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Abstract: In general, wireless relays are used for connecting wireless communication links, but relays
can bring security and deployment issues. This paper investigates the performance of air-to-water
communication systems without relay nodes. The probability density function (PDF) of the RF
link is obtained by unifying « — y, the extended generalized -K (EGK) and Fisher Snedecor (F)
distributions of atmospheric turbulence. We obtained the joint PDF of the RF/UWOC system for
atmospheric turbulence and ocean turbulence with nonzero mean single-sided pointing error as well
as air-water interface under foggy conditions. Based on statistical results, exact expressions for outage
probability (OP), bit error rate (BER), and channel capacity (CC) were derived. Finally, we validated
the analytical expression using Monte Carlo simulation. The simulation results show that the fading
parameters of the channel have a significant impact on the performance of a without-relay-assisted
RF/UWOC system.

Keywords: atmospheric turbulence; air-to-water; H-fox function; fog; nonzero mean single-sided;
Monte Carlo

1. Introduction

Underwater wireless optical communication [1-4] has become a suitable and efficient
transmission solution with high security, high data rate, low energy consumption, low cost,
and short delay. In recent years, hybrid RE/UWOC systems have been widely used due
to their ability to meet various requirements for high-speed underwater data transmis-
sion [5-7]. Collaborative RF/UWOC communication systems generally use amplification
forwarding (AF) or decoding forwarding (DF) to establish connections between underwater
vehicles and ground base stations within the ocean. Specifically, the source node sends
signals to relay buoys with communication, sensing, and processing capabilities through
FSO/REF links. Subsequently, the relay converts the electrical signal into an optical signal
and sends the signal to the terminal through the UWOC link. Asymmetric Cloned Short-
Term Memory (LSTM)-Depth Determined Policy Gradient (DDPG) algorithm is used to
solve traversal and rate optimization problems in satellite—air-ground integrated network
systems [8]. A dual-hop system module based on single hop and a space—air-ground
integrated network (SAGIN) was proposed for uplink satellite communication with hybrid
FSO/RF links [9]. The power-adaptive strategy based on truncated channel reversal for
hybrid FSO/RF systems using an adaptive combination is adopted [10]. A wireless back-
haul hybrid transmission [11] system used an opportunistic selection combination (OSC)
and a maximum-ratio combination (MRC) with decoding and forward (DF) protocols. An
adoption &« — y communication of distributed and AF protocols is considered [12]. The
fading RF link is mixed with a pointing error, while the FSO link adopts the performance
of a dual-hop hybrid RF/FSO system with Nakagami-m fading [13]. This paper analyzes
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the channel capacity of the Space-to-Ground (SAG)-FSO transmission/Hybrid Single-Hop
(SH)-FSO/Radio Frequency (RF) transmission (SAG-FSO/SH-FSO/RF) communication
system [14]. It proves that direct detection intensity modulation has more advantages than
heterodyne detection technology.

