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ABSTRACT In this paper, we have investigated the performance of an underwater vertical wireless optical
communication (UVWOC) link employing multiple input-multiple output (MIMO) operating in conjunction
with equal gain combing (EGC) techniques perturbed by weak and strong turbulence in the presence of
pointing errors and attenuation losses. Vertical underwater turbulence, which varies from layer to layer
due to temperature and salinity variation connected to depth, is modeled using hyperbolic tangent log-
normal (HTLN) distribution in the case of weak underwater turbulence and gamma-gamma (GG) distribution
in the case of strong underwater turbulence. Novel closed-form expressions quantifying the average bit error
rate (BER) have been derived for the UVWOC MIMO EGC system for weak and strong turbulence regimes.
The expression for the average BER associated with the UVWOC link for different values of pointing
error, differing vertical layer depth, modulation types, and differing numbers of sources and detectors have
been determined. In addition, closed-form expressions for the outage probability (OP) and ergodic channel
capacity (ECC) have been derived for the UVWOC MIMO EGC system. The accuracy of all closed-form
expressions derived in the paper has been verified using Monte Carlo simulations.

INDEX TERMS Underwater vertical wireless optical communication (UVWOC), hyperbolic tangent log-
normal (HTLN) distribution, average BER, outage probability (OP), ergodic channel capacity (ECC), equal
gain combining (EGC).

I. INTRODUCTION major impediments affecting UWOC systems. The intensity

There has been a great deal of interest in investigating,
evaluating, and designing underwater wireless optical com-
munication (UWOC) systems in the recent past. This is due
to the fact that optical wireless communication systems can
enable high transmission rates and reliable communication
in oceanic channels over short distances [1], [2], [3]. Beam
absorption, pointing errors, and underwater turbulence are the
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level is reduced by absorption and scattering, causing devi-
ation of the beam from the intended line of sight path. The
propagating optical beam will be attenuated due to the com-
bined effect of absorption and scattering. The effects of beam
attenuation are minimized by employing an optical source
operating in the wavelength range of 400-530 nm [4], [5]. The
effect of Beam spread functions for different types of water
is studied in the literature [37].

The turbulence of the oceanic medium causes variations
in the intensity of the propagating beam as light travels
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inside water. This underwater turbulence is modeled using
log-normal distribution in a weak turbulence regime and
gamma-gamma (GG) distribution in a strong turbulence
regime [3], [32], [33], [38]. In most of the literature, a link
is assumed to be horizontal in which case the turbulence
value can be assumed as constant over the entire length of
the link. In the case of vertical optical links, temperature and
salinity variations can be observed across the length of the
link. This results in the formation of non-identical vertical
layers [6], [7]. These multiple non-identical vertical layers
(Each vertical layer with different turbulence) are modeled
using cascaded log-normal and gamma-gamma turbulence
for weak and strong regimes, respectively [8], [9]. The low
complexity HTLN distribution is used as an alternative to
log-normal distribution to model vertical link turbulence in
case of weak regimes [15]. In this paper, we have assumed
the link to be vertical and used HTLN distribution and cas-
caded GG distribution for channel modeling with respect
to weak and strong turbulence regimes. Pointing errors is
another limitation that degrades the performance of UWOC
systems. This is due to a misalignment between the source
and detector, which results in the transmitted light beam devi-
ating from the center line of the receiver. The performance
of underwater links with pointing errors have been studied
in literature [10], [11]. Due to the combined effect of ver-
tical underwater turbulence, pointing error, and attenuation
losses, the performance of the UVWOC system deterio-
rates. The performance of the communication system can be
improved by using diversity techniques. Transmit diversity,
receive diversity, and multiple input multiple output (MIMO)
schemes are some of the methods that have been employed
to improve the performance of underwater wireless optical
communication links [12], [13], [14]. Equal Gain Combin-
ing (EGC) is often preferred at the receiver side due to its
significantly simpler structure and comparable performance
to maximum ratio combining [8], [12], [16], [34], [35].
In this paper, we have used the MIMO-EGC system model
to improve the performance of vertical links.

A. MOTIVATION

A study of relevant literature reveals that most of the research
work carried out to date has addressed the problem of light
beam propagation through vertical underwater links compris-
ing of K vertical layers where a single source and detector
have been employed. Thus, most of the study and analysis
have been focused on single input, single output systems.
Such systems are particularly vulnerable to the impact of
pointing errors [7]. The research work reported in this paper
has been driven by the desire to address this limitation.
In the literature [15], channel models for vertical links were
derived by the author, taking into consideration the effect
of pointing errors, with a specific focus on the weak turbu-
lence regime. Different schemes, such as receive diversity
with selection combining and maximum ratio combining,
were explored [15]. Drawing upon the encouraging results
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TABLE 1. Existing work on vertical link underwater wireless optical
communication.

Reference | Authors Contributions

[7] Proposed channel modeling of vertical link underwater
turbulence. Derived closed-form expressions for average
BER and ergodic channel capacity (ECC) for single input
single output (SISO) vertical link without considering the
pointing error effect.

[15] Derived closed form expression for selection combining
(SC) and maximum-ratio combining (MRC) receive diver-
sity schemes for vertical link quantifying average BER,
ECC, and outage probability (OP) considering pointing
error effect in weak turbulence.

[30] Derived closed form average BER expression for SISO
vertical link for strong turbulence with pointing error.
[28] Derived closed-form outage probability expression and

diversity gain for MIMO- EGC vertical link for weak
turbulence without considering pointing error effect.

[31] Derived closed-form outage probability expression for
SISO vertical link for weak turbulence considering point-
ing error effect.

of prior research, a novel approach has been adopted in this
paper, where MIMO EGC has been employed for vertical
links with K vertical layers. Notably, this marks the first
instance of channel modeling for the MIMO EGC system in
the context of underwater vertical links. In Table 1, we have
provided existing work related to the underwater wireless
optical vertical link.

