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Abstract: In this work, a cooperative optical Internet of Underwater Things (loUT) system
with hybrid decode-amplify-forward (HDAF) strategy is first proposed and investigated over
the aggregated underwater wireless optical communication (UWOC) channel. The impacts
of absorption, scattering and the misalignment caused by spatial spreading in the sea,
which are modeled by the beam spread function (BSF), as well as the oceanic turbulence on
the underwater optical links are all included to describe the practical channel characteristics.
With the help of Gauss-Hermite and Gauss-Legendre quadrature numerical methods, the
closed-form expressions of the average bit error ratio (ABER) and outage probability for this
cooperative optical HDAF-loUT system are derived and verified by the Monte Carlo (MC)
simulations. Furthermore, numerical analyses are offered to explore the effects of water
type, turbulence strength, relay location and power allocation scheme on this HDAF-loUT
system. The performance of this optical system over the mixture Exponential Generalized
Gamma (EGG) channel is also given for comparison. The obtained results indicate that the
optical HDAF-loUT system is superior to the loUT system with fixed amplify-and-forward
(FAF) strategy, and has a better performance when the relay is close to the middle position
for a fixed power allocation scheme. This work is beneficial for the cooperative system
design in loUT network.

Index Terms: Internet of Underwater Things, hybrid decode-amplify-forward, underwater
wireless optical communication, beam spread function.

1. Introduction

As is known, more than 70% of the earth’s surface is covered by water which nurtures life on
the earth and regulates its climate [1], [2]. With the development of science and technology and
resource depletion on the land, the exploitation and utilization of the ocean is extremely urgent.
However, the complexity of underwater environment has brought great difficulties for people to
explore marine resources [3]. The Internet of Underwater Things (loUT) could provide a possible
means to address these questions [4]. IoUT is a novel class of Internet of Things, which is
defined as the network of smart interconnected underwater objects. It is expected to enable
various practical applications, such as environmental monitoring, coastal surveillance, navigation,
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and underwater exploration [5]. Obviously, the efficient communication between different entities
of loUT networks is a fundamental and critical issue. Existing loUT networks generally use the
underwater wireless communication (UWC) technology based on radio frequency (RF), acoustic
and optical waves et al. wireless carriers to transmit information [1], [6]. In fact, since RF wave would
be severely attenuated in the sea water, it is seldom adopted in UWC system. Underwater wireless
acoustic communication (UWAC) technique has become a welcoming solution for long-distance
transmission in loUT network [7]. However, long propagation delay, high signal attenuation, and
low transmitting rate etc. limitations would lead to tremendous challenges in UWAC network
design [8]. Comparing with RF communication and UWAC techniques, underwater wireless optical
communication (UWOC) technique can not only achieve Gbps data rate within few hundreds of
meters but also have better security and more flexible deployment. Those advantages make it
become one of the potential alternatives to achieve data transmission in the loUT network [9].
Nevertheless, the current development of UWOC technology would be restricted by the absorption,
scattering, link misalignment and oceanic turbulence.

Absorption and scattering are two different effects of the same phenomenon, i.e., interaction
of light photons with particulate matter and water molecules would lead to path loss, deviation
of photons, and degradation in received power [10]. These two factors are generally described
by the well-known Beer-Lambert’s law [11]. However, this method is imprecise because only the
ballistic photons are considered, which will severely underestimate the received power especially
in the scattering water column [12]. Actually, a well-collimated laser beam may be largely diffused
in space when it reaches the receiver due to the particulate scattering in natural waters. Hence, it is
quite essential to investigate the misalignment of UWOC link caused by spatial spreading of optical
beams. In the present works, ray tracing simulation is a quite popular method to characterize the
UWOC channel, which simulates the trajectories of numerous photons under the consideration of
water types, link distances and transceivers parameters [12]-{14]. The ray tracing method provides
a more realistic underwater channel model than the Beer-Lambert’'s law, but its computational
complexity is very large [14]. Recently, beam spread function (BSF) model has been proposed
to characterize the misaligned UWOC link which includes a combined effect of two independent
phenomena, absorption, scattering and the misalignment caused by spatial spreading in a single
equation [15], [16]. In [15], B. M. Cochenour et al. introduced the theory used to solve radiative
transport equation (RTE) and derived the analytical expression of BSF model, which has been
validated via laboratory experiments. In [16], S. Tang et al. investigated the performance of the
misaligned UWOC systems considering the BSF model. Numerical results indicated that under
given transmitting power and link range, an appropriate offset distance between transmitter and
receiver would not seriously reduce the performance of UWOC systems. Furthermore, the BSF
model gives a relatively accurate analytical solution, which could be computed very quickly with
greater flexibility. Thus this model is adopted to characterize the impact of absorption, scattering
and the misalignment caused by spatial spreading on the UWOC link in this work. Aside from
absorption, scattering and link misalignment, oceanic turbulence in the UWOC channels is also
an extremely important factor [17]-[20]. So far, various statistical distributions for the turbulence-
induced fading have been presented to describe the intensity fluctuations of optical beams in the
presence of temperature, salinity, and air bubbles [21], such as lognormal (LN) distribution, Gamma
Gamma (GG) distribution, and the mixture EGG distribution, etc. These statistical distributions have
been verified through experiments in the water tank [21]-[23]. Among them, LN distribution is the
most mature model and has been widely employed to characterize the turbulence-induced fading
in UWOC channels under weak turbulence [18], [19].

