is
then communicated through the UWOC channel. The irradiance values
received by the M detectors are processed to determine the estimate
of the communicated data bit (8). The BER is computed as Zf.(s,- d3;)/1
for varying transmit powers, where @ denotes exclusive-or operation.
Analytical BER results are determined based on the Egs. (13), (16), (18)
and (20) derived in this paper. All these equations are as a function of
transmit powers, so the analytical BER results obtained by varying the
transmit powers in the obtained equations.

The system parameters used in simulation and computation are
n = 0.8 A/W, data-rate R, = 500 Mbps, bit duration 7, = 1/R, = 2 ns
and link-range L = 30 m. The parameters used for calculation of
scintillation index for plane wave propagating in water are w = 2.5,
7 =584x107 K?/s and € = 1 x 107 m?/s® and remaining parameters
are the same values as in [16]. These values substituted in Eq. (4) yields
62 = 0.9328 and 6% = 0.1647. The attenuation coefficient considered
for evaluating system behavior in the presence of beam attenuation is
C(A = 470 nm) = 0.1514 m~! for clear ocean water as given in [26].
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In [26], Hanson et al. have determined the attenuation coefficient
for 514 nm wavelength source, which is approximately the same for
470 nm source.

Figs. 4 and 5 illustrates the variation of the BER simulation values
(solid lines) and analytic values (dash and dot line) for an UWOC sys-
tem for SISO, SIMO, MISO and MIMO configurations. An examination
of Figs. 4 and 5 show that the analytical results are close correspon-
dence with the obtained simulation results and the BER performance
improves with increasing M and N. For N =2 and 4 MISO systems, a
performance improvement of 11 dB and 19.3 dB respectively from SISO
at a BER of 107> is observed. For SIMO schemes employing M = 3
and 5, a performance improvement of 15.5 dB (M = 3) and 21.2 dB
(M =5) is observed when compared with SISO UWOC system at a BER
of 107°. From Fig. 5, an improvement in performance of nearly 3 — 4
dB is observed when we move from N x 3 MIMO to N x 5 MIMO for
N = 2, 4. Further, a performance improvement of nearly 5-6 dB is
observed when we move from 2xX M to 4 x M for M = 3, 5 at BER of
1075,

From Figs. 6 and 7 represents simulation (solid line) and analytical
upper bound (dash-dotted line) BER plots of RS-coded SIMO, MISO and
MIMO schemes. The close correspondence between the simulation and
analytical upper bound BER results obtained for high transmit powers.
The BER performance improvement from un-coded SISO to un-coded
and RS-coded SIMO, MISO and MIMO schemes are given in Tables 1
and 2 respectively. The coded BER results presented in Table 2 are
results obtained by simulation.
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Table 1
Power gain comparison SIMO, MISO and MIMO schemes with respect to un-coded SISO.

Schemes Transmit power (dB) Power gain (dB)
at BER of 10~ from un-coded SISO

SISO 37.50 -

2x1 26.50 11.00

1x3 22.00 15.50

4x1 18.20 19.30

1x5 16.30 21.20

2x3 15.00 22.50

2x5 11.00 26.50

4x3 09.10 28.40

4x5 05.60 31.90

6. Conclusion

In this paper, we have analyzed the performance of the OOK mod-
ulated UWOC system employing SISO, SIMO, MISO and MIMO in the
presence and absence of a channel code ((63,51) RS-code) over a chan-
nel perturbed by weak turbulence. The improvement in performance
obtained by the use of MIMO and RS channel code in an UWOC system
has been quantified by analysis and simulations. The proposed schemes,
namely RS-coded 2 x 3, 2 x5, 4 x 3 and 4 x 5 MIMO systems are
observed to offer nearly 28, 31, 33 and 36 dB of improvement in
performance (transmit power gain) respectively when compared with
un-coded SISO UWOC system at BER of 10~°. We conclude that the use
of MIMO and diversity schemes along with suitable channel codes can
be a suitable and efficient technique to realize high-speed and reliable
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Table 2
Power gain of RS-coded SIMO, MISO and MIMO techniques over un-coded SISO.

