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Performance Analysis of Dual-Hop RF/FSO
Relaying Systems with Imperfect CSI

Zihan Zhang, Qiang Sun, Miguel Lopez-Benitez, Xiaomin Chen, and Jiayi ZIgergor Member, IEEE

Abstract—This paper proposes a unified performance analysis clouds, and snow,) and pointing errors [5]. As a useful tech-
framework of asymmetric dual-hop radio-frequency/free-space nology, relaying has been generally made use of in practical
optical (RF/FSO) transmission systems. The generalized inde- yg|6communication networks [6]. To solve the afore-mentioned

endent and identically distributed (i.i.d.) o — p distribution is . . .
Eonsidered for each brgnch in the Rl(: Iink), wheéas the FSO link 1SSues, hybrid FSO/RF systems have attracted much attention

is assumed to experience Mlaga (M) fading with pointing error ~ from academia and industry. Hybrid RF/FSO systems merge
impairments. With amplify-and-forward (AF) and decode-and- the best features of both technologies and, when combined

forward (DF) relaying, the imperfect channel state information  with relaying techniques, can enhance the system performance
(CSl) of both links is considered. For the considered system, significantly

we first derive exact and novel analytical expressions for the )
probability density function (PDF) and cumulative distribution

function (CDF) of the end-to-end signal-to-noise ratio (SNR). A. Related Work

Furthermore, we obtain key performance metrics such as outage In [7], Lee et al. have analyzed the performance of the

probability (OP), average bit-error-rate (ABER), and effective asymmetric RF/FSO relay system. The performance analysis
capacity (EC). The important effects of channel parameters on a5 peen further studied on mixed RF/FSO relay systems
the system are disclosed from mathematical analysis and are . -
further validated by Monte-Carlo simulations. over several fgdmg channels [8]-[18]. In mqst (_)f existing
Index Terms—performance analysis, Free space optical com- WOrks on hybrid RF/FSO systems, the FSO link is assumed
munication, o — p distribution, M alaga (M) fading, imperfect to undergo Gamma-Gamma turbulence [10]-[12], [18], the
Csl. double generalized Gamma distribution [8], [9], the-
distributed fading [13], the mixture Exponential-Generalized
. INTRODUCTION Gamma distribution [14], the Exponentiated Weibull fading
The increasing amount of connected nodes and the occtiannel [15], the Generalized &aga distribution [16], and
rence and growth of high-volume services have a significagtalaga (\) distribution [17], respectively. For the RF link,
t effect on the new generation of wireless communicatiagakagamim and/or Generalized Nakagami- distributions
networks. Proximity-based communication systems, such @@ generally modeled [8], [11], [12], [15], [16], [19], Rayleigh
device-to-device wireless networks and their byproducts, hafegling [13], [18], [20], as well as — y, 1 — u, the extended
opened their doors in these ultra-dense networks [1]. The cogeneralizeds shadowed fading, Generalizéd-distribution,
munication burdens have shifted from the core to the access- ;; fading and Fisher-Snedecét fading models, see e.g.,
interface in data traffic networks supporting these services.[10], [17], [9], [14]. Nevertheless, these works were carried
The fifth-generation (5G) technology standard is required gt under the assumption that perfect CSI was obtainable.
offer services including low latency, massive throughput, andl practice, it is impractical to get perfect CSI for wireless
high-speed network [2]. To accomplish this high demanshannels due to channel estimation errors and feedback errors
is certainly a huge challenge [3]. Free space optical (FS@)1]. Performance analysis of the RF/FSO dual-hop link was
technology requires no license fees because it relies on laggfsented in [22] with imperfect CSI, Rayleigh faded MIMO
beams at frequencies above 300 GHz. Compared with the ragli@nnel for the RF link and Gamma-Gamma fading for the
frequency (RF) communication, there are several outstandiRgO link. The authors of [23] studied the performance of
virtues of the FSO system, such as high safety, low persistenggiltiuser mixed RF/FSO relay networks with generalized
lower power depletion 41/2 of RF), smaller dimensionsorder user scheduling considering the outdated CSI. Even
(~1/10 of the RF antenna size), and easy installation withofough the above works in [22], [23] are insightful, these
optical fiber deployment [4]. These advantages make of F$6sults assume a Rayleigh fading channel model which models
systems an excellent replacement for conventional RF systegsiomogeneous scattering condition. In reality, since the re-
However, the FSO system performance is limited by practiceéived signals are spatially correlated, a nonlinear function of
impairments such as atmospheric turbulence (e.g., dust, f@g modulus of the sum of the multipath components can more
) _accurately model the nonhomogeneous scattering environment
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FSO system can be installed with boresight érrdose to

