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Abstract. This paper investigates a dual-hop satellite-
marine communication network that employs mixed
radio-frequency/underwater wireless optical communication
(RF/UWOC). The study focuses on investigating the impacts
of non-zero pointing errors and the additive white general-
ized Gaussian noise (AWGGN) on the dual-hop system. To
address the challenge of computing the probability density
function (PDF) for the UWOC system with non-zero bore-
sight error, we apply the Laplace transformation and the
generalized integro exponential function. Next, we utilize the
generalized Gaussian noise to calculate the signal-to-noise
ratio (SNR) and the conditional bit error rate (BER). Then,
we present system performance metrics such as the outage
probability (OP) and BER. We also calculate the asymptotic
analysis of the OP and BER by considering poles coinciding,
resulting in the proposal of four asymptotic formulas to gain
additional insights into the diversity gain. Finally, we pro-
vide simulation results that analyze the performance of the
proposed satellite-marine network with different system pa-
rameters, such as boresight displacements and bubble levels,
and validate the accuracy of the numerical results.
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1. Introduction

In recent years, underwater wireless optical communi-
cation (UWOC) has gained significant attention in oceanog-
raphy for applications such as data collection, disaster detec-
tion, and military surveillance [1], [2]. Satellite-assisted ma-
rine communication is crucial in providing stable and seam-
less connections, offering wide coverage and flexible network
deployment.

However, the combination of the satellite and marine
UWOC has not been fully studied. Several papers investi-
gated the data exchange between terrestrial and underwater
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wireless networks by using a mixed radio-frequency/optical
communication (RE/UWOC) system. The terrestrial network
transmits the signal to a buoy relay or a moving ship using
an RF link. The relay then converts the electrical signal
and retransmits it to the underwater equipment using optical
communication. In [3], the authors investigated a dual-hop
RF/UWOC system with a fixed gain amplify-and-forward
(AF) relay, in which the RF link experienced generalized K
fading. They derived the outage probability (OP), bit er-
ror rate (BER), and ergodic capacity (EC) for the system.
Furthermore, in [4], the authors analyzed the secrecy perfor-
mance of an RF/UWOC network using decode-and-forward
(DF) relaying. In this case, the RF link undergoes @ — u fad-
ing, and they deduced the secrecy outage probability of the
proposed system. They also analyzed the asymptotic expres-
sion at a high signal-to-noise ratio (SNR) to find a suboptimal
transmitting power. To explore additional perspectives, [5]
considered using an unmanned aerial vehicle (UAV) as the
transmitter and analyzed the optimal altitude by considering
the elevation angle.

The combination of the satellite and marine UWOC
needs to consider the impact of non-zero boresight error
and generalized Gaussian noise. Most of the previous stud-
ies have focused on zero boresight error. However, due to
the motion and sway of the relay, non-zero boresight error
remains significant in marine optical communication. The
impulsive noise over satellite communication and complex
underwater communication environment requires the noise
to be modeled as additive white generalized Gaussian noise
(AWGGN), most papers considering the additive white Gaus-
sian noise (AWGN) may not be appropriate. The above two
key problems motivate the investigation.

The closed-form probability density function (PDF) and
cumulative density function (CDF) of the non-zero boresight
error over the underwater optical channel have not been pro-
posed. In [6], the authors approximated the non-zero bore-
sight PDF with a modified Rayleigh distribution. In [7], the
authors derived the closed-form OP and EC with non-zero
boresight error using Laplace manipulation. Yue Wang et al.
in [8] obtained the closed-form PDF and CDF of non-zero
boresight free space optical (FSO) through mathematical an-
alysis. Meanwhile, the system performance of the dual-hop
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satellite marine communication with AWGGN is not inves-
tigated. Authors in the [9] investigated the performance of
reconfigurable intelligence surface (RIS) - assisted commu-
nication with the assumption of AWGGN, [10] derived the
BER in the presence of AWGGN in the underwater acoustic
channel, and [11] researched the average BER with a gener-
alized fading channel and AWGGN. Thus, in this paper, we
consider the impact of non-zero boresight pointing error and
generalized Gaussian noise on the satellite-UWOC commu-
nication. The contributions of this paper are as follows:

