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Abstract—This letter presents a unified analytical framework shadowed fading model, recently derived in [8], is an ativac
for the computation of the ergodic capacity and the outage proposition. In addition to offering an excellent fit to treeling

probability of relay-assisted mixed FSO/RF transmission.In ; _ it ;
addition to accounting for different FSO detection technicues, the ?bzer\{ed n %r%nge of rte_al \;vc:jr_ld apﬁllcatlcl)ns g(e.g.thdeVIce
mathematical model offers a twofold unification of mixed FSQRF ~ [O-0€VICE, an_ ody-centric fading channels [9]), the
systems by considering mixed MalagaM/x-u shadowed fading, Shadowed fading encompasses several RF channel models such

which includes as special cases nearly all linear turbuleretfading as Nakagamin, Rayleigh, Rice,x-u and shadowed Rician
models adopted in the open literature. _ _ fading distributions. This new channel fading model offers
Index Terms—Amplify-and-forward (AF), ergodic capacity,  far petter and much more flexible representations of praictic
free-space optics (FSO)n-y: shadowed fading, Malagait dis- ¢, ging LLOS (line of sight), NLOS (non-LOS), and shadowed
tribution, outage probability, pointing errors. 9 9 . .
channels than the Rayleigh and Nakagamidistributions.
. INTRODUCTION Under the assumption of AF relaying and taking into account

Recently, free-space optical (FSO) communications ha%e effect of pointing errors while considering both hete

gained a significant attention due to their advantages dfdrnig and intensity modulation/direct (IM/DD) detection tecues,

bandwidth in unlicensed spectrum and higherthroughputcome derive closed fo_rr_n expressions for the ergodic capacity

. . and outage probability of dual-hop FSO/RF systems over

pared to their RF counterparts [1]. Hence, the gatheringtfb _ )

) . . . Malaga-M/x-p shadowed channels. To the best of the authors

FSO and RF technologies arises as a promising solution for € wiedae. for mixed FSO/RE AF svstems. onlv [10] has
curing connectivity between the RF access and the fibec-opti ge, y ’ y [10]

based backbone networks. As such, there has been promincorrl}sIdered the Malagad for the FSO link, let alone the-y.

interest in mixed FSO/RF systems where RF transmissions‘lfgadowed case.

used at one hop and FSO transmission at the other [2]-[5]. Il. CHANNEL AND SYSTEM MODELS

Most contributions within this research line considerrietve We consider a relay-assisted mixed FSO/RF transmission
irradiance and channel gain probability density functiBDF) composed of both Malaga4 with pointing errors andk-
models for the FSO and RF links, respectively. The mogtgshadowed fading environments. The source communicates
commonly utilized models for the irradiance in FSO links argith the destination through an intermediate relay, able to
the lognormal and the Gamma-Gamngaq) ([4], [5] and ref-  activate both heterodyne and IM/DD detection techniques at
erences therein). Recently, a new generalized statistiode!l, e reception of the optical beam.

the MalagaM distribution, was proposed in [6] to model The FSO 6-R) link irradiance is assumed to follow a

the irradiance fluctuation of an unbounded optical wavéfrofygaga-\1 distribution with pointing errors impairments for

propagating through a turbulent medium under all irradianghich the PDF of the irradiancd, is given by [6, Eq. (5)]

conditions. Characterized in [7] as a mixture of Generadlze 5 21
« T ¢

2 B
K and discrete Binomial distributions, the Malagd-distri- fr(z) = &°A i ?g = 2
bution unifies most statistical models exploited so far and i al(a) & T(k) 7 | gB+Q Ao| & a,k
where¢ is the ratio between the equivalent beam radius and

able to better reflect a wider range of turbulence conditiéhs
®e pointing error displacement standard deviation (jitter)

[7]. On the RF side, previous works typically assume eith

Rayleigh or Nakagamir fading [4], [5], thereby lacking the 4 yhe relay (for negligible pointing errogs—s ), Ay defines

fI(_eX|b|I|ty to account for d.|spa_rate signal pro_pag_at|on tmc the pointing loss [1]4 = a% [g3/(gf + Q)]ﬂ+§g_1—% and

nisms as those characterized in 5G communications whidh wil 51 1-k ath k-1 k

: i0s with divetee= (e)@8+Q) "2 (g8 +Q)/aB] = (/9" (/)7

accommodate a wide range of usage scenarios with dlveréhe !