The contributions made by this research paper are enumer-
ated below:

o Unified combined probability density function (PDF)
and cumulative distribution function (CDF) have been
derived for the MIMO- EGC- UVWOC link perturbed
by weak and strong turbulence. The effects of pointing
error and attenuation losses have been taken into account
while deriving these expressions.

« Novel closed-form expressions quantifying average bit
error rate (BER), outage probability (OP), and ergodic
channel capacity (ECC) have been derived separately for
weak turbulence and strong turbulence regimes.

o The accuracy of the analytical expressions derived in the
paper has been verified using Monte-Carlo simulations.

The remainder of the paper is organized as follows. The
system model of UVWOC MIMO EGC has been presented
in Section II. The individual channel models for weak and
strong turbulence, including pointing errors and attenuation
losses, have been presented in Section III. The average BER,
OP, and ECC analysis of the UVWOC MIMO EGC system is
described in Section IV. We have included a discussion of the
relevance and significance of the results obtained in this paper
in Section V. The paper has been concluded in Section VI
with a summary of the research results reported. Notations
and parameters used in paper represented in Table 2.

Il. SYSTEM MODEL
Consider a UVWOC system model as shown in Fig. 1. The
system consists of M LASER sources and N photo-detectors.
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TABLE 2. Parameters and notations used in paper.

M Number of Transmitters

N Number of Receivers

K Number of vertical layers

(og,Br) | Gamma-gamma parameters of k%7 layer.
Ia Attenuation coefficient

Fraction of collected power at the receiver

Ao when displacement is zero
L MN
g Pointing error parameter.
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FIGURE 1. UVYWOC MIMO EGC system.

The data received at the j” photo-detector is given by [16],

M
Y= > fx +v;
J = MN LJ J

i=1

j21727"'N (1)

where 7 is the responsivity of the photo-detector, /; j is the
fading coefficient of i LASER source to j” photo-detector, x
is the transmitted data, and v; is additive white Gaussian noise
at each receiver with zero mean and variance 0> = o2/N.
We have assumed that the responsivities of all photo-detectors
are equal. The output of the equal gain combiner at the

receiving end is given by

N
Ui
YE=ZIYJ'=]VI—NIEX+VE )
/:
where Ip = >V, Zszl lijand vp = Z,N=1 v;. The signal-
to-noise (SNR) ratio of equal gain combined received signal
is given by

_ WE 7l 3
YEZ MIN%G? T M2N? ®
2
where Ey is energy of transmitted signal and y = ”Gfx is

average SNR.
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Ill. CHANNEL MODELS

In this section, we have derived the combined PDF and CDF
of the channel for the proposed system. The combined fading
coefficient after equal gain combining is given by [8]

Ig=>">"1Lj “

where I;; is the fading coefficient associated with each
received signal. It is computed as the product of the indi-
vidual fading coefficients associated with attenuation I,
pointing error /,, ; and turbulence of underwater medium 7y, ;,
i.e., I,"j = Ialt,'_jlpi,f

A. ATTENUATION CHANNEL MODEL

The attenuation of the underwater channel by considering
both absorption losses and scattering losses is given by [3]

Ia = exp (=dC(N)) &)

where C(\) is wavelength (\) dependent extinction coeffi-
cient and d is the vertical link distance between source and
detector.

B. VERTICAL LINK TURBULENCE CHANNEL MODEL

The PDF of fading coefficient associated with the propagat-
ing light beam in the case of UVWOC links under conditions
of weak and strong turbulence has been specified in the
following paragraphs.

1) WEAK TURBULENCE

It has been shown that in the case of a weak turbulence
regime, the PDF of fading coefficient associated with the
propagating light beam will follow a log-normal distribu-
tion [7]. Under these conditions, the PDF of the fading
coefficient considering K non-identical vertical layers is
described by [7]

In(l, ) —2u,)*
ﬁtl‘_j (Iti,j) = M) ©)

\ /1 (
—F——exp| — 5
2 /2 o} 80;

In this equation, the total log-amplitude mean and variance
— VK 2 _ VK 2 :
are iy = 3 p_y Uy and o7 = > o, respectively.

2) STRONG TURBULENCE

It has been shown that under strong turbulence conditions, the
fading coefficient associated with propagating light beam will
follow the gamma-gamma (GG) distribution. This density
function considering K non-identical vertical layers is given
by (7), as shown at the bottom of the next page, [7].

In (7), o and B are the parameters related to GG for the
k™ layer, {o — K| = {1 —Lap— 1+ ,ag — 1}, {Bx —
D =B = 1B — 1, B — 1), Agp = [Tiz; o
and Bug = [ 14—, T(@)T(Br).
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C. POINTING ERRORS CHANNEL MODEL

The parameter associated with misalignment between the
source and detector is a pointing error. The pointing error
fading coefficient of the overall channel comprising of K
layers is given by [17]

N 2R?
Ipi,j ~ Ap exp _a)2 , R>0 (8)

zeq

where R denotes the Rayleigh distributed random displace-
ment variable, Ag is the fraction of the collected power at
R = 0 and wz.q is the equivalent beam width.