1) A hybrid satellite UWOC system is investigated, in
which the satellite transmits signals to an autonomous under-
water vehicle (AUV) with an over-sea relay. To account for
the impact of non-zero boresight error on underwater wire-
less optical transmission, we derive the closed-form PDF
and CDF of the SNR by utilizing Laplace substitution and
generalized integro-exponential functions.

2) With the calculated PDF and CDF, we derive the
analytical expressions of the OP and BER of the proposed
dual-hop network by considering the non-zero boresight and
AWGGN. The asymptotic OP and asymptotic BER formu-
las by asymptotically expanding the Fox-H function at high
SNR regions are deduced. We analyze the diversity gain of
the proposed system.

3) We simulate the system performance under different
bubble levels (BL), boresight displacements, and AWGGN
parameters. The numerical results are validated with the
simulations.

2. Network Model

2.1 System Model

We consider a downlink communication network that
combines satellite and UWOC. The system comprises a satel-
lite, denoted by s, an AUV, denoted by d, and an over-sea ship
station, denoted by r, which acts as a relay. In the first hop,
the DF relay strategy is used at r to receive the satellite signal.
The RF signal is then converted into an underwater optical
signal, which is forwarded to the AUV in the second hop.
The satellite s has a single antenna, whereas r has a single
RF receive antenna and a single transmit aperture. Likewise,
the AUV is equipped with a single receive aperture.

In the first RF transmission slot, the received signal at
r can be written as

Ysr = psGsrhsrxs +n, (1)

where pg denotes the sending power of s, G, hg, represent
the propagation gain and fading channel, respectively. The
symbol x has a unit energy, and 7, denotes the generalized
Gaussian noise.
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Fig. 1. Dual-hop satellite UWOC system model.

Considering the complex marine communication envi-
ronment and impulsive noise, we can express the PDF of the
AWGGN n as:

fnla,o) = exp (=A%|n|?) 2

alA

2I' (1/a)
where A = Ag/o, Ag =T (3/a)/T (1/a) [9]. Here, @ and
o represent the shaping parameter and the noise variance,
respectively. If we set @ = 2 and o = V2, n can be simpli-
fied as AWGN. Therefore, by defining the noise parameters
a, and o, at r, the SNR of the first hop can be written as
Ysr = ')7sGsr|hsr|2a where y, = Ps/0'r2~

In the second phase of transmission, the relay receives
the RF signal and forwards it to the destination, d. The
received signal at the AUV can be expressed as

Ya = \prilx, +ng 3)

where p, is the transmitted power, i represents the optical-to-
electrical conversion coefficient. I denotes the channel fad-
ing, ng represents the AWGGN with parameters a4 and o7y.

Two types of optical signal detection techniques, hetero-
dyne detection (HD) and intensity modulation/direct detec-
tion (IM/DD) [12], are used in the system. The instantaneous
pr(nl)”

0_2

SNR of the second link is calculated as y,4 = , Where

d
r indicates the type of detection strategy, i.e., HD (r = 1) or
IM/DD (r = 2). The average electrical SNR is also calculated

as fyq = %ﬁh’". Here, E[-] denotes the expected value.
d

2.2 Channel Model

The channel fading, I, can be expressed as the prod-
uct of hy, hp, and h,. Here, h; denotes the normalized
propagation loss, which is deterministic and modeled by the
Beer-Lambert law [13]. 4, indicates the non-zero boresight
pointing error loss, and 4, is modeled as a mixture of the
exponential-generalized gamma (EGG) distribution, which
can be expressed as:
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BL | Salinity w A a b c

24 | Fresh | 0.2130 | 0.3291 | 1.4299 | 1.1817 | 17.1984
24 Salty | 0.1770 | 0.4687 | 0.7736 | 1.1372 | 49.1773
16.5 | Salty | 0.4951 | 0.1368 | 0.0161 | 3.2033 | 82.1030

Tab. 1. Parameters of the EGG distribution for different bub-
ble level (BL) [I/min] versus fresh water and salinity of
water [12].