link requirements. To bridge this gap in the literature, the where a, §, g, .andQ are the fad.|r_19 parameters relat_ed to
' the atmospheric turbulence conditions [6]. Moreover in, (1)
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[6]. Hence bothG-G and K models are special cases of théion CMGF-based approach [12] as
Mélaga-M distribution, as they mathematically derive from Efln(1 + 7)] 1 oo
(1) by setting § =0, Q=1)and g £0,Q=00rg=1), C= 2111(2)7 = 21n(2)/ se "M ()M (s)ds, (4)
respectively [6]. 0

The RF (-D) link, experiences the-.. shadowed fading where 17{ (s) = I e~ F\¢) (z)dx stands for the CMGF
with non-nega‘uve real shape para_met_erﬁ andm, for which with F)((c) (z) denoting the complementary cumulative distri-
the PDF of instantaneous SNR, is given by [8, Eq.(4)] bution function (CCDF) ofX

™ (1 + k)" 2 \P 1 Laiee The ergodic capacity of mixed Malagkt/x-u shadowed
fr(@) = T ()72 (um + m)™ <7> e m fading FSO transmission system under heterodyne and IM/DD
2 2,1 2 detection techniques with pointing errors taken into aotdsi
x 1F <m,u; Mi) , (2) given for
HE M Y2

o Integer m, u, with m > 1 as
where 1 F;(+) is the confluent hypergeometric function [11, 5 m
Eq.(9.210.1)] andys = E[y,]. This fading model jointly _ A, BT 3 b, 3 XLy, 1,m) )
includes large-scale and small-scale propagation efféxsts 2In(2)T(a) &= T'(k) < I'(m) .
considering that only the dominant components (DSCs) are
affected by Nakagamis distributed shadowing [8]. The shad-Where B = afh(g +)/[(¢6 + )], and,
owed k- distribution is an extremely versatile fading model {ém)gé — ("6 for1<I<m—p,

that includes as special cases nearly all linear fading tsode X! = ; !

)6l forl >m —p,
pertaining to LOS and NLOS scenarios, suchxag (m — l) ?

oo), Nakagamim (u = m andx — 0), Rayleigh t=m =1 with 6; = ﬁ , and,fy = % Moreover in (5),
andk — 0), and Rice = 1,k = K andm — o), to name
a few [8, Table I]. T(s,y, 2) = HOLLALL (y,1.1) |(0,X2)|1—2,1) B
Assuming AF relaying with channel state information (CSI), ~ %> */ = F1.0:4.3:1.1 (¢, ®)| (0,1) | B~ 7|’
then the end-to end SNR can be expressed as [5, Eq.(7)] (6)
e @) where Hg}{;ﬁ}z;;’}qgfgjggv"?’[-] denotes the Fox-H funcqon
771 Tt 1 (FHF) of two variables [16, Eq.(1.1)] also known as the hivar

ate FHF whose Mathematica implementation may be found in
wherey; = (Aoh(g + Q))~"p,I" is the instantaneous SNR[13, Table I], whereby(o, ) = (1—r,7), (1—&2—r,7), (1—
of the FSO link §—R) with r being the parameter thato—r r), (1—k—r,r) and(¢, ®) = (0,1), (—E2—r,7), (—r, 7).
describes the detection technique at the relay (ke= 1 Moreover, it becomes for
is associated with heterodyne detection ane- 2 is asso- o Integer m, u, with m < 1 as
ciated with IM/DD) and,u, refers to the electrical SNR of

the FSO hop [6] andh = £2/(¢* 4 1). In particular, for A, 25: by i‘g <m> <M—m)
r =1, g1 = [theterodgyne = E[y1] = 71 and forr = 2, 2In(2)I'(«) B" P I'(k) oo \P q
p2 = pumop = (&% + 1) + 2)(g + Q)/((a + (p,@)#(0,0)
D[2g(g +29) + Q*(1 +1/8)]) [6, Eq.(8)]- p—m A
D Nq 14 _ s
[1l. EXACT PERFORMANCEANALYSIS 620, < ZZ}F(p—nz—z#—l)ﬂehq—Hg’u m—i+l)