The pointing error caused by the beam drift significantly impacts the performance
of communication systems, and there are many types of pointing errors in free space.
Considering the influence of the pointing error in free space on strong atmospheric tur-
bulence under nonzero line of sight [15], V.K. Chaubey et al. used the pointing error of
the generalized nonzero positive distance model to analyze the precise performance of F
distribution in atmospheric turbulence through assisting AF relay [16]. In addition, we
also analyzed the effects of atmospheric turbulence and pointing errors on optical com-
munication systems under foggy conditions. The system outage probability performance
was analyzed under fog and pointing error conditions [17]. An RF/UWOC system with
a fixed-gain amplification relay has been studied, and new closed-form expressions for
CDF and PDF with end-to-end signal-to-noise ratios have been derived [18]. The UWOC
chain uses spatial diversity, and the precise and upper bound error rate (BER) expressions
for optimal and equal-gain combinations are obtained [19]. In atmospheric turbulence,
different distribution functions represent different levels of turbulence intensity. Several
distribution functions were unified, and the statistical results of atmospheric turbulence
channels with pointing errors under random fog conditions were derived and expressed
in the form of multidimensional Fox-H functions [20]. Recently, the mixture exponential
generalized gamma (EGG) distribution model [21] was proposed to describe UWOC links.
The author applied the moment generating function (MGF)-based method [22] to analyze
the performance of Alamouti codes based on mixed exponential generalized gamma distri-
bution. The performance of multi-input multi-output (MIMO) systems was analyzed using
the EGG channel model combined with the PDF-based [23] method. The effective rate
of multi-input single-output (MISO) systems under independent and incomplete (i.n.i.d)
distributions in EGK fading channels has been studied [24]. Traditionally, relay buoys
connect land and underwater vehicles, but relay deployment brings many cost and safety
problems. Therefore, it is a promising solution to study the performance of a direct com-
munication system without relay nodes from land to underwater. The author studied
pulse response models of water—air channels under different turbulent water surface condi-
tions [25]. Two scenarios are proposed for the uplink and downlink transmissions between
the Autonomous Underwater Vehicle (AUV) and the Unmanned Aerial Vehicle (UAV),
subject to water-to-air and air-to-water interface impacts direct transmission scenario (DTS)
and retro-reflection scenario (RRS) [26]. The outage probability and statistical character-
istics of direct air-to-water wireless optical communication without relay are studied by
considering the effects of turbulence and fog [27]. The author studied the propagation
of Gaussian coherent beams from underwater laser emitters to outdoor receivers in the
presence of gravity-generated water waves in the deep-sea plane through direct wireless
communication of beams from underwater to airborne platforms [28]. The author statisti-
cally models the fading coefficient of direct air-to-water optical wireless communication
channels and the statistical photon counting behavior of Single-Photon Avalanche Diode
(SPAD) and then evaluates the performance of the communication link by obtaining the
analysis relationship of bit error rates [29].

The author derived the outage probability of the without-relay hybrid system with
fog conditions in [27]. However, ref. [27] only considered one distribution function of the
FSO system and did not consider pointing errors to improve system reliability. This paper
considers various distribution functions of atmospheric turbulence and takes into account
pointing errors in hybrid systems. In this paper, the major contributions of the proposed
work are summarized as follows:

(1) We analyzed the performance of atmospheric turbulence systems with nonzero bore-
sight pointing errors as well as random path loss in foggy conditions with underwater
turbulence.
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(2) We derived PDF and CDF by unifying EGK, F, and & — y distributions for atmospheric
turbulence with nonzero boresight pointing errors as well as random path loss in
foggy conditions with the oceanic and the Birnbaum-Saunders (BS) distribution to
model the aquatic waves at the air-water interface. It should be mentioned that papers
usually use zero boresight pointing errors, and this paper considers nonzero mean
single-sided pointing errors in the system. To the best of the author’s knowledge,
a direct air-to-underwater hybrid system with nonzero mean single-sided pointing
error under foggy conditions has been studied for the first time.

(8) We used the statistical results to analyze system performance and derived the outage
probability, bit error rate, and channel capacity of the system.

(4) We validated the derived analytical results using Monte Carlo simulations, demon-
strating the effectiveness of direct air-to-underwater systems under various atmo-
spheric turbulence, pointing errors, ocean turbulence, and weather conditions.

2. System and Channel Models

As shown in Figure 1, we considered an RF/UWOC system in which airborne un-
manned aerial vehicles (UAVs) communicate directly with underwater submarines without
a relay connection. Under foggy conditions, signals emitted by UAVs experiencing atmo-
spheric turbulence and pointing errors can lead to channel fading. When passing through
the air-water interface, assuming only the influence of water waves is considered and there
is no bubble effect on the transmission interface, the signal is directly transmitted to the
underwater submarine for communication through the air-water interface. The signal
received by the underwater detector is

where t is the transmission signal, /; is the channel coefficient of atmospheric turbulence,
and the randomness of the path gain of the #; model due to fog conditions. , represents
the channel gain of the pointing error. h;, simulates the scattering and reflection of water
waves at the air-water interface and their effects on the signal. I represents the path loss of
ocean turbulence. 7 represents noise with detector .