1) Oceanic Turbulence: The mixture EGG distribution
has been proposed by the authors in [12] to describe the ir-
radiance fluctuations of the underwater optical signal, which
is well-measured by experimental results compared with the
exponential-gamma (EG) distribution and the exponential-
lognormal distribution. The PDF of the mixture EGG distri-
bution can be formulated as:

ha

Sha (ha) = %CXP (—7)

A=W, ger |_(ha)
+baCF(a)ha exp[ (b) ]
“4)

where the parameters w, 4, a, b, and ¢ are associated with the
attenuation coefficients of EGG fading. The parameters and
their corresponding values are listed in Tab. 1.

2) Pointing Error Model: The pointing error model
is described in [6]. The radial displacement vector is ex-

pressed as r = [rx,ry]T, where 7y ~ N (uy,02) and
ry ~N (py, 0'y2) for the horizontal and elevation axes. The

jitter is caused by oceanic turbulence and ship motion over
the sea. Assuming o2 = 02 = ¢ in the horizontal and
elevation axes at r, the PDF of non-zero boresight pointing
error can be expressed as follows:

— »\‘2 h
2, 202 24 [ —w2qIn 22
h) = {7e 75 h( In| = 0

where s denotes the boresight displacement, { means the
degree of the point error, o2 is the variance of jitter, A rep-
resents the gathered optical power, and w ;¢4 is the beamwidth.

3. End to End SNR Statistics

Deriving the closed-form PDF of I combined with non-
zero boresight pointing error /1, and EGG turbulence fading
h, is a complex task. In [14], the authors approximated (5)
to a modified Rayleigh distribution, which is inaccurate for
the statistical characteristics of SNR. Therefore, this section
derives the closed-form PDF of I with the given hy, hy, h),
as shown in (8) [on the next page] !.

Proof: See Appendix A.

The n-th moment of I, denoted by E [I"], can

s2

be calculated as %O] ﬂ(w‘eq)zm[ (AAghy)"n!

€ e 2o mi(2en) ™ \ VB2 wldAohy) n:
I'(a+%

+(1=w) (bAgh))" ﬁ?}))].

Both heterodyne detection and IM/DD can have their
average electrical SNR and instantaneous SNR reformulated
ﬁ = ”;’27 and I = ”;g , respectively. Therefore,
the relationship between [ and vy, 4 with respect to u,4 can

be transformed as / = V’Z—Elm for heterodyne detection and

I= ‘,;%E [I] for IM/DD. The unified PDF of y,4 is de-

as

rived in (9) [on the next page], where p, = p, 4/E[I]". The
CDF of 7,4 is then deduced with the aid of [16, Eq.(2.53)]
and listed in (10) [on the next page] 2.

The PDF and CDF of the satellite shadowed-Rician fad-
ing can be seen as [17]:

mg—1 (5k
1 A
Z mg — S 6
str (7) k=0 ( m ) | (1 + k) (}‘SGSF) : ( )

_Bs—os
X ’yke ¥sGsr )’,

a/sdf
(Bs — 6,)*"!
k

(ﬁs - 65)171

"y -1
F’Ysr (y) =1- ( bk )
k=0

_ (Bs=6s)y

X e VsGsr 7 (7)
1=0 N(ysGsr)
1 2bymy Ms 1
where g = m(m) , ﬁs = by and 5_; =

QS
Bohomran) - Ms» by, Qg are the channel parameters.