In this section, a new mathematical framework investigat- m Ao; _
ing the average capacity and the outage probability of the —Z WT(%,qup,m —i+1) |, (7
mixed FSO/RF transmission composed of both Malada- =1
with pointing errors and shadowed . fading environments

; —m—i+1
S = (=1)m(mTim2) (m _pE
and accounting for both detection techniques is present&‘@ereAlz = (=)™ )(uwml) (umrm) o and
To the best of the author’s knowledge, there are few works = _ (_qyi—1(u—m+i-2 m e\
21 ( ) ( i—1 ) pr+m pr+m '

that conside_r th_ese metri_cs of mixed FS,O/RF §ystems, Yebroof: Capitalizing on (4) and recalling the fact that the
mostly considering the mixed-G/Nakagamim fading ([4], FSO link's CMGFMV(‘f)(s) Z K(Fw(f) () where £ denotes

[5] and references therein). This paper completes and wte'fhe Laplace transform operator and the FSO link's CCDF is
the efforts of [4]- [5] by unifying the ergodic capacity artiet obtained as

outage probability analysis for any turbulence/fading elod

under both types of detection techniques. Fv(f) (2) = FI(C) (th(g La) (i) )
A. Ergodic Capacity 5 fr )

Hereafter, we provide capacity formulas for the considered (@ &4 3 i Gl (i) e+ (®8)
system by using the complementary moment generation func- [(e) &= T(k) = pr) 0,62 0,k




where (a) follows from integrating (1) using [11]. Then, above integral and making a Taylor expansion of exponential
expressing the Meijer-G function in (8) in terms of Fox-Hand power terms, we infer that
function by means of [14, Eq.(1.111)] and resorting to [14, 5

Eq.(2.19)] with some additional manipulations using [14sE Pouyn) = 1 — §2ABT’Yth€79L2h 25: by,
(1.58), (1.59), and (1.60)] yield outtJth F(a)ur = T (k)
2Ar A b (0,%) pm el J
M) (5) = SATH k He o A\2=00 (9 7 P(yn + 1) x T, (16)
! ( ) F(OC)BT P I‘(k) ((b’ (I)) ( ) ; JZO pzo '0J th t )

whereH};"[-] is the Fox-H function [14, Eq.(1.2)]. _ - . e\ )
On the RF side, the CMGF of, under shadowesi- fading With Yi = (") (,ulier) (,ulier) » andZ given by
is given by 1+ -
p+q) a1
s+ 7 = 1 q/ p—q
() 1= Moy (s) @ 1 - 7(9(92?1)7% ZZ Q104 SO+ 1) L
M) (s) = = ,  (10) —01=0
§ N By, (2+1—r,7)
where (a) follows from the recent result in [8, Eq.(5)]. By o’ g " ' du.  (17)
N : E—rn), @—rn),Ek—rr1
assuming integer-valued andy, the RF link's CMGF can be " o i ’

rewrltte(rll aftg)r resorting to the transformatib(w)(1+2)"" = Substituting (3) into (16) after resorting to [14, Eq. (254
11| (01) 1in[14, Eq.(1.43)] as yields the outage probability of mixed FSO/RF in Malaga-
Mk~ shadowed fading{ < m ) environments with pointing

(c) (@) - ol (1-m,1) errors under both detection techniques as
MP(s) = Z H os| o] an ﬂ 1
= AB" i Tl_
and Poulyn) =1 S A8 S 3o ).
m p—m 92F(O‘),urk1 1030 05
M(C) Z Z ( )( >9p9q et where
p=0 q=0 .
(p,a)#(0,0) = ZZZ Dp+au(; )" A0 BT%h‘(ULEl)
i “1)} m Ay H 11{925| e i e G 1) TP 2w |00

homAH 11[91 | (0,1)
D(p—m—i+1)