Figure 1. System model of RE/UWOC.
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We have considered providing a unified PDF for the signal-to-noise ratio  under
atmospheric turbulence effects [30].

fr(r) = koHpq' {)\r ()

(airAi)f;l
(bifBi)?zl

The parameters in Equation (2) define a specific atmospheric turbulence model, as
shown in Table 1.

Table 1. The parameters of a unified PDF.

(m,n,p,q) (ai, A)E, (bi, Bi)!, ko A

o (1,001) - =1/ W) /)
F (1,0,0,1) - E?ﬁ "éﬁ e bibsir
EGK (1,1,1,1) (—m,,1) (m, 1) e .

The relationship between the signal-to-noise ratio and the channel gain can be defined as

r = 7h? (3)
where 7 represents the average signal-to-noise ratio, and h represents the product of
hahghphel.

The PDF of the channel gain under atmospheric turbulence can be expressed as
(ha) = 27 H | An2 | (4)
fhﬂ a a pA a (bi/Bi)?zl

The PDF of the channel gain of iif under foggy conditions [20] is shown below:

= 2 (L k_th 5

where k is the shape parameter 0 < k < 1, v = 4.343/d3°8, 3f°8 are the scale parameter.

If k and v are parameters of the fog channel, let i3 = huhy; afterward, Equations (4) and (5)
are taken into Equation (6), and the joint PDF under the influence of atmospheric turbulence
combined with fog conditions can be expressed as

|
h3) = / — d
Sy (h3) by T Jia e )fhf( > ha (6)
And expand the H-fox function to obtain the result.

fis(h3) = 2ro g HYHl [A 13

(ai,AD)_ i (0-12)5,
(b"B )z 1,(’() 2/2)5{:1 :| (7)

The expression for PDF with a pointing error of nonzero mean single-sided is as
follows [31].

flhy) = Sohi =t [ —F exp(— 25

2°°p [ A w3
wz,, 2In 1[7) q (8)
/ A
X I,% ( 2‘1}18 ln U )

After a series of simplifications, the following results can be obtained.

_ gy 2 HEDMTR
JUH) = BIZOkEO ) )
s HMHkE LA xi(&-1,1) ]

p+k+1,g+k+1 Bi (€2-2,1)
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_ Tt &2 2422
where B =2 ﬂqu presmlrd exp( e )
Theory 1. Under the influence of atmospheric turbulence, fog conditions, and a pointing error
of nonzero mean single-sided, the PDF expression of the new channel gain under the combined
channel fading effect was obtained. The PDF expression for the channel gain of the RF link can be
represented by Equation (9).

Proof: See Appendix A. [J

To analyze the air-to-water interface, we rely on the BS distribution. The BS distribution
has been applied in various works, including environmental, health indicators, and neural
spikes. Applying mathematical concepts to different fields is a meaningful approach. The
probability density function of the BS distribution can be expressed as follows [27]:

1 3t
fin () = 575 = () .

exp() exp(555) exp(0-)

The parameters ay = \/2707 > 0and B = % > 0 are used to describe the BS
th#*0

distribution. Ly, is the attenuation of signals caused by aquatic waves, with the mean and
variance being uy. The shape parameter ay determines the skewness of the distribution,
while the proportion parameter 8 determines the variability of the distribution.

Let Iy = hyH. After derivation and simplification, we can obtain the PDF of I as

1 i+1/2
follo) = 3 & () exp ()
1/2 BH
f Hl+ exp( ZﬁH) X exp( 21:{%[0) (11)

mk+1,n ArHZ Xi (e2-1,1)
Hp+k+1 g+k+1 [ ﬁ,-,(e2—2,1)]dH

om""

After the simplification calculation, the result Equation (12) can be obtained and is
shown below.