In order to remove these impediments and extend the viable communication range of UWOC
system, the averaging-aperture, spatial diversity, channel coding and relay-assisted etc. techniques
have been proposed in [18]-[20], [22]-[25]. Motivated by the fact that there are numerous underwa-
ter objects interconnected with each other in optical loUT network, the relay-assisted cooperative
communication technique is a promising way to improve UWOC system performance. Cooperative
transmission, which adopts spare transceivers of other nodes in the network to assist data transmis-
sion, has the abilities to extend the communication range and provides spatial diversity gain [26].
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In cooperative communication scheme, amplify and forward (AF) and decode and forward (DF) are
two most common protocols, which have been extensively used in wireless optical communication
systems [27]. Concretely, AF protocol refers that relay terminals simply amplify the received
signals without performing any sort of signal regeneration. A disadvantage of AF protocol is the
noise amplification, which is incurred by the relay’s action. Meanwhile, one notable advantage is
able to operate at all times, including when the source-relay channel experiences outage [28]. The
performance of the cooperative systems employing AF relaying scheme has been studied over the
Rayleigh fading channels [29], [30]. In addition, the authors also analyzed the effects of co-channel
interference and the optimal power scheme on the performance of cooperative diversity networks
with AF strategy [31], [32]. For DF protocol, the relay fully decodes and re-decodes the received
signals in turn and then transmits a new message to the destination. Severe performance degrada-
tion would be caused if the relay wrongly decodes the signals. However, when the instantaneous
source-relay channel is suitable for a clean data extraction, DF protocol would perform better since
it regenerates and passes on a clean set of signals. In [33] and [34], the error performance and
outage performance of a single-relay cooperative system were comprehensively investigated for
DF relaying over the Nakagami-m fading channels. Furthermore, DF protocol could be classified
as fixed DF (FDF) protocol and adaptive DF (ADF) protocol, which is also known as selective DF
protocol. In FDF strategy, the relay just decodes, re-decodes the received signals and then forwards
new messages. In [35], focusing on the worst scenarios, it was found that the performances of FDF
and AF strategy are not much different, and they are pretty bad for both cases. Comparing with
FDF strategy, the selective DF strategy would decide whether it is necessary to forward the received
signals by evaluating the quality of the received signals with a predefined metric such as a certain
SNR threshold. The performance of the selective DF protocol is investigated in [36] and the author
proposed an SNR optimal threshold to minimize the average bit error rate (ABER). In [37], the
impact of the relay placement on the diversity order in adaptive selective DF cooperative strate-
gies is investigated in the context of free-space optical (FSO) communication over atmospheric
turbulence channels with pointing errors when line of sight is available. In [38], the performance
of a selective DF relaying based multiple-input multiple-output (MIMO) space-time block coded
(STBC) cooperative communication system with single and multiple relays is considered. Then,
a hybrid decode-amplify-forward (HDAF) protocol is proposed, which combines both ADF and AF
protocols to further improve the system performance [39], [40]. It was found that HDAF outperforms
ADF and AF strategies HDAF in terms of symbol error performance, and the performance gain
depends on the relay’s location. In [41], H. Xiao et al. provided error performance analysis and
minimum power allocation for multi-source multi-destination cooperative vehicular networks using
the HDAF cooperative relaying protocol. In [42], H. Khanna et al. presented the performance of a
dual-hop mixed RF-FSO system employing HDAF strategy. Results indicated that HDAF relaying in
a mixed RF-FSO system could obviate the need for a direct LOS link between the source and the
destination ends. In [43], the outage performance of mobile-to-mobile (M2M) cooperative networks
employing HDAF relaying scheme was investigated over N-Nakagami fading channels. Results
revealed that the fading coefficient, number of cascaded components, relative geometric gain, and
power-allocation are important parameters that would influence the outage probability. In [44], S.
Abdelhamid et al. investigated non-orthogonal multiple access (NOMA) for a cooperative wireless
relaying system over Rayleigh fading channels, which reveals that the location of the relay is the
key parameter to achieve the best performance. However, to the best of our knowledge, there
are no reports that address cooperative relaying strategy for loUT networks over the underwater
wireless optical channels up to now. Since the channel model of UWOC system is distinctive, the
existing achievements obtained in RF wireless communication system and FSO communication
system could not be applicable for UWOC systems directly. The absorption, scattering, oceanic
turbulence, and link misalignment between the transceivers of seawater would deteriorate the
system performance, which should be comprehensively considered in UWOC channels. Therefore,
this work intends to conduct a comprehensive investigation on the ABER and outage performances
analysis of the cooperative optical loUT system over UWOC channels.
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Fig. 1. Architecture of the cooperative optical loUT network.

In this paper, a cooperative optical loUT system employing hybrid decode-amplify-forward trans-
mission scheme is presented and investigated over the aggregated UWOC channel for the first
time. The impacts of absorption, scattering and the misalignment caused by spatial spreading in
the sea, which are modeled by BSF, as well as the oceanic turbulence on the underwater optical
links are all included to describe the practical channel characteristics. The closed-form expressions
of the ABER and outage probability for the HDAF-loUT system are derived. The insights into the
effects of power allocation schemes and relay locations on the error and outage performance of
the optical IoUT system are also provided. Moreover, the performance of the cooperative optical
HDAF-IoUT system over the aggregated EGG channel is given for comparison. The remainder of
the paper is organized as follows: Section 2 depicts the cooperative optical HDAF-loUT system
model and the aggregated UWOC fading channel. In Section 3, metrics of system performance
such as ABER and outage probability of the HDAF-IoUT system are presented. Subsequently, the
analytical and MC simulation results are discussed in Section 4 and the paper is concluded in
Section 5.

2. System and Channel Model
2.1 System Description

The architecture of the cooperative optical loUT network with M surface stations and N static smart
objects/nodes which can be underwater sensors using optical waves for communications is shown
in Fig. 1. These smart objects interconnect with each other and they could be different types of
underwater sensors, autonomous underwater vehicles (AUVs), submarines, ships, buoys, etc. In
the process of information transmission, the sensory data from the loUT devices is first forwarded
to neighboring underwater nodes. And then these messages are sent to the water surface receiver
in hop-by-hop and cooperative fashions via these moored smart objects [45].

In this work, we focus attention on a three-node half-duplex cooperative optical loUT system
with HDAF strategy, which consists of a source node (node S;), a neighboring node (relay R;) and
a destination node (node Dy). Assumed that the channel state information could be available at
the relay nodes and destination nodes by using the training sequence [46]. The HDAF strategy in
the cooperative optical loUT system mainly consists of two transmission phases. During the first
phase, the source node transmits the message to A; and Dy by using separate transmitter. The
signals received at the relay and destination can be denoted as

Ysg = v/ Psnihsp X + nsq,. (1)
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Ys0, = v/ Psnihsp X + Nsp, (2)

where hgp and hsp, are independent complex channel coefficients of S; — R; and S; — Dy links,
respectively. x is the transmitting signal from the source node S; with unit average power P'. Ps is
the transmitting power of the node S;. nsz, and nsp, represent the additive white Gaussian noise
(AWGN), which could be modeled by the signal-independent complex Gaussian random variables
with zero mean and variance o2 = Ny/2, where Ny is the single power spectrum density of the
AWGN.