> D) ]> (12) (19)
i=1 i=1 with (a),, standing for the Pochhammer symbol [11],
where (a) and (b) follow after applying the binomial expann3| (01,%1) = (€ +1—=r7),(+p+g]), and (¢1,1) =
and the partial fraction decomposition [15, Eq.(27)], esp (+p+q—1,1), (&=, 7), (a—=7,7), (k—7r,7).

tively. Plugging (9), (11) and (12) into (4) and resorting to Similar to (18) and using [15, Eq.(9)], the outage probapili

[16, Eq. (2.2)] complete the proof. of mixed FSO Malaga\/RF shadowedk-p (m < ) is
B. Outage Probability _ e Br%h LI
The quality of service (QoS) of the considered m|xedPOUt Vin) I'a) — T'(k)

FSO/RF system is ensured by keeping the instantaneous en L gme—i a i
to-end _SNR,V, gbove a threshold_ym. The probability of e—”;Th Z Z A;i,_ ’YchZ .'E 92> (20)
outage in the mixed FSO/RF relaying setup is expressed a P 04 = =0

Pout = Pr[y < n] = Pr [& < %h] K IV. ASYMPTOTIC ANALYSIS

Mnt+r+1

To gain more insights into the effect of turbulence/fading
Marginalization overy;, and lettingu = 1+v/~., in (13) yield parameters on both the ergodic capacity and the outage
) 1+ven probability, we study hereafter their asymptotic behavidio
Pout(%h)zl—%h/ F{© (%H— ) Jyi (uyen)du, (14) this end, we invoke the asymptotic expansions of the Fox-
! H function [17, Theorems 1.7 and 1.11] and the Mellin-
where F\¢) is the CCDF ofy, and f,, is the PDF of the Barnes integrals involving the bivariate Fox-H function[1
first-link SNR obtained from deriving (8) with respecttoas EQ. (2.56)].

B"x

(s

€+1-rn A. Asymptotic Ergodic Capacity
€2 —nrn), la—nrr)E—rn)| We assume that the average SNR of the RF ignlgoes to
(15) infinity for a fixed and finite valued average SNR in the FSO
Plugging (15) and the RF link's CCDF expression recentlink. Then, resorting to the Mellin-Barnes representatibthe
derived in [15, Eq.(10)] for integem, 1 with m > p into the bivariate FHF [14, Eq.(2.56)] in (5), and evaluating thedas

szBT k30
e LGS

f%( )




at the pole§ —m, —1—1} yield the asymptotic capacity, when
m > [ as

[
o
T

2,5
H54 |57a (m—1-1,1),(¢,®

o A, b
¢ T 2In(2)T(« )Brzzr(k)< 03T (m)
(m—l,l),(a,E)])l 21)

pr | (= ll)(UE))]

N
T

=
o
T

(¢, )

It is worth noting that (21) is much easier and faster t*
calculate than the exact capacity in (5). Moreov&?r, when
m < u follows in the same line of (21) while considering (7).

Ergodic Capacity [bps/Hz]

~ | —+— Moderate Turbulence/No Pointing Errors (£ — o)
—o— Moderate Turbulence/ Strong Pointing Errors (£ = 1.1)
—— Strong Turbulence / No Pointing Errors (§ — o0)

§ —0— Strong Turbulence/ Strong Pointing Errors (£ = 1.1)
ﬁ e Asymptotic

*  Simulation

B. Asymptotic Outage Probability | ‘ ‘ ‘ ‘
At high SNR values, the outage probability of the mixe« ’ Tor Awfjgc SNR ofthzcsRF link 7 zm wm
FSO/RF relaying system can be expressed g -~ @

(G.SNR)~%¢, where G. and G, denote the coding gain
and the diversity order of the system, respectively. Henc S S .;
as ju, — oo while keeping the low-order terms in (18), i.e. R
¢+ 1 < 1, and then applying [17, Eq. (1.8.5)] yield the *'f
asymptotic CDF whemn > 1 as