D. COMBINED CHANNEL MODEL

In this section we derived combined PDF and CDF of fading
coefficient associated with equal gain combining by consid-
ering the attenuation channel model, pointing error model,
HTLN distribution in case of weak turbulence, and GG distri-
bution for strong turbulence. The combined fading coefficient
after equal gain combining, /g can be expressed by using an
approximation employed in [18, Eq. (12)] and given by

Ir = 1,515, ©)

M N M N
where S1 = 377, >0 I, and S = T o 2t Iy
The PDF of variable S5 is given by [18, Eq. (23)]

Lg
_EDIte (S} (52
S22LT(L) FAy ) \ FAg ’

fs, (852)
0 <58, <FA (10)
where pointing error parameter g = vf:? , L = MN and

1) COMBINED PDF
The PDF of the combined fading coefficient after EGC is
given by [17]

o0 1 Ig
szaE):/A,E o (SI )fSl(Sl)dSI (1n)
FAola

a: WEAK TURBULENCE
The PDF of the variable S; in case of weak turbulence will
follow the log-normal distribution and is given by [4]
1 (In (S1) — 2ug)?
fs, (S1) = —exp(——2 (12)
281,/2m0} 8o

where EGC mean ug = ln(L)— Linf1+ M) and

EGC variance 0 = ;In |1+ mg. The log-normal

distribution in (12) can be represented by HTLN distribution
for mathematical simplification and is given by [8]

—1
0 ) 13)

where a and b are HTLN distribution parameters.

By substituting (13) in (11), the combined PDF in case
of weak turbulence can be obtained in (14), as shown at the
bottom of the page.

In (14), assume 2 = —1In (#E]AO) and integrating it by
using Gauss-Laguerre quadrature formula for 'NN’ sample
points we get [29]

f5,(S1) = bexpa)$? ™' Gy <exp 2a)s?

NN
fielp) = D" o B E(— 2D Hut?
kk=1
_ —1
x (—1)t 1G] (If%exp (1) ‘ 0 ) (15)
(=DEN@W)E gl bexp(2a) _ 1

where .o/ AN, , B = TP
%, & = exp gtkk (1 +b— % ), ti are abcissae and
Hyy are weight coefficients for the Gauss-Laguerre quadra-

ture. The combined PDF in terms of SNR by change of

variable Ir = MA%)TE in (15) is given by
1. G-
X A ELP Hyt XS (— i)t~y
ny(yE) = Z

k=1 2(y)2(FAola)
<ot (2)))

_ (LvE) _
where & = ( 7 ) € exp (—ticb).
b: STRONG TURBULENCE

The PDF of variable S under the condition of strong turbu-
lence regime will follow gamma-gamma distribution and is
given by (17), as shown at the bottom of the next gage [7], [19]

(16)

In (17), g, = Lox + (L — D)= 1i07000124513f+g 98ﬁk )
{aEk - 1}]1(<:1 = {aEl - 1» Op, — I y OEy — 1}7 {ﬂEk -
DK = {Be — LB, — 1, Bec — 1}, B, = LB,

Ag = T1i=; (g Pe,) and B = [T, (T (ag,) T

(ﬁEk))'

oy (I1;) = B

» G(z) gKO (Aaﬁlfi.j .

o — 1K, {Be — 1}521) M

Lg

I N G Y (i )
it = [, S

FAyl.

—1 Ig
FI,S1A¢
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By substituting (17) in (11) and integrating it in a similar
way as in (14) the combined PDF of MIMO UVWOC EGC
for strong turbulence is obtained in (18), as shown at the
bottom of the page.

_ (=DF'@ytelAg Ag _
In (18)’ M - 2LT(L)Fl,AoBg ° %1 FAol,’ gl =
exp (tkk (2 _ %)) and 301 — 16 ez‘P(tkk).

The combined PDF in terms of SNR by change of variable
as in (16) can be obtained in (19), as shown at the bottom of
the page.

In(19), 25 = %% exp (1)

2) COMBINED CDF
The combined CDF of MIMO UVWOC EGC system is given
by
YE

Fye(ye) = Sfyve(ve) dyve (20
a: WEAK TURBULENCE
By substituting (16) in (20) and integrating it using formula
in [20, Eq. (07.34.21.0084.01)] we get the combined PDF for
weak turbulence as

NN U
Z &Zf(beHkkt 5( ) E 1 E2

F)/E (VE) = —% b
kk=1 ﬂb()/)z (FAOIa)
2,2+4b 2 b ,—0.5,0
X Gytpatp (W 02% 5, 2i-h z) (21)
; Lb% b
Wherel=1,~-- 7band”’%z ex}l))([kk )

72
b: STRONG TURBULENCE
By substituting (19) in (20) and integrating it [20, Eq.

(07.34.21.0084.01)] the combined CDF for strong turbulence
can be written as

TABLE 3. OOK and BPSK modulation parameters.

Modulation Scheme o p q
OOK 1 0.5 0.5
BPSK 1 0.5 1

where u = >'K_ ag, + Bg, — 3K + 1, #4 =

{ﬂlzk _1}k:1 {.Bl:k }k:I
2 ’ 2 .

G exp(tik) and
N

{og, —1}&_
O = k2k17

o i
2 £

IV. PERFORMANCE ANALYSIS

In this section, we derive closed-form expressions for the
average bit error rate (BER), outage probability (OP), and
ergodic channel capacity (ECC) of the UVWOC MIMO EGC
system.

A. AVERAGE BER
The average BER of the UVWOC MIMO EGC system is
given by [9], [21]

SqP ©
2l (p)

Py = ey E, (ye)dye  (23)

where 8, p, and g are parameters related to different modula-
tion techniques and corresponding values of these parameters
for on-off keying (OOK) and binary phase shift keying
(BPSK) modulations are shown in Table 3.