zero or even negligible when the transmitter and receiver

the single-input-single-output FSO link are properly aligne

[26], [27]. To the best of the author’s knowledge, only thi

studies [28] and [29] consider the imperfect CSI in R RF Links R
and FSO channels of the RF/FSO systems. However, tt

all focus on the secrecy performance. In this work, we fi S
this gap by offering a general analytical framework of th
considered systems with imperfect CSI. Also, we provided t
novel closed-form expressions for various performance metr
such as the OP, BER, and EC. Designing practical RF/F<
systems with imperfect CSl, these novel results can provi
significant insights. Specifically, the EC considers the del:
limitations imposed by emerging real-time applications wit
various quality of service (QoS) demands [5]. the relay equi
with multiple antennas, based on maximal-ratio combining
(MRC) to enhance the received signal-to-noise ratio (SNR). Fig. 1. Mixed RF/FSO communication system model.

In addition, we investigate more realistic scenarios where the

RF and FSO links are both considered imperfect CSI, which o

are modeled by the sum of generalized independent identicafly ©Organization

distributed (i.i.d.§ «—u and Malaga (\) fading. Furthermore,  The remainder of the paper is organized as follows. Section
o — p fading has some outstanding qualities, for instangge presents the channel and system models. The statistical
universality, adaptability, and arithmetical manageability. Theatures of the end-to-end SNR of the considered system are
o — p fading includes other distributions such as Rayleighresented in Section Ill. The performance metrics such as
Nakagamim, Negative Exponential, One-Sided Gaussian, arslitage probability, average bit error rate, and effective capacity
Weibull [30] as special cases. Moreover, The non-linearity afre derived in Section IV. Section V supplies Monte Carlo and

the physical channel can be expressed by this fading modgialytical results. Finally, Section VI concludes the paper.
These advantageous characteristica of i fading make it an

appropriate candidate to be used in the RF link. Furthermore, Il. SYSTEM MODEL

Mélaga (M) fading integrates most fading models for the FSO . .

link, including both lognormal and Gamma-Gamma models as\\e consider a dual-hop asymmetric RF/FSO system de-

special cases, and can describe a more extensive reerctioR'S“ed ?n Fig. 1, which has an _FSO receiveﬁ?)(and an RF
fransmitter £), each equipped with a single antenna. The relay

turbulence conditions [31]. The contributions of this work cal . ;
be summarized as follows: (R) hasN, antennas and only a photo-diaphragm sending set
on the optical side. The system works on the principle of the
1) We propose an asymmetrical RF/FSO relay system mddRC diversity using both AF and DF relays. Due to obstacles,

el for wireless communications in which — . fading the link between the transmitter and the receiver has no direct
and Malaga (\) fading are considered. Operating bothine-of-sight. The RF links and the FSO link experience ;.
AF and DF relaying, the FSO link experiences botfading and Milaga (\) fading, respectively, wherein the CSI
effect of atmosphere turbulence and pointing error. Capg$ imperpect.
talizing on the effect of imperfect CSl, a novel and exact
closed-form CDF expression for the end-to-end SNR & RF Link

FSO Link

derived. Using MRC, the channel gain of the RF links can be
2) Significant theoretical and practical insights are providegpressed as

by investigating the effects of the imperfect CSI and N,

channel parameters on the system performance. |hred” = Z \heeil’, 1)
3) Due to the difficulty to obtain exact closed-form expres- i=1

sions, and in order to analyze the influence of each pghere hre; represents the channel coefficient of RF link
rameter on the performance, we provide the asymptoigtween transmitter and relay antennas, which is assumed

propertes of the derived OP of the DF scheme at the high undergoa — 1 fading. The received signal & can be
SNR regime in terms of simple elementary functions. written as [32, Eq. (2)]

yr(i) = hrest(i) + nsr, )

1The analysis of the effect of non-zero boresight pointing errors will bﬁ/here n is the additive white Gaussian noise (AWGN)
conducted in our future work based on the results of this paper. SR 9