4. Performance Analysis

In this section, we investigate the impact of non-zero
boresight error and non-Gaussian noise on the outage prob-
ability and BER of the dual-hop satellite-marine network.

4.1 Outage Performance

The outage performance with DF relaying is defined
as the minimum of 7y, and v,, falling below the out-
age threshold ry. Mathematically, it can be expressed as
Pou = Fy,, (rm) + Fy,, (rm) — Fy,, (rm) Fy,, (rn). Substi-
tuting (10) and (7) into the formula for Py, the closed-form
outage probability can be calculated, as shown in (11) [on the
next page], where ¢ (k,[) = ( msk_ ! ) #;%CHJH’ and

S R
¢ (m) ==\ Fo2

I The result derived in (8) can be reduced to the PDF of channel fading 7 with mixed EGG fading and zero pointing errors in [15, Eq. (8)] by setting s = 0

and m = 0.

2 The experimental setup can be viewed at [12]. We will consider the real experiments of the proposed PDF and CDF combination of the non-zero

boresight error and AWGGN in the future.
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4.2 Asymptotic Outage Probability

The current formulation of (11) is convoluted and does
not provide any meaningful insights. Therefore, the asymp-
totic OP can be utilized as an alternative approach to assess
the system performance at high SNR regions with a lower
computational burden.

For DF relaying, the asymptotic OP can be simplified

asde)fK = asy (rth) +F % # Y (rq). When ¥ turns to 1nﬁn1ty,

Fy Y (rm) ® 7o G r- The asymptotic OP of F. Vrd Y (ra) is
derived at Tab. 2.

Proof: See Appendix B.

asy
out’

Remark: The diversity gain of the asymptotic OP, P

2
£ } taking into account the re-

can be derived as min {1, <2
strictions of the four cases on F,, , (ry) and the asymptotic
OP of F,.” (rp). It is worth noting that the diversity gain
of the dual -hop satellite UWOC system is dependent on the
optical modulation method and the degree of the point er-
ror, whereas the boresight displacement has no impact on the

diversity gain.

4.3 Bit Error Rate

In this subsection, we aim to evaluate the average BER
performance of the satellite marine network under a gener-
alized Gaussian noise model. The BER can be expressed
as [15]:

Pe = Pe sy + Pe ya (12)
where P s and P, ;4 are the BER of the first transmission
hop and the second link, respectively.

the conditional BER can be ex-

o
§ 21 Qo (Vany) [121.  The
n=
generalized gaussian Q-function is given by Qg (x)
(1,1)
oy H (0,1),(‘;,1) :
a, Ao have been illustrated in (2). The parameters 6, Q, g,
are related to the modulation technique, as shown in Tab. 3.

Therefore, by utilizing [18, Eq. (2.25.1)] along with (9)
and substituting (6) into the conditional BER formula, we
can derive a closed-form expression for P, which is given
by (13) [on the next page].

Furthermore,

pressed as Pr(ely) =

20 Agx® where parameters
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Asymptotic outage probability expressions of F,, , (rm) Conditions
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Tab. 2. Asymptotic OP for different conditions.
Modulation 0 qr o Detection type
OOK 1 172 1 IM/DD
BPSK 1 2 1 Heterodyne
2 in2 (k=D n M
MPSK max (log3M.2) 2sin ( 7 ) max( o 1) Heterodyne
12
MQAM 4 3(%;:11) ‘/Tﬁ Heterodyne
1
logzM(l—W)
Tab. 3. Parameters for different modulations with IM/DD or Heterodyne detection.
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4.4 Asymptotic Bit Error Rate

The asymptotic BER can be obtained using the
same approach as presented in Tab. 2, which can be

expressed as P.Y = Pgsgr + PZ? 4 To simplify the

analysis, we consider the case where 1 < (2 a
2

a > = In this case, the expressmn for P2 can

as Q ms-
be written as follows: P~ 3 - LeICO

’ n=1 k=0 (A()qn')’sGsr
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»( adF é
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—zgzm,rmﬂr(a — || =2 adF( )F(a), the diversity

5. Numerical Results and Discussions

In this section, Monte Carlo simulations are performed
to analyze the OP and BER. The real measure data is gen-
erated by MATLAB, which comes from [12]. The satellite-
relay link experiences SR fading with parameters (1, 0.063,
0.0007) and (5, 0.251, 0.279) indicating frequent heavy shad-
owing and infrequent light shadowing, respectively. The
other parameters are shown in Tab. 4.