—i=3/2

B, 1
fIO(IO) = 2717242‘52 Z (206 ) exp(;%) "
« H0101m+k+1n L (2031)° r|(—1/z—j;1,2) (1,1) xi (e2—1,1) (12)
LOL0;p+k+1,q+k+1tand” Ap2AZ - — 1B, (e2-21)

Recently, the newly proposed mixed EGG distribution caused by bubbles and temper-
ature gradients is a highly effective model for ocean turbulence analysis [32]:

c

I (17 ) 19¢— 1 )) (13)

fi(I) = }\exp(—A)+()bM exp(—(

S|~

where a and b are parameters. We assume parameter c is a positive number and let hy = IyI.

Theory 2. The PDF of the joint signal-to-noise ratio r of system atmospheric turbulence, model
random fog, air—water interface, and ocean turbulence models is represented by the sum of Equations
(14) and (15).

—i-3/2 1

Pl

« HOLOL; m+k+2 noolL (203hy)°7 |( 1/2-j12) |(1 A1) |Xir(52*1/1) ]
10;1,0;p-+k+1,g+k+21 262 1242 = Bi(e2-21),(-12)

fim(hs) = 5 & L (s )
(14)
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_ (1—w)cBhy 1 \—i—3/2 1
f2h4 (h4) - Zmzx ﬁZF(ﬂ)b”C 2 (ﬁ) exp(;)
’ =0 2 ’ (15)
o FOLOLm+k+2,n L (205hs) 7|(*1/2*J';1,2)|(1r1)|Xi/(€2*1/1) ]
1,0,1,0;p+k+1,q+k+2 4,13’ AﬁZA% - - /31.’(82_2’1),({1_%,%)

Proof: See Appendix B. [J

We assume that all average signal-to-noise ratios 7 are equal. The PDF of the signal-to-
noise ratio can be obtained based on the relationship between the signal-to-noise ratio and
the channel gain, 7h3 = r4. The signal-to-noise ratio of the combined channel is represented
by the sum of Equations (16) and (17).

1 .
o wB 1 —i—3/2 1
f174 (7’4) - 2@“0,[32?)‘21';0 (20‘%) exp(lxg) (16)
o OO Lm-+k+2,n [ 1 (203)°ry |(71/27j;1,2) |(1,1) |Xi/(52_1/1) ]
LOL0p+k+1,q+k+21 403" "Ap2AZ - ~ Bi(e-21),(-12)
1 .
_ _ (-weB (17732 1
() = s & (57) op(z) (17)

2 .
o O L0 m+k+2,n [L (243)7r4 |(_1/2_];172)|(1/1) xi(e2=1,1) ]
LO1,0;p+k+1,9+k+2 4027 "Ap2AZ - = 1Bi(2-21),(a—2,2)

3. Performance Analysis
3.1. Outage Probability

The outage probability is an indicator that measures whether a communication system
can successfully transmit data. It represents the probability of receiving the communication
system and helps to evaluate the performance and reliability of the system by optimizing
system design parameters to improve system efficiency and reduce outage probability [29].

rth
Dout = /O Fi(r)dr = Fiy, (rg) + Far, (ras) (18)

Subsequently, by substituting Equations (16) and (17) into Equation (18), their CDF
expressions can be obtained. This CDF is represented as the sum of Equations (19) and (20).