2The generalization of this work to non-i.i.d. fading channels is promisin@’Ith variance 0n'_ The_ message block can be encod-
for future research. ed at the transmitter in terms of the codeward~ =
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TABLE |
LITERATURE ONMIXED RF/FSO §STEMS
Ref. RF Link FSO Link CSI Performance Metrics
[7] Rayleigh Gamma-Gamma Perfect OP
Nakagamim Double generalized gamma Perfect OP, BER
9 extended generalizeR{ EGK) double generalized Gamma (DGG) Perfect OP, BER, Ergodic Capacity
[10] Generalizeds — s or n — Gamma-Gamma Perfect OP, BER
[11] Nakagamim Gamma-Gamma Perfect OP, BER
[12] the generalized Nakagami-m Gamma-Gamma Perfect OP, BER
13 Rayleigh M-distributed Perfect OoP
14 Generalized-K Mixture Exponential-Generalized Gamma Perfect OP, BER, Average Channel Capacity
15 Nakagami-m Exponentiated Weibull Perfect OP, BER
[16] Nakagami-m Generalized Mlaga Perfect OP,BER, Ergodic Capacity
[17] K= Méaga-M Perfect OP, Ergodic Capacity
18 Rayleigh Gamma-Gamma Perfect OP, BER
19 the generalized Nakagami-m Gamma-Gamma Imperfect OP, BER, Ergodic Capacity
23 Rayleigh Gamma-Gamma Outdated OP, BER, Ergodic Capacity
[28] Rayleigh Gamma-Gamma Imperfect SOP
[29] Nakagami-m Méaga Outdated and Imperfedt The effective secrecy throughput
Our Work @ — [ Méaga (M) Imperfect OP, BER, Effective Capacity

[z(1),%(2), ...z(i)..., #(N,.)], which is appropriate to commu-B. FSO Link

gzﬁr;eaggéog%hctk?::mefi f:ﬂlr:shf:s r;:l?]”EJReF I\/vrr?t?(raiszgt?st;eE The probability density function (PDF) and the cumulative
9 (ﬂstribution function (CDF) of the FSO link SNRgso are

) , — given by [28, Eq. (3, Eq. (4)

hrei = prebrri+ 1/ 1 — piee, (3 g

B b S lemvyT >0

wherepge € (0, 1] is a constant denoting the CSI accurateness/5eso(7) = ! Zl ZZ% wory 7 (7)
The CSI estimation error decreases as the valuepmgf 5 1-27 7=0
increases, angdgr = 1 means that there is no CSI estimation B — H.GY [ 2 1 } ~ 0
error. The instantaneous SNR of the imperfect RF hgge  Feso(7) = ! hzl ZZO 161z |1y g | 7
can be written as 1-Z7 Y :(%)

Arr = R2Ey/No = Arehp s (4) where the type of detection technique is defined by the

where R denotes the envelopes of the received signals, aﬁarameterr " 11,2} denotes heterodyne and IM/DD

Arr is the average SNRY, and E5 represent the single-sided etection respectlvely The value of and 5 show the

noise power spectral density and the average symbol ene@e.”ty level of atmospheric turbulence.l The off-axis eddlgs
respectively. ceive the average power of the scattering component which

. can be represented as = 2bo(1 — pg), with py denoting
Lemma 1: The PDF and CDF ofire are given as the number of scattering power coupled to the line-of-sight

(LOS) component, and the average power of the totalﬁscatter
0.5a+
. 2@0,5(}.( Bg )

s} B4l k—1
> Cop Ty T exp(—py) >0 )

foe(¥) = ¢ =0 L 0 componentghy. B; £ X744, 2 O o
1 V= b N (B—1)1a%5" Q"1 (Bg Q) 05" Sa —0.5(h+a)
S 1 o= oIRGB \Pate ) ’
F’YRF(’Y) = g 7 +k ;0 7>0 (6) (31 = 2 . A1 2 < 20 R
1-27 v=0 QVFTSO(l_f’ESO) ilr(1-p2s0) "7
i+h—0.5 it+a+h—5
2 a2F2G,, A 1 . = 2 il Wi, 7 2 illgo Z Zr(lﬂ) : Cibn,
where oS Y avEm(E) 2L . =10
0 or(Lik)ok-2¢, " RF _ Q1 = 2pobp + Q + 2\/2p0oncos(<pA — goB) is the
> — /Gy M and a are two physical parameters,average power of the coherent contributions, where

k=0 .
which represent the number of multipath clusters and tfe IS the average power of the LOS componegi

non-linearity of the environment, respectivelyz7"" [] and ¢g are the deterministic phases of the LOS
[34, Eq. (9.301)] andl(-) [34, Eq. (8.310)] denotes theand the coupled-to-LOS scatter terms, respectively.