In the second phase, the relay R; would carry out cooperative transmission and forward a
new message to Dy. Before forwarding the message, R; decides to adopt AF strategy or DF
strategy based on the channel quality of S;— R; link. If the instantaneous SNR of the S; —
link exceeds SNRs;, which provides the minimum SNR for R; to decode the received message
from S; successfully, R; would decode the received message, recode and forward a new message.
Otherwise, R; will adopt the AF strategy. With DF strategy employed, at Dy, the signals from the
relay can be expressed by

YA, = v/Panhap % + nap, ()

where hg,p, is the complex channel fading coefficient of the S; — Dy link, X denotes the re-encode
signals at R;, and Py is the transmitting power of the relay. ng p, is the same as ngp, and nsp,. When
the AF strategy is employed, the received signals at the destination can be given as

yﬁfgk = Gv/Panhg,p.Ysr, + Nap, (4)

where the amplification coefficient G is defined in [47]. And then, the destination Dy combines the
data copies from the relay and the signals from source with the maximum-ratio-combining (MRC)
technique and restores the original signal. Thus, the combining signal at the destination could be
modeled by

wRDYAD, + WsnYso,. With DF strategy
wRDYA D, + Wn Y50, With AF strategy

Yo, = (5)

where wgp,, wgp and wgp, are weighting coefficients. The end-to-end equivalent SNRs of the
optical loUT system under DF and AF strategies can be, respectively, given as

wor = min {usg,. wro, + s} (6)

MS,H/MR,-D,( (7)

WAF = P§D, + —————————
“ " msR,+ 1Rp, + 1

where usp;, urp,, and pugp, are the instantaneous SNRs of the S — Rj, R; — D, and S —
links, respectively. Furthermore, when the cooperative optical HDAF-loUT system operates un-
der the intensity modulation/direct detection (IM/DD), the end-to-end instantaneous SNRs of
the S;—R;, §;—Dx and R; — Dy links can be written as wggr, = Psn®lhsg |?/No/2 = i, lhsa |7,
wsp, = Psn?lhsp, 2/ (No/2) = iisp lhsp,|? and wgp, = Pan?|hap,|?/No/2 = figo,|hR 0,12, respectively.
HsR, = gD, = Psn?/No/2 and AR;D, = Pan?/No/2 are the corresponding average electrical SNRs.

2.2 Channel Model

2.2.1 Absorption, Scattering and Misalignment: When the laser beam propagates through the
UWOC channel, it suffers high attenuation and multiple scattering, which would limit the link range
to hundred meters. Taking into account both attenuation and the impact of spatial spreading on
the underwater optical links, the BSF model is employed to describe the UWOC link [16]. Under
the assumption of the small angle approximation (SAA) and symmetric irradiance distribution, the
irradiance distribution of the receiver plane perpendicular to the beam axis at z = z. (Given that
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TABLE 1
Typical Values of Absorption and Scattering Coefficients [12]

Water type a(mm) b (m™) c(m™)
Pure water 0.053 0.003 0.056
Clear water 0.114 0.037 0.151
Costal water 0.179 0.219 0.398

the transmitter is at the origin of the coordinates z = 0.) can be expressed as [15]
BSF (3, Zrec) = Eo (8, Zrec) €XP (—CZrec)

1 00
+ 2_ Eo (V, zrec) exp (_Czrec)
T Jo
y {exp [ b (v (2o — 2)) dz} 1 } Jo (vr) vdv (8)
0

where Eq(8, zrec) and Eg(v, zec) are the irradiance distributions of the laser source in spatial co-
ordinate system (6, z,,c) and spatial frequency domain (v, zs), respectively. ¢ is the extinction
coefficient, whose values can usually be expressed as the sum of absorption coefficient a and
scattering coefficient b. Typical coefficient values of a, b and ¢ are given in Table 1. § is the distance
of the receiver aperture center away from the beam axis on the receiver plane. When § = 0, the
transmitter and receiver are perfectly aligned. The received optical power is normalized by the initial
transmitting power. The attenuation of propagating signals induced by absorption, scattering and
the misalignment for a point receiver can be expressed as

ha - W (8, Zrec) (9)

2.2.2 Oceanic Turbulence and Statistical Models: Under the weak oceanic turbulence, the LN
distribution model is often considered to characterize the turbulence-induced fading. The probability
density function (PDF) is given in [21]-{22]

f(H) = ;exp{_M} (10)

2
204

where h' represents the random attenuation caused by the oceanic turbulence, my and a)% are
the log-amplitude mean and variance, respectively. To guarantee that fading neither amplifies nor
attenuates the average power, the fading coefficients is normalized as E[h'] = 1 with E(.) donating
expectation, which implies that my = —0.50)%' [21]. For lognormal fading channel, the log-amplitude
variance relates to the scintillation index as o7 = In(1 + o) [21]. With the help of Rytov theory, the
scintillation index of the Gaussian beam on the receiver aperture D can be calculated by [19]

1 00 LK2
2 (D) = 2kzL/ / D I —
of (D) =8x A dckde @, (k) x exp k(s 1 20)

x{1—cos[¥<%)é(1—@1é)]} (11)

Here, k = 27 /) is the wave number at the wavelength A, L is the propagation distance, ¢ is the
normalized path length. « denotes the magnitude of the spatial frequency. Qg = 16L/kD?is a nondi-
mensional parameter characterizing the spot radius of the collecting lens, and A1 = Ag/(©3 + A3),
©1 = 0p/(03+ A2), ©1 =1 —01. Ag = L/(ke?) and ©¢ = 1 — L/ are the normalized parameters
of the Gaussian beam with 2a52 = W02, where W, is the beam spot radius and f is the radius of
curvature. It should be noted that the focal length is chosen as fy — oo in this study, corresponding

[(1- 010)° + nv2ec?]
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to the collimated optical Gaussian beam. ®,(x) denotes the spatial power spectrum in locally

homogeneous and isotropic oceanic turbulence at the stable stratification, which can be given
by [18]

P, = (471')7160(){38_1/3/(_11/3 [1 + G (/cn)z/s]
XT 2
x =3 [ exp (—Ar8) — 2o exp (—Arsd) + exp (—Ass) ] (12)

where Ar = GC;2Drv~", Ars = 0.5CC;2(Dr + Ds)u™", As = GoC;2Dsu™", 8§ =1.5C2(kn)*> +
C3(kn)?. ag =2.56 x 107*L/deg is a constant, Gy = 0.72 is the Obukhov-Corrsin constant, and
Cy ~ 2.35 is the nondimensional constant determined by comparison with experiment data. The
kinematic viscosity v in water medium is much higher than the molecular thermal diffusivity D and
the molecular salinity transport coefficient Ds. 1 is the Kolmogorov microscale. And ¢ is the rate of
dissipation of turbulent kinetic energy per unit mass of fluid, which is in the range from 10~8m?/s3 to
1072m?2/s3. 1 is the rate of dissipation of the mean squared temperature altering from 10-1°K2/s
to 1072K?/s. The quantity = varies in the interval of [-5, 0], defining the contributions of the
temperature and salinity distributions to the distribution of the refraction index. Fig. 2 shows the
variation of scintillation index with respect to system parameters. The 3D plot of scintillation index
variation with L and D is illustrated in Fig. 2(a). The value of o?(D) at xr = 107'K?/s, w = —4,

e =10"8m?/s3, as = 5 mm is 0.337. Fig. 2(b) represents the variation of scintillation index with xr
and ¢ in the same way.