—i—3/2

1
_ wBr, 1 1
F1,4(1’4) - 2\/27[“0‘}32)\2 _go(m) exp(;%)

= 242 ; 2 (19)

o JOLOLm+k+3,n [i (205)"r4 |(*1/2*J?1/2)|(1/1) Xi(e2=1,1) ]

LOL,0;p+k+1,q+k+31 4037 "Ap2 A2 - = 1B (2-21),(~1,2),(~2,2)

_ (1—w)Bry 1 \—i—=3/2 1
F2V4 (]’4) - thxgﬁzr(ﬂ)h”c 420 (20(02 ) exp(g)
= 20
2 .

o HOLOLm+k+2,n (L (203) 714 |(71/271;L2) |(1,1) |x1-,(€2*1/1> ] (20)

LOL0;p+k+1,g+k+21 403" A2 AT - = 1Bi(2-21),(a—2,2),(~2,2)

3.2. Bit Error Rate

Bit error rate refers to the frequency of errors that occur during digital data transmis-
sion. It is typically expressed as a percentage or a ratio of the number of erroneous bits to
the total number of transmitted bits. The higher the BER, the higher the transmission error
rate and the greater the probability of data damage or loss. Therefore, it is important to
minimize the BER in order to ensure reliable communication between devices [20].

p o]
Pe = 21?(]0)/0 P~ Ye=TF(r)dr = ber; + ber, (21)
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By introducing Equations (16) and (17) into Equation (21), the expression for BER can
be obtained as the sum of Equations (22) and (23).

bery — B i (L )71’73/2

1
—_ X —_
427w 22PN 2a exp( 23 )

g 3 G5 (e -y )
:1.0; / o 9AB*AG Bi(e2=2,1)
_ (1-w)B Lo \—i-3/2 1
berz - Zmaoﬁzf(u)bz7qp ig() (W) EXP( a% )
XHg’éf?’éfm+k+2’n [%, (2“%h4)227|(*1/2:]';1/2) |(1,_1) Xi/(i:l/l)/(lfp/l)] (23)
,0;,1,0,p+k+1,g+k+2 4ud AB2AZ Bi,(2-2,1)

3.3. The Channel Capacity

Channel capacity refers to the maximum amount of information transmitted on the
communication channel. Channel capacity is affected by various factors, such as the
bandwidth and signal-to-noise ratio. We optimize channel capacity to achieve higher data
rate and more reliable transmission. The mathematical expression of channel capacity is as
follows [27]:

c= /:o log(uir +1)f(r)dr = c1 + ¢ (24)

where the value of parameter 1; determines whether HD technology or MI/DD technology
is used. When u; = 1, HD technology is used, and when u; = 2, MI/DD technology is used.
The multidimensional H-fox function of BER is represented at the bottom of Equations (25)
and (26). The expression for channel capacity can be obtained as the sum of Equations (25)
and (26).

— __wBy_ oy 1732 1
C] - 2m“0ﬁ27A2 ZEO (ZIX%) eXp(a%) 25
x HOWOLm4ki2ntl 11 (2“3)2“1|(—1/2—j;1,2)|(1,1) X (11E-11),01) 25)
1,0,1,0;p+k+2,g+k+2 4043/ AﬁZA% - = 1, (=1,1),(e2—2,1)
1 .
_ _(-wBy 1732
2= e 5 (ag) oPGg) (26)

2 :
w HOLOmtktan 1 (203) A1ty |(-1/2-712) (A1) Xi,()=11(£2-11),(01)
LOAO;p+htlg+k+284a” b2p2A5 1 = Bi(=11)(2-21)

4. Simulation Analysis

In this section, we select the results based on the average number of channels, fog
concentration, and other parameters selected to validate our analysis results. We validated
the results using the Monte Carlo method. We calculated the analytical expressions given
in the previous sections under different turbulent RF channel conditions, fog conditions,
and pointing errors. In the following figure, the numerical results and simulation results
are presented, respectively. Figures 2 and 3 describe the effects of the number of selected
channels, fog conditions, and different turbulent channels on OP, as well as the effects of
parameters of the air—water interface and ocean turbulence intensity on OP.
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Figure 2. The relationship between outage probability values under different fog conditions.
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Figure 3. The relationship between system parameters « and 3 and outage probability.