........ IM/DD detection

3
2 _Jth m—pum—i—1 j 7 T pe 7 Lj w0g Heterodyne E
pe — 1 5 ‘Ae™ 02 bk Z Z (p) Z’Yth = Eletcl(‘)tion
out F — £ R i v N L
(@] F k ! 1 p o L
() =1 (k) im0 =0 p=0" (en +1) S e e
a0}
(bls &
4 Hs s (¢1s ¢1t¢—1t) B\ B+ L
§ : s#t ( ’yth> t (22) 5 104E I
—0—G-G(a = 1.20, 4 = L.1)/Rayleigh
t=1 -1 (0’15 ) Hor —0— Milaga-M(a = 2.20, 3 = 2,g = 0.17,2 = 0.74) /Shadowed K- (5 = jt = 4,m = 2) \:
—— Milaga-M(a = 3.20,8 = 3,9 = 0.17,Q = 0.74)//k-pu (k = 3,11 = 5)

. 105 GG — 2,29, - 2.1)/Nakagami-m (m—1)
Compared to (18) which is expressed in terms of Fox- —b— GG =325, = 5.1) Rice (k=) \'
function, (22) includes only finite summations of elementar [l Asomproc

functions. The diversity gain of the studied system ove — °  ° 0 1200 Avorage SN SNR 2

atmospherlc turbulence conditions is mferred after aipgly )

el A~ 1 4= to (22) asGq = min {u, =, B
For i — m, K — 0, g = 0 andQ = 1. the CDF in (22) Fig. 1. Performance of relay-assisted mixed Malaga/shadowed fading.

Sa>1 T
reduces taPgs for G-G/Nakagamim fading channels as

out
- g e 12”‘ m-1d mﬂ'yth (aBh)": wet standard deviation, i.e., for smallér or decreasing the tur-
Pot = Z ZZ 1P (yen + 1) P bulence fading parameter, i.e., smallerand 3, where we
J=0p=01t=1 associate the strong turbulence ta,3) = (2.29,2) and
H§—1F (¢1S — ¢>1t¢—f) 211 4 j the moderate turbulence fav, 5) = (4.2,3). At high SNR,
ki ’ <’7th> " <%_h) . (23) the asymptotic expansion in (21) matches very well its exact
H§:1 (015 ) Hor V2 counterpart, which confirms the validity of our mathemdtica
analysis for different parameter settings.
thereby inferring [5, Eq.(29)], i.e(y = min {m, % %,é ) Fig.1(b) depicts the outage probability of mixed FSO/RF

Similar to (22) while considering (20), the asymptotic @ga relay systems in Malaga4 and shadowed-.. fading chan-
probability can be derived in closed form when < p. hels for both heterodyne and IM/DD detection at the relay.

However, the derived expression is omitted due to spafBroughout our numerical experiments, we found out that
limitations. regardless of the average SNRs and turbulence/fadingg®tti
accurate analytical curves can be obtained by truncatiag th
V. NUMERICAL RESULTS infinite sums aty = 10 and! = 5 terms. In the legend, please
Fig.1(a) investigates the impacts of the turbulence-ieducnote that we have identified some particular turbulence and
fading and pointing errors on the system performance whéading distribution cases that simply stem from the general
the RF link is subject to Rician shadowed fading distribntioMalaga amds-u. shadowed fading scenarios, respectively. The
(«k =5, =1, m = 2). As expected, the ergodic capacityexact match with Monte-Carlo simulation results confirms th
deteriorates by decreasing the pointing error displacémgmecision of the theoretical analysis of section 111.B. Mover,



we notice that the exact and asymptotic expansion in (229)
agree very well at high SNRs.

VI. CONCLUSION

(7]

We have presented a unified analytical framework for relay-

assisted mixed FSO/RF systems that remarkably accommi&l

dates generic turbulence/fading models including Malaggg)

M with pointing errors and shadowed . distribution that
account for shadowed LOS and NLOS scenarios. The r
sults demonstrate the unification of various FSO turbuint/
fading scenarios into a single closed-form expression Her t
ergodic capacity and the outage probability while accagnti

AG)

[11]

for both IM/DD and heterodyne detection techniques at the
relay.
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