1) WEAK TURBULENCE

The average BER in case of weak turbulence is obtained by
substituting (21) in (23) and given by

3qP o
2T (p)

_ p—1
Pr = e YP

b
Fyp(vE) = % A E 2 Hyty? (=)™~ Ve x % o EMNY Hut® (=)™~ g
YE - V
P 200K V7 e nb(fﬁ(FAoI ¥
4K 1 1 YE | U. ; ? b 2b ’
% G1,4K+1( % | 6. —0s (22) X Gy ipoun \ V7Y, £00.0.5, 2ib—2 b > Jdve  (24)
E 2 k.0 (AES1| —
fs, (S1) = BrL Go 2k (T {og, — 1E_,. (BE, — 1}kK=1) "
NN
A Hge(—ti )10 ¢ 0 ( )
o %0 (o 18
JizUE) kg 2 0.2k | 41 { ag, — K (B, — 11K, (1%)
NN 0.5 L— 1
MéD]Hkktkk (—Tri) ( )
_ p 19
ny(VE) Z zm 2 {aEk l}]lc(zla {IBEk - 1}][c(=1 ( )

kk=1
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Integrating 24) by utilizing formula in
[25, Eq. (07 34.21.0088. 01)] the average BER is given by
84 E i (— 1) !
Pe-y -
fo TG Q)T g3 (FAgl,)
224 W2pb | 2i= 2p b 2;%1) ,—0.5,0 (25)
242b,2+b qb 0 O 5 21

By utilizing [36, Eq. (22)] in (25), we get an asymptotic
expression of average BER for High SNR, which is given
in (26), shown at the bottom of the fage

In (26), W = LCexpud) » _ %g”,%b,—o.s,o],
y2

B = [o, 0.5, 2"—2’,’;2] and C = [0, 0.5].
By considering only dominant terms in (26) the average
BER asymptotic expression is given in (27), shown at the

bottom of the page.
In (26), C,;;;, = min(C).

2) STRONG TURBULENCE

The average BER in case of strong turbulence is obtained by
substituting (22) in (23) and integrating using formula [25,
Eq.(07.34.21.0088.01)]. The obtained expression for average
BER for strong turbulence is

P NN M(flSZ“_ZHkkt]?ks(—tkk)L_l
E =
2 L(p)(7)? 2m)K 05

kk=1
K2 | = 2” ,0.5
2,4K+1 q24K ﬁ O 5

The asymptotic expression for average BER in case of

strong turbulence for high SNR is given in (29), shown at the
bottom of the page.

(28)

m o) b = [SZos] B =
log —13ey leg )iy B —DEL, BRI
[ k2 k l, k2k 1’ k2 k l, k2k l’_O.S andIE‘ —
o= (o) B DR, )R
2 ’ 2 ’ 2 ’ 2

By considering only dominant terms in (29) the average
BER asymptotic expression is given in (30), shown at the
bottom of the page.

In (30), Fyyyin = min(F).

B. OUTAGE PROBABILITY

The outage probability (OP) of UVWOC MIMO EGC system
for M number of sources and N number of detectors is given
by [23]

Yih

O = JreVE) dvE = Fyp (Vin) (3D

where yy, is SNR threshold.

1) WEAK TURBULENCE
By utilizing (21) in (31) the outage probability for weak
turbulence can be written as

b
N b
szngHkk t]?]és(—tkk )L 1 ytfl

nb(fﬁ(FAol )b
2.24b 2 ,—0.5,0
G2+b,2+b (W th 02% 5 2i— b 2)

The asymptotic expression for OP in case of weak turbu-
lence is given in (33), as shown at the bottom of the next page,
for high SNR.

In (33), G = [ 252, -0.5,0], H = [0,0.5, 25}
I=1[0,0.5].

O =
kk=1

(32)

2] and

2 T T (B = Co) T T (1= 4+ C)

5./ ELP 05(_ i )l=! o w2\
PE,asym = Z — lia 24D ( b ) (26)
6o TG e T ¢ (FAl) = [T (1-B+C) q
I1? =i T (Bj — Coin) [T T (1 — Aj + Cp
SJZ/éoLbb Hkkfk 5( tkk)L 1 IB;& lmm ( J mzn) j=1 ( J mtn) 2bh Ciin
PE,asym = Z ~ 24D b 27
io TEMEeD)T ¢k (Faoly [T T (1= Bj + Cpuin) q
4k 2 _
X A E82 2 Hygt 9 (— g ) & /;:&li O 8 = E) [y T =Dy + 5 5 &
Peasm = D . K 05 : I'(1.5 + Fy) 24K @9)
k=1 C'(P)(y)2Q2m)~ g k=1 : k 4
, L H4k i—1 r (E] — Fmin) Hj2=1 r (1 — ]D)j + Fmin) 5 Foin
AN E 82" Hit X (—tiae) E; ;élme 4
PE,asym = Z F 1K (30)
— F(p)(y)Z(Zn)KqO~5 I'(1.5 + Foin) q2
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By considering only dominant terms in Eq. (12) the final
OP aymptotic expression is expressed in (34), as shown at the
bottom of the page. In (34), 1,,;, = min(T).

Beam spread function (BSF) represents the total scattered
profile of incident optical beam. It shows the amount of light
irradiance received as a function of distance of the receiver
from the main beam axis at a particular link range.

The OP expression after including BSF function is given
by

Ok .BsF = Pr(YE,BSF < Vi)

523?21(15(1)’
_ /O VREGOT o (51)dSy 35)

where yg psr = %, 8 is receiver point, d is
link range, BSF (8, d) is beam spread function for link range
d > 2mand§ < 2mis given in (36), as shown at the bottom
of the next page, [37],

In (36) {F>(—; —, —; —) is hyper geometric function,
Pi(X) incident power, x; is i root of Laguerre polynomial

L f order n, and weight W; = ———2—— Vy(d) i
n(x) of order n, and weig S D (L) 0(2 ) is

variance of Gaussian source in free-space, K = ﬁ,
7 (1+g

g1 = 0.924 dominant forward scattering. :
Substituting Eq. (13) in (35) and integrating resulting

expression for OP is given as
Ok Bsr = bexp(2a)_7

i—b
b 1
x Gy, (exp(Za) 7

5, b=t ) (37)

b

0.5
_ (_MN) 4y,
where 71 = (mSZBSF(B,d))?) :

2) STRONG TURBULENCE

The outage probability of the MIMO UVWOC EGC system
for strong turbulence can be obtained by substituting (22)
in (31) and given as

NN _
A E 2 Higet 32 (— ) v
op=>

] 22mkJy

W2y 0.5
4K,1 1 /1 .
% G ( o 0. (38)

1,4K+1 24K

The asymptotic expression of OP for High SNR is given
in (39), as shown at the bottom of the next page.