Figure 2 depicts the PDF of the system with non-zero-
boresight pointing error, using the HD method and a com-
parison with the modified Rayleigh distribution from [14].
Equation (9) represents the theoretical formula, which shows
good agreement with the simulation results, validating our
derivation. Our analysis demonstrates that the approxima-
tion result is insufficient for system performance analysis,
and we employ a finite terms summation, such as 15 terms,
in our theoretical calculation. These results indicate that the
computational burden is low for using (9).
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As is shown from Figs. 3-5, we investigate the impact of
channel parameters of EGG fading on system performance
with r = 1 and rg, = 0.01. The theoretical formula and
asymptotic OP can be viewed in (10) and Tab. 2, respectively.
As shown in Tab. 1, we simulate three sets of parameters:
w,A,a,b, and c. ’Salty water BL = 2.4’ and ’'Fresh water
BL = 2.4’ indicate a > i—_z, while ’Salty water BL = 16.5’
results in a < %2 Figure 3 confirms the accuracy of the
asymptotic OP. Increasing the BL from 2.4 (L/min) to 16.5
(L/min) degrades the performance of the OP. Moreover, we
observe that the salinity of the water affects the system’s per-
formance. The OP of y, 4 increases for freshwater compared
to saline water. Meanwhile, the investigation of changing
the temperature of the sea and then changing the salinity of
the water is depicted in Fig. 4 and Fig. 5 with fixed SNR at
20dB. It is obvious that the OP of fresh water is better than
that of fresh water. The OP increases with the increase of the
bubble level. For the fixed bubble level BL = 2.4 m, the OP
becomes worse when the temperature gradient increases.

Value
—50.5dBi [19]
4,4,24,24[11]
10cm, 10, 100cm [6]

Parameter

Propagation gain G,
AWGGN ay, ag4, 0y, 0g
Boresight error r, o5, W

Tab. 4. Simulation parameters.

80

x  Simulation
70 ¢ —+— Theoretical, Eq.(7)| 4
| —+— Modified, [15]

60 it

50 /1

i I
0.06 0.08 0.1 0.12 0.14
v

0
0 0.02

Fig. 2. Simulation of the PDF compared with the modified
Rayleigh approximation.

The impact of the detection method and channel condi-
tions on the shadowed-Rician fading is illustrated in Fig. 6.
The OP performance of r = 2 is observed to be worse than
that of » = 1, indicating that the HD technology can reduce
the OP caused by UWOC. Additionally, the OP of the dual-
hop system in weak shadowed-Rician turbulence (mg = 1) is
lower than that in the strong shadowed-Rician fading channel
(ms = 5). The plot also includes OP expressions at high
SNR, and the OP performance with » = 2 and s = 0 is com-
pared to the system considering zero boresight pointing error
in UWOC. It is evident that the OP of zero boresight with
r=2,mgz =1, and s = 0 is better than that of non-zero bore-
sight with » = 2, mg = 1, and s = 0.3. Moreover, the SNR
gap increases with the decrease of OP, and the investigation
of non-zero pointing is crucial to evaluate the performance
of the proposed dual-hop satellite marine system. The di-
versity gain of the system can be computed using the nodes
(50, 0.0146) and (60, 0.00147) for HD and (50, 0.04137) and
(60, 0.01105) for IM/DD, respectively. The diversity gain
is calculated as 1 and 1/2, respectively, which matches the