2.3 Statistics of Aggregated Channel
The probability distribution of the aggregated channel gain h = h*h' can be expressed as

- 2
’ [m h — In BSF (5, Zyec) + 0.50;7‘]
f(h)y= ———=exp{—

h 2710; 20)%

(13)

The PDF of the instantaneous SNR when the cooperative optical loUT system based on HDAF
strategy operating under IM/DD can be given as

- 2
[ln it —Inji —2InBSF (8, Zrec) + a)%]

2
20f

1
fu) = ——=exp| -

py/2mop
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where o3 = 40%. Thus, the corresponding cumulative distribution function (CDF) can be achieved
as

Fu(n) =

1 1erf|:Ian—In[L—2InW(8,zrec)+rr§:| )

2" 2 oot

3. Details Performance analysis of the Cooperative Optical HDAF-loUT
System

In this section, we aim to derive the closed-form expressions of the ABER and outage probability for
the cooperative optical loUT system on the basis of the HDAF strategy. The modulation schemes
of the considering relay-assisted HDAF-IoUT system are binary phase shift keying (BPSK).

3.1 Average Bit Error Rate

According to the system model described in Section 2, in the cooperative transmission S; — R; — Dy
link, R; forwards the data information to the destination Dy utilizing AF strategy, which only amplifies
the received electric signals by a factor of G, when the instantaneous SNR of S; — R; link is less
than or equal to SNR,,. Otherwise, R; would employ the DF strategy, which decodes the received
signals, re-encodes and forwards a new message to the destination Di. Therefore, the ABER of
the cooperative optical loUT system over the UWOC channel in the case of HDAF scheme can be
expressed as

Rioar (€) = P (isg, > SNRs ) Por (€l usm, > SNRs)
+P (MS,H/ = SNRsr) Par (e| MSR, = SNRsr) (16)

where Por(elusr > SNRs) and Fae(elisp < SNRs) are the conditional error bit rate of the optical
loUT system when the relay adopts DF strategy and AF strategy, respectively. P(usr, > SNRy)
and P(usg, < SNRs) are the probabilities of the relay node operating in DF mode and AF mode,
respectively, which can be calculated as

[ In (SNRy)) —Inji — 2InBSFsp, (5, Zieo) + 027,

2
i /803/_ R, i

In (SNR) —In i — 2InBSFsp, (5, Ziec) + 07,

;
P (usm > SNRy) =1 — zert (17)

11
P (1sm, < SNRy) = 5 T zerf — (18)
OsR

The conditional ABER of the cooperative optical loUT system in DF mode, Por(€elsr > SNRs),
can be further expressed as

PA?B’;:'H (e| MSR; > SNRsr) = PAHBER (e| HSR; > SNRsr) P,féz-pg (e| UsR; > SNRsr)
+ [1 — Piben (el sp, > SNRy)] Pager (€l s, > SNRs) (19)

where PA‘}ER(e|MS,H/ > SNRy) is the detection error probability at the relay R;, when the instan-
taneous SNR of the S;— R; link is larger than SNRs. P.ln(elnsa > SNRy) is the conditional
probability that an error occurs after the destination combines the signals from the source and the
correctly detected signals from the relay, when gz, > SNR, holds on. And Py (elwss, > SNRs)
represents the conditional probability of the error propagation event that an error occurs after the
destination combines the signals from the source and the incorrectly detected signals from R;. With

BPSK modulation, the conditional detection error probability over the composite lognormal fading
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channel can be expressed as
P,fBEH (6| SR, = SNRsr) = / Q (\/ 2#) fS,-H, (M| Hsp; = SNRsr) du (20)
0

where Q(.) is defined as Q(x) = [~ 1/+/27 exp(—t?/2)dt. fsr (nlnsr, > SNRg) can be expressed
as

fS,'Hj (M' MS,‘H/‘ > SNRSI’) =

i P(SNRSI’ < /-’LS,‘H/‘ S ,bL)
o P(MS,-H, > SNRsr)

P(IJ-S,F/ >SNHsr) ’ (21 )

fsm; (1) 1 > SNRy
0, u < SNRs,

Substituting Eq. (21) into Eq. (20), the conditional detection error probability can be calculated
as

o0 fsp; (1)
PL 7 > SNRy) = / 2 — d
ABER (el I/LS,Fi, > sr) SNR, Q (\/7/1) P (:u'S,R,- > SNRsr) H

1 / " Q(v2u)fsn (n) dy - / ™ 0(v2R)n () di

P(,U«S,R[ > SNRsr)
e [l ]
~ P(usm > SNRy) M1 2

(22)

where [} = f0°° Q(v2u)fsp, (1)du, b = fSNHS’ Q(v2u)fsp,(n)du. Gauss-Hermite quadrature (GHQ)
rule [48] can be used to solve I effectively. By converting the above integral /{ to the standard form,
it can be solved as follows

/ NG exp {—t?} erfc <\/exp ( Bogqt+ us,gj)> at
~ Z H, x erfc <\/exp <‘ /8032,_&,61,1 + us,.a,>) (23)

where a;, is the lith root of the Gauss-Hermite polynomial, H, is the corresponding weight, and
Usp, = In fis, + 21N BSFsR, (8, Zrec) —ogﬂj. And then, with the help of Eq. (24), Gauss-Legendre
quadrature rule, the integral /; can be efficiently and accurately approximated [ 49]. The closed-form
expression of /, can be calculated as Eq. (27).

1 n
| a@rdo= Y sig (24)

- k=1

2(1—x3)
Sk = 25
1R (Pret (%)) @)
1A 2n — 2k)!
P =5 D (1) (n‘_’l'()! (nlm!xm—% (26)
k=0

In EqQ. (24), wy is the l1th root of Legendre quadrature (P,(x) = 0), which is given in Eq. (26), and
nis the number of points.