In (39). K — {agkle}le, {aE,{Z}f:I, {ﬂEk;1}§:17 {ﬁgkz}le,

—05|and L = {aEk_zl}kK=1’ {aEkZ}l{;l’ {ﬂEk_;}kK:I’ {/3Ek2}/lf=1 )

By considering only dominant terms in (39) the OP aymp-
totic expression is given in (40), as shown at the bottom of
the next page. In (40), L,,;; = min(LL).

The OP expression for strong turbulence after adding BSF
function is derived by substituting Eq. (17) in (35). After
integration the resultant expression is given in (41) , as shown
at the bottom of the next page.

C. ERGODIC CHANNEL CAPACITY
The ECC of the UVWOC MIMO EGC system is given
by [15], [24]

1 eVE
Ce= [ 31om (1+ %) futrerare @

where ‘e’ is the exponential constant.

1) WEAK TURBULENCE
In this section, we derive the ECC of weak turbulence condi-
tion by substituting (16) in (42). After substitution, the ECC
is given by
°° eYE\ 1,1 —1
Co=[ 2tog, (14 2) a1 (2], )dve @3)
0 2 ’ 0

L G-
NN @ ELPHytdd (—tu )t yg?

where &1 = > .., - . By using
47)2 (FAgl )P
relation logy(1 + x) = 1.44 G); (x‘ i (1)) in (43) and

integrating it using formula in [22, Eq. (07.34.21.0013.01)]
we get final ECC expression as

& 1449 ELPHyetdS (i -1
Ce=2,

N
k=1 bQ2mey)2 (FAol,)”

G222+ #22r)’| 05,0, 20=2, 210
XSt \ T (0,05, 252 21’—2%—2
(44)
The asymptotic expression of ECC for weak turbulence
regime is given in (45), as shown at the bottom of the next
page.

NN ¢

T (H = L) [T (1 - G+ I

o ELP Hyt 33 (— i)y
OE,asym = Z — b
Je=1 b(7)2 (FAola)? 1

b
NN _ 3
,QfngHkkt&s(—tkk)L 1)/[2

OE,asym = E

J#k (7/2 ytz;l)ﬂk (33)

Hf:f r (1 — H; + Hk)

[T =1 T () = Luia) [TE7 T (1 = G+ Tin)
Hi#ﬂmin

N
k=1 b(7)2 (FAola)
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2i-b-2 2i—b-2 Yieb—d Zi b2
[O, 0.5, 22=2, ZT] 0= [0, 0.5, 2izb=2, ZT] and
@min = mln(@)

2) STRONG TURBULENCE

By following the same procedure as in (44) we can derive
the ECC of a strong turbulence channel by substituting (19)
in (42) and integrating it. The ECC of strong turbulence is
given by

NN

Ce= ),

kk=1

14407 E 2 Higet O (— g )2
(27.[ )K+O-5(e)7)0-5

(]2 0s)
(40)

e24K—1
The asymptotic expression for ECC in case of strong
turbulence for high SNR is given in (47), as shown
at the bottom of the next page. In (47), Q
fop —1E leg e, B —1E Balie
|: k2k17 Kk=1 k=l k2kl,_0.5,_0.5i|R=

-0.5,0.5

4K+2,1
x G 0, -0.5,-0.5

2,4K+2

2 ’ 2

V. RESULTS AND DISCUSSIONS

In this section, we have performed Monte Carlo simulations
and numerical analysis of derived closed-form expressions
quantifying the average BER, OP, and ECC of the UVWOC
MIMO EGC system. The system parameters that we have
considered for this computation are wavelength A = 530 nm,
extinction coefficient of ocean water C(A = 530 nm) =
0.056m~ 1,4y =1, g = 23.85, 2.65 and 0.95 for weak, mod-
erate and strong pointing error (PE) respectively [15], [26].
In this paper, we have considered a UVWOC link with
transmitter—receiver separation with one, two, three, and four
non-identical vertical layers where each layer has a thickness
of 30 m. The critical parameters of the multi-layer UVWOC
link, such as log amplitude variances and GG distribution
parameters in case of weak turbulence (WT) and strong tur-
bulence (ST), respectively, are presented in Table 4. This data
has been drawn from studies conducted in the pacific ocean
at high latitudes [7], [15].

Figs. 2 and 3 depicts the average BER performance
of UVWOC MIMO EGC system in case of weak turbu-
lence (WT) and strong turbulence (ST), respectively, for
the different number of transmitters and receivers. We have
assumed two vertical layers and weak PE. In Table 5, we have