2
theoretical result min {1, i 47 }
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Fig. 6. Comparison of the dual-hop outage probability with
different parameters of shadowed-Rician fading and
zero/non-zero boresight error.
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Fig. 3. Comparison of the OP with dif-
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Fig. 4. Comparison of the OP with
salinity of water and fixed trans-
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Fig. 5. Comparison of the OP with tem-
perature gradient and fixed trans-
mitting power.
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The performance of the average BER is shown in Fig. 7
for different parameters of the AWGGN, with @ = 2 and
o = V2 as the reference case for AWGN. It is observed that
the BER deteriorates as the value of a decreases from 4 to 2,
and as the value of o decreases from 2.4 to V2. These re-
sults indicate that a higher value of a can decrease the error
rate, while a higher value of o may increase the BER. The
change from @ = 4 to @ = 2 causes a gap of almost 1dB
in BER, while the change from oo = 2.4 to o = V2 causes
a gap of almost 5 dB. The comparison between on-off keying
(OOK) modulation with » = 2 and 4-quadrature amplitude
modulation (4QAM) is also presented, and the results show
that the 4QAM transmission outperforms the OOK transmis-
sion. These findings highlight the significant impact of the
complex mixed satellite UWOC environment.

10° A WA YRAY
\

E 107H O Simulation SLY
o — — — - Asymptotic
a=4,0 =24, 4QAM Analysis
—— a=2,0 =24, 4QAM Analysis
a=4,0 =24, OOK Analysis
——— a = 2,0 =+v/2(AWGN), 4QAM Analysis

102 I I I I I I I X
20 25 30 35 40 45 50 55 60 65 70

SNR(dB)

Fig. 7. Comparison of the BER with different parameters in «,
o, and modulation modes.

10°

S
W 10

O OOK Simulation
—+— OOK Analysis

O BPSK Simulation
—+— BPSK, Analysis

O 4QAM Simulation
—+— 4QAM Analysis

O 16QAM Simulation
—+—— 16QAM Analysis

10—2 L I L
20 30 40 50 60 70 80

SNR(dB)

Fig. 8. Comparison of the BER with different modulation
schemes.

Finally, the BER performance with different modulation
methods is presented in Fig. 8. It can be found that the BER
performance of BPSK is superior to the other methods. How-
ever, the spectrum efficiency of BPSK is lower. Moreover, the
BER performance of OOK is worse, which is the drawback of
the simple optical detection method. The BER performance
of 4QAM and 16QAM are also simulated, which is evident
in the accuracy of the deduced closed-form BER formulas.
The balancing between simple detection, the best BER per-
formance, and the spectrum efficiency should be considered
in the real satellite-UWOC communication network.

6. Conclusion

This paper investigates the performance of a dual-hop
satellite-marine RF/UWOC system, taking into account the
effects of non-zero pointing errors and non-Gaussian noise
in marine communication. We propose a method to derive
closed-form PDF and CDF formulas of the SNR, which are
then used to calculate analytical expressions of OP and BER.
The asymptotic OP and BER are analyzed by considering the
poles coinciding. The results of this study indicate that the
performance gap increases with the SNR concerning the zero
and non-zero boresight errors. Thus, it is crucial to consider
non-zero errors when evaluating the performance of marine
communication. Additionally, the system’s performance is
affected by the parameters of the AWGGN. This work will aid
in the application of the mixed RF/UWOC network with the
performance evaluation and the balancing of the detection
techniques, BER performance, and spectrum efficiency.
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Appendix A: Proof of (8)

To deduce the statistics of I = h,h ), h;, we define the in-
termediate variable z = h,h), and the integration transform
of z can be calculated as:

f(2)= /L hifhp (hi)fha (ha)dh, (A1)

where the low bound of the integration can be obtained with
the definition of domain %, € [0, Ag], then the calculation
of f (z) can be given as (A2) [on the next page].