— 2 — 2 — — — p—
Meijer's G-function and the Gamma functions, respectlvel)@ L6 23 = 25 ,—12“, —22“2, —12h7 —22h
k - 6,3 2(1— 2 —£ ’
Gy = Hpy [HCU L 0)? w8 (123 5) | in which Py 5513
(pReT) (1, whered £ —2_____ ] is a constant in a given

m,n Aol (Q1+89)
Hy" [] [35, Eq. (1.1.1)] denotes the the Foxt-function.  \eather condition that represents the path lass.and ¢

Proof: Please see Appendix A. B are constant terms that determine the pointing Igss+(oco
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means negligible pointing errors).

III. STATISTICS OF END-TO-END SNR
A. AF Relay with Fixed-Gain

Proposition 1. Supposing a fixed gain relay, the end-to-end
SNR can be calculated as 4F = % [36], where
Arso and Arp are FSO and RF links instantaneous SNRs,
respectively. C'r represents a parameter associated with the
fixed relay gain. The CDF for the considered system can be

derived in closed-form as

F()—1—B§§HG2’O 0! !
A= 1h=1k=0 112 2(1-pfso) =0
B o 9 144 91
+h§_:1 ki_jo Z:Obhsﬁ’lczBW ~HY s
L+ 5513
(1,1) ( ! )
L1 (51 0,1 (P90 \a) |
(1,1)
(4.2
©

0,nl:m2,n2:m3,n3 : . B
where H;i" 175 ops.as 1] refers to the bivariate Fox’s-H

function [37].

Proof: Please see Appendix B. ]
Truncating (10) to the first Ny and N, terms, we can get
Far() = 1—B1 3 5 ma20 |- 1

Ar(y) =1- 1112231 k,Z::O 1002 [ 3m020) | 42,0
B Ni N» 144 9 1.
* 22 3 CaB A
= _011— m; 72)
(1,1) (L)%
L1 (51,1 P es) |
(1,1)
(1,%)
(10)

The truncation error of ﬁA r(y) relative to the previous N;
and N, terms is given by

e(N1, N3) = Fap(o0) — Fap(co) (11)

TABLE 11
REQUIRED TERMS N1 AND N2 FOR THE TRUNCATION ERROR (¢ < 107?)
WITH DIFFERENT PARAMETERS a, 3, AND £.

System and channel parameters | N7 | Na 5
a=2296,8=2¢6=1.1 7 | 17 | 9.38997 x 10~
a=42,3=3¢=1.1 7 | 19 | 8.78283 x 10~°
a=2296,8=2¢6=6.7 7 | 27 | 9.55683 x 10~6
a=42,8=3,6=6.T 7 | 35 | 9.35421 x 10~

The convergency of the series in (10) can be proved by
Table II, which indicates the required terms N; and N, for
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different channel parameters. Notice that N; only needs less
than 10 terms, and N> needs less than 40 terms to achieve a
satisfying accurateness (e.g., smaller than 107°).

B. DF Relaying

Proposition 2. Based on the end-to-end SNR of a DF relayed
system 4PF = min(4rso, 4rr) [9, Eq. (26)]. Noting that the
links suffer fading independently, the CDF at the destination
can be formulated as

FﬁDF (’7) = F’YRF (7) + F’YFSO (7) - F’YRF (7) F’?Fso (’Y)
=1-F (VF, (), 1)

where F$ (+) is the complementary CDF (CCDEF) of .
Proof: By substituting (8) and (6), then the CDF can be
written as in (13) after some manipulations. Thus, the proof

is completed. ]
Fypr (v) =1 = (Z1 = Fype (7)) (Z = Fypso (7))
S 1
=1-(z1-C, 5 Gy} {907 })
( = P 12_k’0 (13)
CAge 1,1 2 1
X\ Z =B > HiGip |9y | 1
h=1i=0 2