{og, —1K_ | {oag e, B -1}, Brli, _05.-05| and presented HTLN parameters of two vertical layers for differ-
oz 2z 0z T ent numbers of transmitters and receivers. The average SNR
Rpin = min(R). values and average SNR gain obtained with respect to OOK
1 « Vo (d) x?
BSF (8,d) = 7 Z Wie I Pin(X) exp (—%)exp (—cd)
i=1
Kbr*d 13 xid?m? 0.6079bKg1d
x| exp| — 1F2<§;§,;—l4 )— ) -1 (36)
1+ g
4k
- (K' — ]Lk) o.5+1Ly) L
_ 4 =1 j
Or . % N E 2 Higet 3 (—tw)E 1 v ZK: T2k W2 Vin ‘ (39)
asym — =
- k=1 200Ky =1 1.5+ Ly) 24K
[T%21 T (K = Lin) TO.5 + Lynin) Lo
Op _ % G E 2" Hygt > (— 1)~ Vi K/#]Lmin W2 vin 40)
e 201V (1.5 + Lyin) 24K
Ag 4y 2K.1 4y 0
O N Ay e { — -y SUNN /YRy B — 41
EBSE = B\ 782BSF(S, dyy WK+ T\ 782BSF (5, d)p | s, — VK, (Br, — 11X, —1 1)
2+42b 2+4b
T (N = Opin) TTZY T (1 = M + Qi)
_ =1 J nun =1 J min Omin
o % 14447 ELPHigt 3 (— )" ™" %0, ! (W(zn)b) )
.asym = NG 2+2b b
o1 bQmep)I(FAoly) 123575 T (M) — Opin) e
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TABLE 4. Log-amplitude variances and GG parameters values for different numbers of vertical layers.

Number of vertical Layers | Total vertical link distance Log-amplltud‘e variance | poal log-amplitude variance | GG parameters
of each vertical layer
K d (m) o2 & o2 o Br
1 30 9.26 x 102 9.26 x 102 3.99 1.81
9.26 x 10~ 2 o 3.99 1.81
2 60 8.32 x 102 17.59 x 10 404 | 194
9.26 x 10~ 2 3.99 1.81
3 90 8.32 x 1072 24.59 x 1072 4.04 1.94
7.01 x 1072 4.15 2.18
9.26 x 102 3.99 1.81
8.32 x 1072 9 4.04 1.94
4 120 7.01 x 102 3016 > 10 415 | 218
5.57 x 102 4.41 2.58
10° I SR 10° ; RETER i :
WhiwoN e 00K (M=1, N=1)
0O0000000080888ARc00en. \ M L Y e ol - % - 00K (M=2, N=2)
B88%%e “\\ \\ 0OOK (M=3, N=3)
\ - b -BPSK (M=1, N=1)
\ BPSK (M=2, N=2)
- i 1L Y BPSK (M=3, N=3)| |
107" 107 * O Simulations
- - - Asymptotic
o
i : & %
@ —s—0OK (M=1, N=1) oS L] o
S102) ! | S102F 4 ]
g OOK (M=2, N=2) a9 o o
$ B ®
SIS OOK ( M=3, N=3) 0% <
-%-BPSK (M=1, N=1) b 1
0% BPSK (M=2, N=2) b ] 103k i
BPSK (M=3, N=3) | b
o Simulations 9‘
- - - Asymptotic |o ® .'s
10 I I I I } A 107 L D \
0 10 20 30 40 50 60 70 0 20

Average SNR (dB)

FIGURE 2. Average BER performance of UYWOC MIMO EGC system in
case of weak turbulence regime for different numbers of transmitters and
receivers.

modulation (M = 1, N = 1) to achieve an average BER of
10~ for WT and ST are shown in Tables 6 and 7 respectively.
It has been observed that the average SNR needed to achieve
the same average BER (10™*) decreases as the number of
transmitters and receivers increases. In addition, the BPSK
modulation is superior to OOK modulation for the same
diversity order.

Figs. 4 and 5 depicts the average BER performance of two
vertical layers of UVWOC MIMO EGC system perturbed
by different pointing errors for weak turbulence and strong
turbulence, respectively. We have considered two transmitters
(M = 2) and two receivers (N = 2). It has been observed
that the average BER performance deteriorates in the case
of strong pointing errors (PE) for both weak and strong
turbulence regimes.

40
Average SNR (dB)

FIGURE 3. Average BER performance of UYWOC MIMO EGC system in
case of strong turbulence regime for different numbers of transmitters

and receivers.

TABLE 5. EGC Log-amplitude variances (052) and means (xg) with
corresponding HTLN parameters of two vertical layers for different
numbers of transmitters (M) and detectors (N).

HTLN parameters
M |N| o% BE o parne
1 1 0.1759 | -0.1759 0.39 2
2 2 0.0568 | 0.6364 -2.55 4
3 3 0.0268 1.0718 -5.36 5

In Figs. 6 and 7 we have presented the average BER

performance of the UVWOC MIMO EGC system by varying
vertical layers from one to four for WT and ST, respectively.
We have assumed weak PE and considered transmitters and
receivers three each (M = 3, N = 3). In Table 8, we have
presented HTLN parameters of different vertical layers for
M = 3 and N = 3 EGC system. It has been observed from

4K+2
1 T(Q — Ryin) T(1.5 + Rypin) :
=1 j min min Ronin
o NZN; 14407 E 2 Higet 3 (— 1) ™" Q%R Wi @
BT T @)K (ep )03 [(0.5 = Roin) e2¥K1
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TABLE 6. Average SNR values and gain to achieve average BER of 10~ :ﬂ:l:ggmtaver
for different numbers of transmitters and receivers in case of WT. 00K, 3 Layere

"7 arsk 1 Layer
Average SNR (dB) | Average SNR gain (dB) .. BPsK zLayers
M | N 50K | BPSK | OOK BPSK b [ apek aLaven
1 1 64 58 0 6 ) 4 e lLe _iguml‘:tzls
2 2 52 46 12 18 « oo e o L%
33 & %) 6 %) u 1% 43 R A
102 - s 4 s a k‘. %
o § * ) * Yoo ’p
EEEEEaE
TABLE 7. Average SNR values and gain to achieve average BER of 104 '5 :‘? ' |Q v 3 8 3
for different numbers of transmitters and receivers in case of ST. Vo 2 i * * é 4
10 ¢ & @ §| *\ ¢ b oe
of | v | Average SNR (dB) | Average SNR gain (dB) [ T S S S 5( v
OOK | BPSK | OOK BPSK 0 S O U O
1 1 93 87 0 6 Lol ¢ ? *, ! Vo
2 2 ol > 32 58 10-40 20 - 20 — :o — 88 100
3 3 >4 47 39 46 Average SNR (dB)
-‘-6-- OOI‘(, Weak F"E