The higher the concentration of fog, the greater the absorption and scattering effect of
the signal, which weakens the strength of the signal and reduces the performance of the
system. We assume that all average signal-to-noise ratios are equal 71 = 7, = 7 and that the
parameter ¢ of EGG is a positive integer. Figure 2 compares the outage probability of the
system under light and moderate fog conditions, w = 0.098. Set the value for moderate fog
to 6.37 and for mild fog to 4.70. When the signal-to-noise ratio is 20 dB and under light fog
conditions, the outage probability of the F distribution is 10, the outage probability of the
EGK distribution is 1074, the outage probability of the a — y distribution is 1072, and F <
EGK < & — p. It can be seen from the figure that light fog has a better performance compared
to moderate fog. From the graph, it can also be seen that the higher the turbulence intensity,
the greater the OP. Compared to moderate fog, light fog has a lower concentration of
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substances in the air, which reduces the probability of signal absorption and scattering,
resulting in higher reliability and stability of signal arrival at the receiving end. Therefore,
the performance of the outage probability under light fog conditions is superior. From the
results of numerical analysis and Monte Carlo analysis, it can be seen that the two curves
have good agreement, indicating that the correctness of the numerical simulation results is
verified through Monte Carlo simulation.

In order to study the influence of parameters in the distribution of base stations on
the outage probability of system, Figure 3 analyzes the relationship between different
parameter values and outage probability when using BS distribution. From the figure, it
can be seen that when the parameters of the distribution ag = 0.51, § = 2.73, the probability
of power outage can reach 10~7, which can be said to be very small. When ag = 0.25, B =
2.1, the outage probability can reach 10~°. When ag = 0.51, § = 2.1, the outage probability
can reach 10~*. From the figure, it can be seen that as the parameter increases, the outage
probability value increases. As the parameter value b increases, the outage probability
decreases. This is because as the parameters change, the water surface fluctuates, leading
to changes in signal stability.

The parameter w of the EGG distribution determines which of the exponential and
gamma distributions dominates the EGG distribution. Figure 4 shows the effect of the
parameter w of the EGG distribution on the BER of the system, which decreases as the
parameter w increases. In addition, it can be seen that different turbulence intensities can
cause significant changes in BER, and turbulence channels also have a significant impact on
the performance of the system. When the average signal-to-noise ratio of & — y distribution
is 20 dB and w = 0.225, the probability of power outage can reach 10~*. When w = 0.502,
the outage probability can reach 107>, and when w = 0.819, the outage probability can
reach 107°. This is because the parameters of w change, resulting in a change in the role of
exponential and gamma distributions in the EGG distribution.

10'1 T'%,, T T T T T T T T T
.
‘\i’:\~
1 0-2;§:; :‘s’;&& i
NNy, Oy
S~
10° X .o
@ 10 .
I O
o —%—w=0.225 a-u \
(O] 3 g 4
—+—w=0.225 EGK SRR
< 5L S
10 w=0.225F DO
—¥%—w=0.502 a-p
100 E —+—w=0.502 EGK
w=0.502 F
—*—w=0.819 a-p
107k —+—w=0.819 EGK
w=0.819 F
Simlation
10.8 1 I 1 1 I 1

0 2 4 6 8 10 12
Average SNR(dB)

Figure 4. The relationship between parameters of the system w and BER.

To investigate the impact of fog conditions on the system BER, Figure 5 shows the
effect of fog conditions on the BER of the system. From the figure, it can be seen that
as the concentration of fog increases, the BER of the system increases. It is obvious that
higher fog concentrations will increase the absorption and scattering of light, leading to
weaker optical signals and thus affecting the BER. In addition, we can also conclude that
distribution is more suitable for the RF link. When the signal-to-noise ratio is 20 dB, the
value of moderate fog is 6.37, and the value of light fog is 4.70. At this time, under moderate
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fog conditions, the BER value of the F distribution exceeds 105, while the error rate value
of the F distribution under mild fog is close to 10~%. Light fog has a lower concentration
of moderate fog compared to moderate fog, resulting in less absorption and scattering of
signals, better signal reliability and stability, and better system performance. Comparing
the Monte Carlo simulation with the numerical results, the simulated photon number is
10%. From the figure, it can be seen that the simulation results are in good agreement with
the numerical results.