Equation (A2) holds with the help of the expansion
of the Iy (x) in [20, Eq. (8.402)] as well as utilizing vari-
able transmission r = —1In m. After performing some
mathematical manipulations, the deduction of f(z) can be
transferred to calculate 7.

Next, by transform

L{f@®}(s) =
z _(b%)cect 1 z ¢

E. (ATm) and L |e 0 = ;E%s [(b—AO) ] as

per [20, Eq.(3.331.1)]. The integral term J; can be re-

calculated shown at step (a) in (A3) [on the next page] with

L["f ()] (s) = (=1)"F (s). Then, by using the defi-

nition of generalized integro-exponential function E S(m) (2)

in [21, Bq.(2.1)], and replacing E{™ (z) to Meijer function
1711 c

in [21, Eq.2.7.2)], we can obtain 2o Es .y [(bLAO) ] -

resorting to the Laplace
F(s), we have L(e_mc) =

(“D"T(mtl) - m+2,0 st

cm Gm+1,m+2 (Z 0, (S _ 1) 1m+1 ), where
1,41 denotes the (m+1) x 1 column vec-
tor with element 1, and Z27Eg, (ALAO)
L(m+1) ~m+2,0 z s141
=™ Gmslm2 (/le 0, (s = 1) Ls1 ) Thus, the

closed-form expression of 7] can be obtained as step (b).
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0 2m _r241
426 20'52 Z{ -1 ] Serq z { +
1 () - (A2)
& W;) (m)*\ V8o | 4o
Qi _ oz .t ]—W)c z el _ ,(i) ct
X (22— | W -aage ( = (ac=1)t =\ A, Mdr
/0 ¢ 157 Therala,) € ¢
I
(a) " | w 4 (1-w) [z \*! z \¢
L = (-1)"—1 —E — + —— Es — A3
1= CDTEe ) pbe (/IAO) i 6T (a)\Ag <\ bag (A3)
5= s=¢{2-ac
) K m+2,0 i {21m+1
= F(m+l) 1 Gm+1’m+2(/lA0 O, (4'2_1) 1m+1

(I-w)

z ac—1 z
7 | m+2,0 _c
pacT” (a)Cm(Ao) Gm+l,m+2 bA()

Finally, the expression of (A3) can be simplified with
the aid of [20, Eq. (9.31.5)]. Thus, substituting (A3) into (A2)

and calculating the integral of f;(I) with f; (I) = hilfZ (hil),
the closed-form PDF of f;(/) can be expressed as (8).

Appendix B: Proof of Asymptotic
Outage Probability

For F," (rm), it can be found that some poles of
the Fox-H function coincide, such as (¢2,7) 1,41 and
(g, %) 1,,+1 in the Fox-H functions. The asymptotic ex-
pression of the F, , (rgm) can be calculated with Theo-

rem 1.12 in [22]. The follows four cases:

2 2 2
and a > L, 1 < fz,a < ’(—, 1 > fz,a > &
C 2 C

)c (£-a+1) 1L

0, ((Tz - a) 1,41

2
1>%a< {T are considered. The approximate expressions
of F,, , (rm) can be expressed as Tab. 2, where the parameters

-D™"r(1-22
Ti0 (m) = COP0e)

11 (m) = W,Tzo(m) =

1
r(é,z_l)mﬂ >
(—])"’l"(a—%z)c

W It can

(€)™, and 721 (m) = ——“—.
ar ( T —a

be seen that the approximation expressions shown in Tab. 2

contain log function, which is hard to tackle. Thus the diver-

sity gain can not be calculated directly. In the following, We

present an approximation method to deal with this problem

with the aid of logx = — ) % When x tends to 0O, the

n=1
asymptotic OP shown in Tab. 2 can be simplified by com-

1 2
. rlh r r[h r . .
paring (—/1, Ao T pr ) and (—b, A T ) . Thus, the diversity
. asy . . 1 ( 2
gain of F,,”, (rq) is min {;, =