FIGURE 6. Average BER performance of UYWOC MIMO EGC system
(M =3, N = 3) in case of weak turbulence regime for a different number
of vertical layers.
—-#-= 00K, Moderate PE
OOK, Strong PE
% BPSK, Weak PE
- # - BPSK, Moderate PE
BPSK, Strong PE
O Simulations

10°
- = = Asymptotic

Average BER
5
®

\ —+—O0O0K, 1 Layer
“ - « -00K, 2 Layers
X ™ Ry, \ OOK, 3 Layers
Y 2 e % ' 0OK, 4 Layers
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© Y % [ BPSK, 2 Layers
¢ c%b 107 % % % 1 |-4-BPSK,3Layers
3 3 ®
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i [ Q%‘g °° 1 %, ‘n © Simulations
\ 1ot [--- i
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A ‘ ®© Q w 101
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104 I I I I * I 0* A I WY )
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10°

FIGURE 4. Average BER performance of UVWOC MIMO EGC system (M=2,
N=2) in case of weak turbulence regime for different pointing errors.
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FIGURE 7. Average BER performance of UYWOC MIMO EGC system
(M =3, N = 3) in case of strong turbulence regime for a different number

Average BER
3
%

TABLE 8. EGC variances (o‘:?) and means (;L‘z:.) with corresponding HTLN
parameters for transmitters (M = 3) and receivers (N = 3).
%‘
% HTLN parameters
3 o‘\’ao K ‘7?2 “213 a b
)
‘. LY % 1 1.0865 | 0.0122 | -8.69 8
- GOK Vieak PE % X X}Q 2 | 1.0718 | 0.0268 | -5.36 5
T ook g re Li % 3 | 1.0557 | 0.0429 | -4.22 7
103 [--+--BPSK, Weak PE e 9 % %
- - BPSK, Moderate PE L] % ‘k °© a 4 1.0405 | 0.0581 | -4.16 4
BPSK, Strong PE e ® 0 °q%
S VEL RN
R . 2 T 0!
0 10 20 30 40 50 60 70 80
Average SNR (dB)

FIGURE 5. Average BER performance of UVWOC MIMO EGC system (M=2,

Closed-form expressions for vertical link performance,
N=2) in case of strong turbulence regime for different pointing errors.

quantifying the average bit error rate (BER) for receive

diversity schemes such as selection combining (SC) and
maximum ratio combining (MRC), were derived in [15].
These expressions account for the impact of pointing errors,
Figs. 6 and 7, the average BER performance decreases as the

number of vertical layers increases in both cases.

particularly within a regime of weak turbulence. In Fig 8,
we have provided the simulation results of average BER for
various receive diversity schemes (EGC, MRC, and SC) in
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FIGURE 8. Receive diversity schemes.
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FIGURE 9. Monte-carlo simulations for different MIMO schemes.

the case of a vertical link. Here we have considered weak
turbulence and weak pointing error for two vertical layers
(K=2). From Fig. 8, it is evident that EGC is better than SC
regarding average SNR gain. An average SNR gain of 5dB is
observed from Fig. 8 compared to SC of the same diversity
order. In addition, the performance of EGC is approximately
equal to MRC. We also have provided the monte carlo sim-
ulations of different MIMO technologies in Fig. 9. Here we
have considered weak turbulence and weak pointing error for
two vertical layers. It is evident from Fig. 9 there will be
no significant gain when MRC is compared with EGC. The
performance of MIMO-EGC is better than SC.

In Fig. 10, the outage probability of UVWOC MIMO
EGC for different numbers of transmitters and receivers has
been computed and simulated by considering two vertical
layers. Here we have considered SNR threshold y;;, = 5 dB,
weak PE for weak and strong turbulence conditions. The
average SNR values and average gain obtained with respect
to single input single output (M = 1, N = 1) for the
outage probability of 10~* in case of WT and ST are shown

VOLUME 11, 2023
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FIGURE 10. Outage Probability of UYWOC MIMO EGC system for different
numbers of transmitters and receivers.

TABLE 9. Average SNR values and average SNR gains to achieve OP of
102 for different numbers of transmitters and receivers in case of WT.

M | N | Average SNR (dB) | Average SNR gain (dB)
1 1 65 0
2 2 50 15
3 3 45 20

TABLE 10. Average SNR values and average SNR gains to achieve OP of
104 for different numbers of transmitters and receivers in case of ST.

M | N | Average SNR (dB) | Average SNR gain (dB)
1 1 100 0
2 2 62 38
3 3 53 47

in Tables 9 and 10 respectively. It has been observed that an
increase in the number of transmitters and receivers decreases
outage probability and hence improves the performance of the
system.

In Fig. 11, the outage probability of weak turbulence and
strong turbulence for different SNR thresholds (yz,) are com-
puted and simulated. We have considered two vertical layers
with weak PE, M = 2 and N = 2. It has been observed from
Fig. 11 that as the SNR threshold increases, the OP increases,
which deteriorates the performance of the UVWOC MIMO
EGC system.

In Fig. 12, the OP for weak, moderate, and strong PE are
plotted for weak and strong turbulence regimes. Here we have
taken M = 3 and N = 3 for two vertical layers of underwater
medium. The SNR threshold y;; = 5 dB is assumed. The
result shows that to achieve OP of 107, the average SNR
required is 45 dB for weak PE, 52 dB for moderate PE,
and 68 dB for strong PE in case of weak turbulence. The
corresponding values of average SNR are 52 dB for weak PE,
62 dB for moderate PE, and 73 dB for strong PE, respectively,
under the strong turbulence regime. From this figure, it can
be inferred that as PE increases, the average SNR required to
establish a given OP increases.
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FIGURE 11. Outage Probability of UYWOC MIMO EGC (M =2, N =2)
system for different SNR thresholds (y¢p).