The BER

—%— moderate fog a-u
1075 £ |—*—light fog a-u o TE

1]
—+— moderate fog EGK \D\{] ~o ¢
—+— light fog EGK o |
— — —moderate fog F -
106k moderate fog ~4

— — —analysis light fog F
O Simlation

1 1 1

10—7 1 1 1 1 I I
0 2 4 6 8 10 12 14 16 18 20

Average SNR(dB)

Figure 5. Performance of BER under different fog conditions.

Figure 6 shows the effect of parameter Ay of the pointing error on the system BER. Assum-
ing that all average signal-to-noise ratios are equal and parameter c is a positive integer, it can
be observed from the graph that as Ay increases, the error rate shows a decreasing trend. At this
point, for convenience, ¢ = 1, w = 0.0035, Ag = 1.67, and Ay = 2.34. From the figure, it can be seen
that when the distribution function of the atmospheric turbulence channel is F distribution,
under the condition of Ay = 1.67 and a signal-to-noise ratio of 10 dB, the BER of the system can
reach about 10~%. Under the condition of A = 2.34 and a signal-to-noise ratio of 10 dB, the BER
of the system can reach about 9 x 10~°. It can be seen that as the parameter A of the pointing
error increases, the error rate decreases. The simulation results are in good agreement with the
numerical simulation curve, indicating that the derived results are correct.

To investigate the impact of EGG parameters a and b on the system BER, Figure 7
shows the impact of EGG parameters a9 and  on the BER. We assume that all average
signal-to-noise ratios are equal and that parameter c is a positive integer. It can be observed
from the graph that as a increases, the error rate decreases, while as b increases, the error
rate increases. At this point, for convenience, we assume ¢ = 1. From the figure, it can
be seen that when the distribution function of the atmospheric turbulence channel is F
distribution, &g = 0.457 and B = 0.175, and the signal-to-noise ratio is 20 dB, the BER of
the system is close to 108, When the signal-to-noise ratio of EGK and & — y is 20 dB, the
BER is 107% and 10—, respectively. The BER obtained by using EGK distribution and & —
distribution in the RF link is higher than that of the F distribution. The lower the BER,
the better the system performance. The simulation results are in good agreement with the
numerical simulation curve, indicating that the derived results are correct.
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Figure 6. The impact of Ay on the BER of the system.
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Figure 7. The influence of EGG distribution parameters a and b on BER.

The channel capacity determines the transmission rate of a system. To investigate
the impact of fog conditions on system channel capacity, Figure 8 shows the effect of fog
concentration on the system channel capacity. We assume that all average signal-to-noise
ratios are equal and that parameter c is a positive integer. It can be observed from the graph
that as the concentration increases, the transmission rate of the channel weakens. At this
point, the parameter u; of the channel capacity is set to 1 for convenience, with a moderate
fog value of 6.37 and a light fog value of 4.70. From the figure, it can be seen that when the
distribution function of atmospheric turbulence channels is distributed, and under light
fog conditions, when the signal-to-noise ratio is 20 dB, the channel capacity of the system
can reach about 27. When the RF link adopts EGK and a« — y distribution, the channel
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capacity is 5 and 15 lower than when the RF link adopts F distribution, respectively. As the
fog concentration increases, the signal is absorbed and scattered. This leads to a decrease
in signal reliability and thus affects transmission rate. The simulation results show good
agreement with the numerical simulation curve, indicating that the derivation results are
correct.