By utilising [35, Eq. (1.59)] and at high-SNRs, (13) can be
rewritten by

or (7) = Figeo (N+F5e, (V)= Fie, (V) F55, (7)), (14)

g
where
B Y S M) 450
[e%e] — 3 >
F’?Fso(’y): 1h:1i:0 114 1 7 7(15)
1-7 v=0
= 2C5 #
o0 vy >0
P =] k@) (16)

The diversity gain G4 decides the slope of the OP versus
average SNR curve. The coding gain G, decides the shift of
the curve in SNR relative to a benchmark OP curve of (¥) —Ca,
The diversity gain and the coding gain can be written as [38]

Pout ~ (G - 4) 7. (17)

Assuming perfect CSI, the OP can be parameterized with
11
Gg=min | —, =

4 = min (r’ 2) ,

2
87(1 — prr?) (—1\3555))
2

_ 1
B 2 r= 2
— h+0.5 _ 2(1—prso”)
Go=} + <Bl hil 2 thl(> ( ~on ) )

(18)

and

2
N T'(p) 1 1
8m(1— PRFQ)( aGkZ ) ) P
(19)
_ gl [uea-pre®)NE | (1 5) B
where G, = Hl,l [ (p;?;f)“ (M,%) ,and G;, =
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Gl 93 1—252, 2—25271—704, 2o L-h 2-h = BEIESO s 2 min(ypp, Yrso) [11]. The mathematical
6.3 | 32(1—prso?) ,fi_;v 1-¢2 ' derivation of variable-gain AF relaying system is left for our
Truncating (15) and (16) to the firs¥s and N, terms, we future work.
can get
1 IV. PERFORMANCEANALYSIS
= B H Y1yr ¥>0 .
Fig,(7) = ' hz1 LZ ) » (20)  A. Outage Probability
1-7 =0
7 Mathematically speaking, the OP can be elucidated as the
e 1tk probability that the instantaneous end-to-end SNR falls below
= > il >0 : e o
Fiee () = Ttk . (21) a particular outage thresholgy,, which is given as follows
1-7 =0
L7 Pout () = Prly < ) = Py (yn)- (24)

From the diversity gain and coding gain, we can see that the )

slope of the performance curve is only related to the type Bf Average Bit-Error Rate

detection technique at high SNR. The shift of the performancerqr 5 variety of binary modulation schemes, the average
curve relative to a benchmark curve is decided by both sySt§RR can be written in terms of the CDF ofas [39]

and channel parameters.

The truncation error of’33, (7) and F2°, (y) relative o 5 _ 90 p/ =1 oy dv. (25
the N3 terms andV, termsware respect|veFI§/Og|ven by ¢ qu 7 P(=aen By () dy, (25)

whered, n, p, g depend on the particular types of modulation

e1(Ns) = FVFS‘)( o) = Fﬁggo(oo) (22) schemes as well as heterodyne or IM/DD detection. The
B average BER for coherent binary phase shift keying (DBPSK)
e2(Na) = Fo.(v) = Fage (7) (23) is given by (25) with(,n,p, gx) = (1,1,1,1).

1) Fixed-Gain AF Relaying:

TABLE III Theorem 1. We can obtain the ABER of the considered system

REQUIRED TERMSN3 FOR THE TRUNCATION ERROF(El < 10_13) WITH . . .
DIFFERENT PARAMETERSD. under the AF relay by substitutind.0) into (25)

The CSI accurateness parametpra; £ PAF = 521?1(5)122 ZH [2(1 L ) 2}2)1( ) ]
p=05 4 | 220102 10 @ =l=0k: =1 2P0 1) (0
p=0.9 5 | 1.08247 x 10~ 1° 5B1bh901C2 S 0,152,101,
p =095 6 | 1.11022x10° 1 T ; kz() ZZ% klz T
(1+551.7)
Table Il shows the convergence of the infinite series in (15)
by presenting the required truncation tervg for different (1,1) C (‘Iﬁ)g
parameters. Note that only less than 10 terms are needed (1,1) (&£,1) (0,1) AT
for the series to converge in all considered cases, and the (L,1)
truncation error is less thar0—13, (H+p,2) (H,2)
(26)
TABLE IV
REQUIRED TERMSN4 FOR THE TRUNCATION ERROR(2 < 1077) WITH Proof: The average BER (26) can be written as (27) by
DIFFERENT PARAMETERSa. _
representingexp (—qx,7) as Hy'; qk'y‘ 0.1 |+ then using
The non-linearity parameters N, €2 [40, Th.2.3] and [34, Eq (3.381/4)]. '
=4 3 | 1.22543x 1078
a=2 4 | 45224 x 10710 PAF _ns _ gy p-1
a=1 5 | 1.01573 x 101! ‘ ot 21 kzozc 7, Jo”
— 2
x Hyy [qm‘ (0,1) ]Hfg {g(l_vipgso) (Lt 11) 0 1)}&7
Table IV proves the convergence of the infinite series in (16) B o m " 1y 1 27 ’
by presenting the required truncation tervg for different +2F( > 2 2 @, " CaBibpgn
parameters. Note that only less than 5 terms are needed for the h=1%=0 kl 1 ek
series to converge in all considered cases, and the truncation (5L ) f f ra-s F(S i )
T'(1+s)
error is less than0~". i s )
I(s— 224 2°1)(s9)D 1fi_ 291 ™
Remark 1. The variable-gain AF relaying and DF relaying * S +F('1zéli2g; — >(<PCR) (qkl) dsdsy.
schemes have a similar performance because the end-to-end 27)