-
e,
T

Outage Probability
5
®

\
\
\

- & -WT, Weak PE @
&~ WT, Moderate PE ||
WT, Strong PE !

ST, Weak PE 4
\

1

\

\

L]

L]

o

e.
&
T

ST, Moderate PE
--»--ST, Strong PE
O Simulations
- - - Asymptotic
10 I | | I
0 10 20 30 40

Average SNR (dB)

FIGURE 12. Outage Probability of UVWOC MIMO EGC (M =3, N = 3)
system for different pointing errors.
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FIGURE 13. Outage Probability of UVWOC MIMO EGC (M =3, N = 3)
system for different number of vertical layers.

In Fig. 13, the OP values corresponding to different num-
bers of vertical layers are presented. Here we have considered

99264

2 - B -Pure sea water
R &

\ L3 ¢+ Clear ocean water
q .li 0 Coastal water
' i Q
107 E
2
E
]
S
a 102 E
[
=]
s :
3 ,
o 1 _
|
0% E
o ' 3
' [} Q
1 1 :
' v i
R PR
Lot Lo
10" i L L d : . . .
40 50 60 70 80 90 100 110 120
Average SNR (dB)

FIGURE 14. Outage Probability of UVWWOC MIMO EGC (M =3, N = 3)
system for different water types.

weak PE, y;, = 5 dB and transmitter-receiver (M = 3,
N = 3). It can be inferred from a study of this plot that the
SNR required to establish a given value of OP increases as
the number of vertical layers is increased.

In Fig. 14, we calculated the OP values using the BSF func-
tion for various water types. The calculations were performed
with a fixed § value of 20 cm and specific BSF values: -
18 dB, -43 dB, and -82 dB, corresponding to pure sea water,
clear ocean water, and coastal water, as referenced in [37].
Our observations from the figure reveal that, as the turbidity

of the water increases, there is a noticeable elevation in the
average signal-to-noise ratio (SNR) required to attain the
same OP of 10™* for both WT and ST conditions. Specifi-
cally, a significant average SNR improvement of 64 dB and
39 dB is evident for pure and clear ocean water, respectively,
when compared with the performance in coastal for both WT
and ST.
In Fig. 15, we present the ECC of UVWOC MIMO
EGC for differing numbers of transmitters and receivers.
In this computation, we have considered two vertical layers
of underwater medium influenced by weak PE. It is observed
that an increase in the number of transmitters and receivers
results in an improvement in the ECC. The ECC values which
have been determined at an average SNR of 70 dB, are
presented in Table 11.
In Fig. 16, we present the ECC of UVWOC MIMO EGC
for different PE regimes under the influence of weak and
strong turbulence regimes. Here we have considered two
transmitters and two receivers (M = 2, N = 2) and two
vertical layers of underwater medium. It has been observed as
PE increases, there is a reduction in the value of ECC value
for both weak and strong turbulence regimes. The ECC values
determined at an average SNR value of 70 dB are shown in
Table 12.
Fig. 17 depicts the ECC values for different numbers of
vertical layers. Here we have considered weak PE regime and
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FIGURE 15. Ergodic channel capacity of UVWOC MIMO EGC system for
different number of transmitters and receivers.

TABLE 11. ECC values to achieve average SNR of 70 dB for different
numbers of transmitters and receivers.

M | N | Turbulence | ECC (bps/Hz)
1 1 Weak 5.54
2 2 Weak 591
1 1 Strong 4.87
2 2 Strong 5.67

6 T T
- ® -WT, Weak PE
¢ WT, Moderate PE
WT, Strong PE

5F ST, Weak PE
- ® -ST, Moderate PE
--»-=ST, Strong PE

© Simulations
a4l == - Asymptotic

Ergodic Channel Capacity (bps/Hz)

0 10 20 30 40 50 60 70
Average SNR (dB)

FIGURE 16. Ergodic channel capacity of UYWOC MIMO EGC (M =2,
N = 2) system for different pointing errors.

TABLE 12. ECC values for an average SNR of 70 dB.

PE ECC for WT | ECC for ST
(bps/Hz) (bps/Hz)
Weak 591 5.67
Moderate 5.13 4.90
Strong 4.12 3.83

transmitter-receiver combination as (M = 3, N = 3). It is
observed from Fig. 17 that the ECC value decreases as the
number of the vertical layer increases from one to four.
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FIGURE 17. Ergodic channel capacity of UVWOC MIMO EGC (M =3,
N = 3) system for different number of vertical layers.

VI. CONCLUSION

In this paper, we have investigated the performance of a
UVWOC link employing a MIMO EGC scheme perturbed
by weak and strong underwater turbulence under the influ-
ence of pointing errors and attenuation losses. We have
derived closed-form expressions for the average BER, OP,
and ECC, considering the different numbers of transmitters
and receivers. The average BER supported by the vertical
link has been determined for different modulation schemes,
differing numbers of vertical layers, and differing degrees of
pointing error. From the results obtained in the paper, we have
concluded that as diversity order increases, the average BER
performance improves. In addition, BPSK modulation is
superior to OOK modulation in terms of improvement in
average BER for the same diversity order. Further, closed-
form expressions for the OP and ECC have been derived
for the UVWOC MIMO EGC system. The OP has been
analyzed for different SNR thresholds, distinct ocean water
types, differing numbers of vertical layers, and pointing
errors. We conclude that there is a reduction in the aver-
age SNR requirement as the number of transmitters and
receivers increases. The plots obtained by computation using
the analytic closed-form expressions derived by us corre-
spond very closely to the plots obtained using Monte-Carlo
simulation.
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