SNRs
b= [ 0(VaR)isn, () dn
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SNR 1 SNR SNR
= Z Sk, - Eerf(: <\/ 5 ok, + 5 Sr)

1 NR NR 2
X exp {—[In (S T ok, + S s’) - us,.Hj] /(aogﬁl)} (27)
/877032,9, (SNﬁsrwk i SNZHS,> 2 2

2 1

Even if the relays can decode the sources’ messages correctly, an error may also occur at the
destination after combining the signals from the source and relay with MRC technique. The received
SNR at the destination in DF mode can be written as jicop = r,p, + 145, and then the PDF of
eoop 1S denoted as fep(X). This conditional error probability in the cooperative case with BPSK
modulation can be calculated as

PXBOZpH (e| s = SNRsr) = /O Qv 2Mfcoop (l/v| HsR; = SNHsr) du (28)
where
ad
fcoop (X| s, > SNRsr) = 5 [P(MHjDk + usp, < X| HsR; = SN'l:fsr)]
_ 2 P (im0, + 1sp, < X iusn, > SNRy)
a
= ox [P (1p + msp, < X)]
= fooop (X) (29)

Submitting Eq. (29) into Eq. (28), Pygpn(elisa > SNRs) could be calculated with another stan-
dard method [50, Eq. (5)].

Pisen (€l s, > SNRy) = /0 Qv/2u1fzo0p (14) dit
= —/ 1/sm ) ao
1 y 1
= —/ unok _sin29 Kso, _sin29 do (30)

where M, (-) is the moment generating function (MGF) of ., which is expressed as M, (s) = E,[e**].

And the expressions of Mm o, (s) and MMSD (s) are given in Eqg. (31) and Eq. (32), respectively.
i“k

1 [Inupp, — UFI,-Dk]2
—————=6exp|— 852 diiR,p,
P

In — ugp, |7
Lnsso. ~tsa] }dMs,Dk (32)

M, (s) / b exp (s )—1 exp {
Mo = I’LS,D -
i 0 k 8D/ 87T632ka 8082'Dk

Ugp, and usp, are donated as urp, =Inj+2INBSFRp, (8, Zrec) — aﬁ/ﬂk and ugp, =Inp+

21In BSFsp, (8, Zrec) —oéDk, respectively. Furthermore, the Eq. (30) can be well approximated by
employing the following relation [50, Eq. (10)]

MMRIDk (S) = /0 exp (SILLR[DK) (31)

1 1 4
PXBEPR (e| /'LSVH/‘ > SNRsr) ~ _2Mlicoop (_1 ) + ZMﬂcoop <_§) . (33)

—_

Vol. 13, No. 3, June 2021 7300422



IEEE Photonics Journal Performance Analysis For Cooperative Communication System

With the help of the Gauss-Hermite quadrature formula in [48], the closed-form expression of the
error probability in the cooperative case can be expressed as

1 4 3

- l2 {f:H,2 —= exp {exp (Malg + Us,nk> (—1)}]

1 1 4
P:g?;? (e| I’LSIR/ > SNRsr) ~ _2Mﬂcaap (_1) + _Ml‘«coop <__>

h=1

{X:H,3 exp{exp (/&Tma@ + Up Dk> (—1)}

{Z H, x exp {exp (%a@ + UHIDK> x (—g) } } (34)

There still exists a decision error when the relay R; transmits an incorrect signal to the destination
Dy, even if the relay measures the quality of the received signal before forwarding it [46]. The
conditional error propagation probability can be derived as

Pisen (€l sh, > SNR) = Piggp (€)

HSD, — MR;D,
f / —ETfC( - - > fs.0, (ILS,Dk) fa,p, (,U«R/»Dk) dusp AL,

Ms,Dk ~+ ILR;D,
(3%)

The proof of Eq. (35) is presented in Appendix A. With the help of Gauss-Hermite quadrature
numerical method, the closed-form expression of P/ (elss > SNRs) could be approximated as

Ly Ls
Piser (€l wsp, > SNRs) ~ Z Z o H, Hi

=1 =
exp ( /80¢, a), + usfpk) — exp ( /8o,§l_Dka/5 + UR,DK>
\/exp( /8cr§lea,4 + us,.Dk) + exp ( /8‘75@3’5 + uR,Dk>

where g, and a, are the roots of Herimte quadrature, which is given in [48], H, and H, are the
corresponding weighs, Ls and Ls are the number of points. Finally, submitting the Eq. (22), Eq.
(23), Eq. (27), Eq. (34) and Eq. (36) into the Eq. (19), the accurately and effectively closed-form
conditional ABER expressions of the cooperative optical loUT system in DF mode could be
achieved. When the instantaneous SNR of S; — R; link is not more than SNRs,, the cooperative
optical loUT system operates in AF mode. The equivalent end-to-end SNR of S; — R; — Dy link can
be expressed as

x erfc

(36)

MsRMRD, ISRMRD,

~ (37)
wse + 1m0, +1  wsr + 1AD,

Meq =

However, the above expression is not mathematically tractable. So the well-known inequality
between geometric and harmonic means is adopted. For x1, X2, ..., Xy, Hy < Gy holds on, where

Hy 2 NV, x')"" and Gy 2 [Y, x'/" are the harmonic and geometric means, respectively.
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When x; = xo = ... Xy, the expression Hy = Gy holds on. So an upper bound of e, can be obtained

1

1/2
Hea ™ 5 (nsmnno)’ (38)

Using the same method as Eq. (33), the ABER of the cooperative optical loUT system in the
case of AF strategy is given by

1 1 4
P:;EH (el SR, = SNRS’) ~ EMMAF (_1 ) + ZMMAF <_§>

1 1 4 4
= EMst,Dk (=1) M/teq (=1)+ ZMus,nk (‘5) Micq <_§) (39)
M,

50 (s) is given in Eq. (32), and the expression of M,, (s) is given in Eq. (40). The detailed
derivation process of f,, (z|usr, < SNR) in Eq. (40) is shown in Appendix B.

M., (s) = /0 exp (82)f.,, (z| usp, < SNRs) dz

1 1 1(nz+1In2 — u,)?