SNR of the variable-gain relaying system can be expressedTé® proof is completed with the help of [37, Eq. (1.1)].m
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5 né(1-22,) | s2¢C 1-p,1 5Z.B 21) R S
PeDF — ( 3 1) 2F(p2) Z Z G |: ‘ %70 :| 2F1(p)1 Z Z ZH 72 %2 GT+2,2T |:‘f‘7'(1%1

k1=1 k= ki=1h=1i= A(r, 1), A(r, 0)
(1-mL3)
B oo oo n (1 1) )
dB1CoHy r 0 1 1,1 ¥ l//'l
- ., H T
() hz::1kz=:0i§)k§1 k1 ’2 (Hk )( 1) Tk (qkl)3
oy
(Lt 1ti 4y, T) (0,1) (28)
2) DF Relaying: expression of the effective capacity can be derived as
I . . AF 1 B, & 3,1 1 (0a2) (171)
Theorem 2. By substituting(12) into (25), we can derive the ~ R**=—Zlog,[1-AB1Hyy ZHQ;3 S 2] (ﬂ 1)(0 1A.2)
closed-form expression of the average BER28), shown at h=1 R NI A
the top of the next page. +F(1+A) B Z Z Z brp1Ca
h=1k=01:=0
. (1+551.3) ]
Proof: By representingxp (—qx, ) asHO 1{%7 0; 1] "
the average BER can be rewritten as F01:2,151,2 (1,1) Cn (L 0
1,0:1,3:2,3 (1,1) (#7 1) (0,1) PLR, (wl) ].
peDF nd(l— Z()Zl) + 2F ZC’g Z Z Z qk1 (1 — A+ M7 %) (17 1)
=1k=0k;=1 (1 1+i f) (m 2)
o 1 r or r or
X foo AP Hy Y [qw (0 N ]Gljg [sm Lik g ]dv G
27 Proof: By substituting (10) into (7), with the help of
QF(p) B\HZ, Z Z Z qk1 the Qefinition of the bivariate Fox’s/-functions, (31) can be
=1k=0k1=1 . rewritten as
% Jo AP Ho)y [qm 5 ]G“ {ww% i } dy e 1
f 0,1 (0 1) 1,2 1770 RA =——log _Afo 1+7) A 1BlH1G1 2% " O}d’Y
CoB1Hy Z Z Z q B o o 20y
QF(’)) noiiomz + > Z Z CgBlbhgalfo (I+7) A=l - dry

o0 _ - ].
xfo AP ]I{(i’i)[quf(o 1)}0115 |:507fl+k O]Gié{dfﬂ
) 2

With the help of [34, Eq (7.813/1)], [41, Eq (21)], and [37, x%(wﬁ(ﬁ) " dsds:.
Eq (2.3)], the proof is completed. [ | . (32)
Based on [37, Eq. (1.1)], with the help of [35, Eq.(2.8.4)] and
[34, Eq.(3.194/3) , [EQ.(8.384/1)], the proof is completen.
2) DF Relaying:

Theorem 4. With the help of(13), we expand the effective
capacity under the DF scheme (@) as (24), shown at the
top of the next page.

Proof: With the help of [43, Eq (8.2.3)], and [40, Eg.

h=11=0 k=
dry. (s— 14+ 2P (1-5)P (22 —5)T(s)
144 v r
2 Ol (271'1) le fLQ 2F(l-‘,—s) .