RS-coded UWOC Transmit Power (dB) Power gain (dB)

system at BER of 107 from un-coded SISO
SISO 27.80 09.70
2x1 18.90 18.60
1x3 19.10 18.40
4x1 12.50 25.00
1x5 09.90 27.60
2x3 09.00 28.50
2x5 05.75 31.75
4x3 04.10 33.40
4x5 01.20 36.30
Table 3
a and b variation with respect to various schemes.
Scheme N, M Mean and variance Parameters Parameters
values of normal PDF based on calculation considered

a I3 a b
SISO 1,1 —-0.1647, 0.1647 0.349  2.104 0.14 3
MISO 2,1 0.2507, 0.0959 -0.665 2.653 -1.25 3
MISO 4,1 0.6406, 0.0525 —2.9770 5.102 -3.133 6
SIMO 1,3 0.4815, 0.0678 -1.701 3.515 -3.150 4
SIMO 1,5 0.7619, 0.0428 -2.977 4.102 -5.75 5
MIMO 2, 3 0.8597, 0.0362 —2.977 3.346 —-5.541 5
MIMO 2,5 1.1290, 0.0223 —-6.221 5.509 -7.75 6
MIMO 4, 3 1.2237, 0.0188 —-7.9139 6.45 -10.45 7
MIMO 4,5 1.4864, 0.0114 —-11.387 7.658 -13.20 8

UWOC systems. The proposed coded MIMO schemes can be gainfully
used in the design of UWOC systems enabling IoUT applications such
as inter submarine communication, submarine to jetty communication,
communication between sensors collecting oceanic parameters and
aggregating devices, etc.

Appendix A. Log-normal PDF using hyperbolic tangent distribu-
tion

The Cumulative Distribution Function (CDF) of normal random

variable X with mean uy and variance o? is,

D(x) = %erfc Hx =X (22)
20&
The CDF of log-normal random variable I = exp(2X) is,
2uy — In(1
F,(I) = %erfc 2ux —In(h) (23)
863(

From Egs. (22) and (23), F;(I) = @ @) From [27], representation
of normal CDF using the family of Hyperbolic Tangent Distribution
(HTD) is given as,

D (x) = % + % tanh (b'x + a’) (24)
Equating Egs. (22) and (24), we obtain «’' and »’ values for particular
uy and "?{' The log-normal CDF obtained by replacing x with In(1)/2
in Eq. (24), which is given as,

F,(])=%+%tanh (b’# +a’> (25)

By expan,ding ‘tanh’ into algebraic form, the CDF is obtained as F;(I) =
b
%, and the corresponding PDF is given as,
b exp2a) I~
e 26)
(14 1% exp(2a’))
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The values of @’ and b’ varies based on the mean and variance of normal
density function, to compute the BER (i.e, Egs. (13), (16), (18) and
(20)) ‘b”” should be an integer. The PDF obtained using HTD is not
guarantee that ‘6’ is an integer. In our analysis, we have considered ‘v’
to the upper integer (floor of #’ i.e, b= [b’]) and a is chosen to obtain
a + bx is nearest values to ¢’ + b'x for varying x. Figs. 8(a) and 8(b),
represents CDF and PDF of normal random variable x generated using
Hxs "3( (solid line) and HTD (dashed line for o/, ¥’; dashed—dotted line
for a, b). Figs. 8(c) and 8(d) represents the log-normal CDF and PDF
generated using HTD. Fig. 8(e) shows the variation of curves o’ + b'x
and a + bx with respect to x.

Appendix B. PDF of sum of identical, independent log-normal
random variables

Let I, is sum of M independent identical log-normal random
variables (1), I, ..., Ip), i, I, = I + I, + -+ Iy = MI, where
I = exp(2X) log-normal random variable, X is normal random variable

7

with mean yy and variance ai(. From [28], I, is log-normal random
variable with mean E (I,,) = ME() and variance 62 = Mo?,
where 02 = exp(40% — 1) X exp(dc” + 4py). I, can be represented
in exponential form as, I, = exp(U) then E (I, ) = exp (2uy +207)
and aium = exp (407, +4uy ) (exp (407 ) — 1). Equating these equations,

exp<4a§)—l
M

1

yields 7 = ;In +1 ) and py = 3 In(ME(D) - o7,
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