= exp (sz ex
/0 p( )P(MS,H, < SNHsr) \/27'[0222 p( 2 022 )

1 2 Uyo s + Inz+1In2) —
x 11— —erfc Zz 5 IN v/ SNR: — XU Ix ( /\/_
2 9% 9y axzay

where Uy = Usp /2, Uy = Ugp,/2, Uz = Usp;/2 + URp,/2, o? O’H D, +GS,R , 02 = USR , oyz O’H D,
Submitting Eq. (32) and Eq. (40) into Eq. (39), the closed-form expression of P,Z\qBFEH(e|MS,H, < SNRy)
can be obtained with the Gauss-Hermite quadrature numerical methods. It is as follows

1
% + %erf [[m (SNRs;) — USfF’/] / 80_32[1‘?/]

Piger (€l s < SNRs) =

5 x Y H, x exp[ ) X exp (~/20 a, + U, —1In 2)

2 Uyo 2402 2023 +u —uy02
x 11— Lerfc % In/SNRy — — V2ot 22262 7 T V2
Ox Oy axayaz

]
X i H, x \/L;? exp [(— X exp (@ah + Us,m)]
]
]

+1 x Z H, x 7= exp [( 2) x exp (,/20 a, +u;—1In 2)

oy +0y «/2(7Z Iz of
X {1 - %erfc([ /U‘;;yz In /SNRy, — - + ( ’ ‘Z’G;H’ Y }/f)
X eryaz
L

X Z H, x —=exp [( 2) x exp <\/87a,7 +usgk>

3.2 Outage Probability

The outage probability is an important performance indicator to characterize the performance of
cooperative relaying networks. It is defined as the probability that the instantaneous end-to-end
SNR of the cooperative optical loUT system falls below a predefined threshold . For the
considered cooperative optical loUT system with HDAF strategy, the outage probability can be
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defined as
PO = P (1usr, > SNRs) Por (outage) + P (1sr, < SNRs) Par (outage) (42)

where Ppr(outage) is the probability that an outage event occurs after the destination combines
the signals from the source and the relay, when the relay adopts DF strategy. While Pu(outage)
denotes the probability of an outage event at destination when s, < SNRs holds on. In DF mode,
the outage probability of the cooperative IoUT system can be calculated by

P3F (outage) = P (uor < winl s, > SNRs)

P(
(mln {MS,R,’ 1R, + ““S:Dk} < ,U«th‘ HsR; > SNRsr)
(

=P (urp +1sp, < Mm)

Hth—X
/ fus,, (v) dydx
0 k

Hth q [In X — UH,DK]Z } 1 1 Iog (Mm - X) — Us;p,
= ———eXpi——— 5 (X 15 T 5¢f ’ dx
/(; x,/8mof ! 8op, 2 2 805,

(43)

In AF mode, the outage probability of the cooperative optical loUT system can be expressed as

P (1ear < il sm, < SNRs)

1 1/2
=P {usp, + —(MS,R[MH,Dk) < tun |1sm < SNR
—_—

2

Meq

Mth Hth—Z
- fo fues (2] 155, < SNRY) /o fuss, (v) dydz

- 1 /Itm 1 N 1 orf |Og (,um — Z) — Us;p,
P (MS,H/- < SNRsr) 0 2 E \/@
i Dk

B (Inz+|n2—uz)2}

1
X ———eX
V2ro?z p|: 2 of

2 U, o +o Inz+1In2) —
x 1—1erfc %2 _|n./SNRy — = ( V2| tdy (44)
2 g0} 02020

y

Then, the Eq. (43) and Eq. (44) can be solved with Gauss-Legendre quadrature rules. Finally, the
outage probability expressions of the cooperative optical loUT system in DF mode and AF mode
are obtained as Eq. (45) and Eq. (46), respectively.

PEE (1Dfy < 1| msm, < SNR)

[In (% + % X a)kz) B UR/Dk]2 }

1
= Z S,—————exp {— 5
2 =1 Ok /8na§le SO'H/Dk

Vol. 13, No. 3, June 2021 7300422



IEEE Photonics Journal Performance Analysis For Cooperative Communication System

log (Lt — wn _
" {1+1erf|:og(2 5 X W) Us,Dk:“ (45)

2 2 80§Dk

Pbp (Méﬁd < fhtn] tsm, < SNRs)

n3
1 1 lo 2 — 2 — Ug,
_ th Z Su x {24 Larf 9 (in/2 — 1in/2 X wi,) — Usp,
2P (usp, < SNRy) = 272 802,

y 1 exp ] - [In (iin/2 + 111h/2 x wi,) + N2 — uz]2
V2102 (/2 + 1n/2 x wy,) 207

1 2 U2 4+ o2 [In (L + Loy ) +1In2] — uyo?
x 41— cerfe | | |22 Iny/SNRy — = (% + B o) ]~ Yo V2
2 9% %y axzayzazz
(4

6)

where wy,, wy, are the roots of Legendre quadrature. Sy, and Sy, are the corresponding weight coef-
ficients, which can be calculated by the Eq. (25). n, and ns are the numbers of points (expressions).
Submitting Eq. (17), Eq. (18), Eqg. (45) and Eq. (46) into Eq. (42), the closed-form expression of
the outage probability for the cooperative optical HDAF-loUT system over the aggregated UWOC
channel is got.

4. Numerical Results and Discussions

In this section, the analytical and numerical simulation results are given to investigate the perfor-
mance of the three-node half-duplex cooperative optical loUT system with HDAF strategy over the
UWOC fading channel, which fully considers the impact of absorption, scattering, link misalignment
and oceanic turbulence. The analytical expressions of ABER and outage probability for the optical
HDAF-IoUT system are obtained from Eq. (16) and Eq. (42). With the help of Gauss-Hermite
and Gauss-Legendre quadrature rules, the accurately and effectively closed-form expressions of
ABER and outage probability are obtained. ny, no, n3 and L, d=1,2, ..., 7, are chosen to be 30
in computing the Gauss-Legendre and Gauss-Hermite approximations, which are sufficient for the
series to converge. The distance of the §; — R; — Dy and S; — Dy links are assumed to be 10 m and
9 m, respectively. The distance between the source and relay is denoted by dsz,. We also assume
that Ps = 9P, PR = (1 — ©)P’, where ¢ is the power allocation factor. Without loss of generality,
each hop link is considered to be independent and identically distributed.