30 T T T T T T
*
#—light fog F * *
o5 L —¥— moderate fog F * il i
+ light fog EGK *

—+— moderate fog EGK - e *
> ol light fog a-u * ¥
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© ”
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Figure 8. Effects of fog conditions on channel capacity under different atmospheric turbulence.

In the UWOC link, the parameters of the EGG distribution also have a significant
impact on the system performance. Figure 9 shows the impact of parameters on the system
channel capacity. We assume that all average signal-to-noise ratios are equal and that
parameter c is a positive integer. It can be observed from the graph that as the parameter
uy increases, the stability and transmission rate of the channel ¢ increase, while as the
parameter increases, the transmission rate of the channel decreases. Similarly, taking the
F distribution as an example, when 11 = 0.51, c = 1, and the signal-to-noise ratio is 16 dB,
the channel capacity of the system reaches 15. When the signal-to-noise ratio is 20 dB,
the channel capacity can reach 26. The simulation results match well with the numerical
simulation curve.
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Figure 9. The influence of channel parameter u#; and c on the channel under different atmospheric
turbulence conditions.

5. Conclusions

This paper studies the performance of air-to-water communication systems without
relay nodes. We analyze the PDF of RF/UWOC systems by unifying a« — , the extended
generalized-K (EGK) and Fisher-Snedecor (F) distributions for atmospheric turbulence
with nonzero mean single-sided pointing error as well as random path loss in foggy
conditions with air-to-water interface and ocean turbulence. Based on statistical analysis,
the accurate expressions of performance are derived. The fading parameters of the channel
have a significant impact on the performance of relay-assisted RF/UWOC systems.
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Appendix A
In this appendix, we derive the joint PDF of the channel gain. Mathematically speaking,

it can be written as follows:
k-1 v—1
(ﬂi,Aj)]P:l hi h73
(bi,B))L_, } [1n (hg ( h, ), (AD)

270t oo mmn | 31,2
fh3 <h3) - %/}13 Hp,q {Arha
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Let us expand the H-fox function, so we can obtain

k hg~
fh3 (h3) = 2rv 271] fl (A7)

fh3 (ha) 2s+1 v[ln(g)}kildhg (A2)

e}
As far as we know, the definition of gamma function is [ e *x*~!dx = T(k). Let

0
Iny h“ = t; after simplification, it can be obtained that
(2s+v—-2) . _ 5 —
fny(h3) = 2rvkh3— / o(s) M(Arhg) *ds (A3)

According to [30], the following equation can be expressed as follows:

(U 12)1 1

— 7k m+kn iy
fh3 (h3) = 2rv thHk’Hk[Arh | , 11(0 22)] 1,(b1,B ) } (A4)
By applying [33] it can be obtained that
I.i(z) = ! (e +e7%) (A5)
2 27z

Let H = hyh3; bringing Equations (8), (A4), and (A5) into Equation (6) yields the

following:
foo 2rkgvkhA 1
m-+k,n 2 ( )1 1(‘0 12)1 1
HP+’<%+’<M ] a2 0B n (A6)
2 Agh
X(%)S ZlnlM (eu\/2]nT _i_efu\/21n )d]’l
&2 k

where A = £ [ exp(~22), 3, = (@, )y, (0~ 1205} i = {3 B (0 =220,

According to the expansion of the H-fox function and the definition of the gamma
function, the simplified expression Equation (12) can be obtained.

Appendix B

Lethy =1lp, I = %, and bringing it into Equation (9), we can obtain the following:

w —i-3/2
f1h4(h4) 2\/275522)\2 Z (Lz) 1 exp(,%z)
1" k-1
Je° Hp [A P2 Eh B)>' 1} n(je)]" A1 >rexp(—f)dr (A7)

—51
(20%hy) A7
27 fl a/gzip r (Sl)dsl

Expanding the H-fox function and based on the definition of the I'(.) function, the
expression for the simplified result can be obtained as follows Equation (14). Similarly, the
same method can obtain fyy, (h4).
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