Fig. 3 shows the ABER curves of the cooperative optical loUT system with HDAF strategy against
the average SNR over the composite UWOC fading channels in different waters. We also provide
the ABER performance of the cooperative optical loUT systems based on FAF strategy, FDF
strategy and point-to-point loUT system for comparison. The point-to-point loUT system adopts
direct transmission (DT) scheme. The absorption and scattering coefficients for different waters
are given in Table 1. As can be seen, the analytical results have excellent agreements with MC
simulations with the increase of average SNR, which confirms the correctness of our theoretical
ABER models. However, for the low SNR, the simulation and theoretical results are not matching
very well. This phenomenon happens due to the approximate calculation of the integral of the
MGF in Eq. (83) and Eg. (39). In weak oceanic turbulence, to achieve an ABER value of 107,
the cooperative optical HDAF-loUT system requires 17 dB in pure water, 22 dB in clear water, and
34.2 dB in costal water. This is obvious, the fading effects caused by the absorption, scattering and
link misalignment increase with the increase of the seawater turbidity, which immensely degrade
the system performance. Furthermore, the cooperative optical HDAF-loUT system is superior to
the FAF-loUT and the point-to-point loUT systems in these three waters. For example, to achieve
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Fig. 3. ABER against the average SNR for the cooperative optical loUT systems with HDAF, FDF, FAF
strategies and point-to-point loUT system in different waters.
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Fig. 4. Outage probability along with @ for the cooperative optical loUT systems employing HDAF, FDF,
FAF strategies and point-to-point loUT system.

an ABER value of 10° in clear water, the HDAF-loUT system requires 20.8 dB of SNR, the
FAF-1oUT system and point-to-point loUT system require 21.3 dB and 30 dB, respectively. And
in high SNR region, the cooperative optical loUT system with HDAF strategy almost has the same
ABER performance with the FDF-IoUT system. This is because that the relay in HDAF strategy
mainly employs the DF strategy to transmit the message when the instantaneous SNR of the
Si — R; link is large. In this case, it is almost consistent with the optical loUT system with FDF
strategy.

Fig. 4 demonstrates the outage probability as a function of the average SNR for the cooperative
optical HDAF-loUT, FDF-IoUT, FAF-loUT systems and point-to-piont loUT systems over the ag-
gregated UWOC fading channels. As can be seen, the excellent match between the analytical
and simulation results corroborates the accuracy of our derived analytical expressions of the
outage probability for the cooperative optical HDAF-loUT system. For different values of the relative
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Fig. 5. ABER versus the average SNR for the HDAF-loUT system with and without BSF.

strength of temperature and salinity fluctuations @ = —1, —3 and —5, the corresponding scintilla-
tion indexes of S, — R; link are o?(D) =0.3858, 0.2058, 0.1248, respectively. It can be found that
the outage probability values of these four systems would shift to lower values with the decrease
of the @w. This is a consequence of the scintillation index varying with the relative strength of
temperature and salinity fluctuations. It indicates that the outage probability performance of these
systems is enhanced with the decrease of the turbulence strengths. In addition, the cooperative
optical HDAF-loUT system has the lowest outage probability value for a fixed SNR gain comparing
with those systems based on FDF and FAF strategies. Numerical speaking, for o = —2, the
HDAF-loUT, FDF-loUT and FAF-loUT systems require 18.5 dB, 20.0 dB and 19.0 dB of SNR,
respectively, to achieve an outage probability value of 10-8. And the point-to-point loUT system
requires more than 35 dB SNR gain. This is reasonable, the cooperative optical loUT system
exploits the diversity provided in relay-assisted system, i.e., if the direct link transmission to the
destination is failed, the signal could still be received at the destination through the relay-assisted
link. What's more, the relay-assisted link divides the long transmitting distance into two shorter
hops, the effects of absorption, scattering, link misalignment and oceanic turbulence of each
hop would reduce greatly. And hence the cooperative optical loUT system gets a much better
performance.

Fig. 5 depicts the ABER performance of the cooperative optical HDAF-loUT system with and
without the consideration of BSF model when the relay locates in different positions with dsp, =
3m, dsp, = 5 m and dsp, = 8 m. The distance between the source node and the destination node
is 9 m. The distance between the relay node and the destination node is 7 m, 5 m and 8 m,
respectively. The BSF characterizes the effects of the absorption, scattering and link misalignment
on the UWOC link. The power allocation factor is set to be 0.7. Expectedly, it can be observed
that the ABER performance of the cooperative optical HDAF-loUT systems with BSF are worse
than those systems in the absence of BSF. When the distance between the source node and the
relay node is 3 m, to achieve an ABER value of 10-8, the cooperative optical HDAF-loUT system
without BSF requires 14.0 dB of SNR, while the system with the consideration of BSF requires
22.2 dB of SNR. It indicates that the absorption, scattering and link misalignment would have a
substantial impact on the UWOC systems, which are extremely important factors while modeling
and simulating the underwater communication channel. In addition, whether the BSF is considered,
the cooperative optical HDAF-lIoUT system has a better ABER performance when the relay is close
to the middle position between the S; and R;. For instance, at an average SNR ;i = 22dB, the
ABER value of the optical HDAF-IoUT system with dsp, = 5 m equals 1.07 x 10-% and the values
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Fig. 6. Outage probability of the cooperative optical HDAF-loUT system with respect to average SNR
for different power allocation factor ¥ and ds;R;-

of those systems with dsz, = 3m and dsz, = 8m are 1.97 x 10~* and 0.0013, respectively. This can
be explained by the fact that as the relay R; is close to S;, the probability of the relay operating in DF
mode increases. However, the channel condition of the relay to the destination is poor, which would
result that the error probability from the relay to the destination increases. As R; is close to Dy, the
channel condition of the source to the relay is poor, the probability of error propagation event would
increase.

In Fig. 6, the outage probability of the cooperative optical HDAF-loUT system with BSF versus the
average SNR is presented in clear water with different power allocation factors (¢ = 0.2, ¥ = 0.5
and ¢ = 0.7), when the relay R; is located in different positions dsz, = 3 m, dsp, = 5 m and dgp, =
8 m. For the sake of clarity, only the region of average SNR greater than or equal to 8 dB is plotted.
As is seen from this figure, the power allocation scheme has less impact on the performance of
the cooperative optical HDAF-IoUT system than the relay location. When the relay is close to the
source, the cooperative optical HDAF-loUT system has a better outage performance with the low
power allocation scheme, e.g., = 0.2. When the relay is close to the destination, the cooperative
optical HDAF-loUT system would outperform with the high power allocation strategy, e.g., ¥ = 0.7.
This phenomenon can be explained as follows. The absorption, scattering, link misalignment and
oceanic turbulence et al. impairing effects would be more serious with the increase of link distance
[51]. And the system requires to allocate more power for the node, which is equipped with longer
transmitting distance, to resist the performance degradation caused by those impairing effects.
Additionally, the cooperative optical HDAF-loUT system earns better outage performance when
the relay is close to the middle location for these three power allocation schemes.

Fig. 7 displays the variation curves of the ABER and outage probability of the cooperative
optical HDAF-IoUT system with the average SNR over the aggregated lognormal and EGG fading
channels. The absorption, scattering and link misalignment are described by BSF. The distances
of §;— R;, Rj — Dx, S; — Dy links are assumed to be 1 m [23]. For a fair comparison, the turbulence
parameters for both distributions are set to be the same values, i.e., o,Z(D) =3.6044 x 1074, and
the level of air bubbles BL = OL/min. Numerical results show that whether the BSF is considered,
the cooperative optical HDAF-loUT system over the aggregated EGG fading channel almost
has the same ABER and outage probability values as that of the system over the aggregated
lognormal fading channel, respectively, when the scintillation index is 3.6044 x 10~*. Furthermore,
one can note that for the case of o?(D) = 0.1088 and BL = 2.4L/min, the ABER performance and
outage performance under the aggregated lognormal fading channel will outperform their EGG
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Fig. 7. Contrast between the aggregated EGG and lognormal channels (a) ABER (b) Outage probability.

counterpart, respectively. This is because the mixed EGG distribution is a comprehensive channel
model, in which the effects of air bubbles and temperature gradient are comprehensively included
[52]. While because the mixed EGG distribution has been developed in a 1m x 0.6m x 0.6m water
tank, the parameters available from the experiments are quite limited [23]. Thus, the lognormal
fading channel model is often adopted to investigate the wireless optical communication systems
in underwater environment over a relatively long transmitting distance [18], [19], [22].

5. Conclusion

In this work, a cooperative optical loUT system with HDAF strategy was presented and investigated
over the aggregated lognormal fading channel. Specially, the BSF model was adopted to character-
ize the fading effects including the absorption, scattering and link misalignment caused by spatial
spreading in the seawater. On the basis of Gauss-Hermite quadrature criterion, Gauss-Legendre
quadrature criterion and the properties of lognormal random variables, the closed-form ABER and
outage probability expressions of the cooperative optical HDAF-loUT system were derived math-
ematically and confirmed by MC simulations. Moreover, an in-depth study of the effects of power
allocation schemes and relay locations on the ABER and outage probability performance of the
HDAF-IoUT system were also given. The analysis and simulation results show that the cooperative
optical HDAF-1oUT system outperforms the FAF-loUT and point-to-point loUT systems over the
aggregated lognormal fading channel. In the high SNR region, it almost has the same ABER
performance with the cooperative optical FDF-loUT system. While for a fixed power allocation
scheme, the cooperative optical HDAF-IoUT system earns a better performance when the relay is
close to the middle location of the relay-assisted link. This work will be of great help for the system
design of cooperative optical loUT networks over the UWOC fading channel.

Appendix A

The received signals at the destination when the relay adopts DF strategy can be expressed as

Y, = WR;DYR;D, + WsD, Y50,

= wp,p, (R0, X + Mao,) + wso, (hsp X + Nsa,) - (47)
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For BPSK, X at the relay can only take one of two values, X = x or X = —x. For each value, the
MRC output at the destination is

(wg,p,hR,p, + wsp,hsp,) X + wa DN D, + wsp NgR,. if X=X

Yo, = h h o if X ’ (48)
(—wnjpk R;D, T WsD; S,-Dk) X+ wRp,NR;p, + Wsp NgR;s T X = —X

Ny2

where ni;o is a complex Gaussian random variable with zero mean and variance 0’1222
(|wR/.Dk|2+ |wstk|2)No/2. Since BPSK is real-valued, it suffices to consider only the real part
y = Re(yp,) [53], which is a real Gaussian random variable with zero mean and variance
(|wR/-Dk|2 + st,oklz)No/Z When the relay decodes the received signals incorrectly, the PDF of y
is given as

()’* (*ijDk hr;p, +ws;, hs,vnk))z

1 _ . _
=1V P 2 B (49)
’ - ex . <y+(—T“FilehR,Dk+1‘)S,Dkhs,-Dk))Z 3= 0 :

»,/271012 P 202, s =

Therefore, the error propagation probability in DF scheme can be calculated by
p(e)=P(0)P(110)+P(1)P(0I1)

1 +o0 i 0
=5 [ x=0a+ 3x [ hiix=1y (50)

—00

Submitting Eq. (49) into Eq. (50), the error propagation probability in terms of wsp, and wgp, can
be obtained as

2 2 5 )
g o el =tmel) ) 1), o[ (Pal~Itel)

2 2
\/(|”sfnk|2 + |ha0,[*) Nos2 \/(|hsfnk|2 + |hao,|*) o2

1 1 ; 1 1 o
= — x —erfc M + — x {1——erfc M
2727 \VisoFamn ) 20 |27\ Visa F anp,
1 — R,
= —erfe M . (51)
27\ Vuso F uan

Taking expectation over jsp, and wgp, on both sides of Eq. (51), the average error propagation
probability in DF scheme can be calculated by

HsD, — MR;D,
Piser(©) / / 29ff0< MS; - MRkD ) fso, (1sn,) fao, (1R;0,) s, dir,,- (52)
k k
Appendix B
According to the properties of lognormal random variables in [54], x = M1s/§ is also a lognormal

1/2

random variable with mean ux = usp;/2 and variance aX = GSH Y=g is also a lognormal

random variable with mean y = ;ﬂ/z

expressed as

and variance o _oRD The PDFs of x and y can be

f(x)= (53)

1 ex ~(Inx—u)
V2ma2x P 202 '
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1 ny —u)?
- exp <_(y—2y)> X (54)
[2mo2y 20y
Considering usg, < SNRy, it can infer that x < a, where a = «/SNR,. The PDF of 2/ = xy in AF

strategy is given as Eq. (55), where P(x < a) = P(usp, < SNR). Since e = (/Lsfn,un,Dk)1/2/2 =
xy/2, the PDF of ey can be obtained as Eq. (56).

d [ny (xy <Z,x < a)}

f(y) =

fXY(Z/|X§a):E P(x < a)

a /
:;/ 1f X,i ax
P(x<a)Jo x X

o / 1 nx—u
- P(x<a)Jo x Vemnogx P 202
INZ —Inx — u))?
1 exp(—(nz n: uy) )dx
/2710},227/ 20y
1 1 1(n2 — (s +uy))?

~Pli=a) 2n(o,(2+ay2)z/exp 2 (Uy2+0’x2)

X

02—1—02 u02-|—c72|nz/—UG2
of + o? " y (55)
cr + 0
] (|nz+|n2—Uz)
< SNRy,) = © 2
Meq (Z| HSR; sr) P(/"’Siﬂj = SNRS’) Wz ® ( 2 022
x 11 — ~erfc <5 In/SNRy — — 2 V2
5 U,?Uyz 02020

X .V
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