451

C. Effective Capacity

By definition, the effective capacity is given by (1.43)], the effective capacity can be expressed as (25), shown
A _A at the top of the next page.
R = —glogy(B{1+~}77) e (30) Employing [34, Eq (7.811.5)], [41, Eq (21)], and [37, Eq
= —2Llog, (1 — Afoc’o (I+~)" " Ff(fy)dfy) , (2.3)], (24) is deduced, thus completing the proof. ]

where 4 2 0T B/in2 with the block lengthT’, asymptotic V. NUMERICAL RESULTS AND DISCUSSIONS

decay_rate of the buffer Occupanéy and the System band- In this section, analytical results are presented to Verify

width B [42]. the effect of different system and channel parameters on
the performance of the considered system. The Monte-Carlo
1) Fixed-Gain AF Relaying: simulation is provided to confirm the correctness of the derived

results. We assume that, for different hop, the average SNR is
Theorem 3. By substituting(10) into (7), the closed-form the same in all figures.
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Fig. 2 is plotted for the outage probability calculated by
(10) versus the average SNR 4 = Arr = Apso = 10 dB,
with prr = prso = 0.5, N; = 2, « = 2, and yu = 2. For
the FSO link, we have considered different values of a, (3,
and ¢ under IM/DD detection technology, representing the
severity level of atmospheric turbulence and pointing error
impairments, respectively. The number of iterations of the
Monte-Carlo simulation is 105, Due to the imperfect CSI, the
OP performance decreases to an error floor. Additionally, Fig.
2 illustrates the influence of different atmospheric turbulence
and pointing error impairments in the OP performance. As
a and [ decrease, which means more severe atmospheric
turbulence, the error floor increases due to worse channel
conditions. Obviously, the pointing error parameter ¢ also has
a significant influence on the OP performance. To this end,
we can find out from this figure that the pointing error has a
dominant influence on the OP performance compared to the
atmospheric turbulence.

In Fig. 3, under various relaying schemes, we investigate the
OP versus average SNR (%) under heterodyne detection with
imperfect CSI. We set prr = prso = 0.85,N, = 2,a =
8,8 =4, and £ = 6.7. Fig. 3 describes the impact of the non-
linearity of the environment («) on the system performance.
As expected, the larger the value of «, the lower the OP of
the system. It is clear to observe that compared to the DF
scheme, the fixed-gain AF relay has better performance for the
same average SNR, which means a lower error floor. Notice
that this is because AF relay has better performance than DF
scheme at low SNR, and under the condition of imperfect CSI,
the OP will reach an error floor when SNR is large enough.
Under the fixed-gain AF relay, o has less influence on the
system. In addition, the Monte-Carlo simulations also reveal
the validity of our analysis. Moreover, we provided Monte-
Carlo simulations for variable-gain AF relaying to provide the
performance similarity comparison between variable gain AF
relay and DF relay.

The OP performance of the considered system under neg-

! ! !
— — —a=2.296, =2
a=4.2, =3

O Monte Carlo Simulation | {

o
=
T

Outage Probability

0.4

03

0 5 10 15 20 25 30 35 40 45 50
Average SNR (dB)

Fig. 2. Outage probability of dual-hop systems using AF relaying under
IM/DD detection with imperfect CSI (prr = prso = 0.5, N, =2, a =
2,1 =2).

ligible pointing error with imperfect CSI as a function of 7
is illustrated in Fig. 4. Assuming prr = prso = 0.9, N; =
2,a = 2,u = 2,and ¢ = 6.7, we investigate the effect of
different detection technologies and atmospheric turbulence
on the OP performance. For high values of 7, the asymptotic
OP expressions (15) and (16) are also introduced. As can be
seen from Fig. 4, the OP performance achieves an error floor
due to the imperfect CSI, which eventually results in a zero
diversity order at high SNRs. At moderate SNRs, the diversity
order agrees with (18). The closed-form expressions are shown
in (13), which coincide with the Monte-Carlo simulations. As
expected, the highest OP is observed when the channel suffers
light atmospheric turbulence and with heterodyne detection
(a=38,8 =4, and r = 1). At the cost of a more complicated
FSO receiver, the performance improvement of heterodyne
detection techniques is acquired.

The impact of imperfect CSI at the OP performance of the
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Fig. 3. Outage probability of dual-hop systems using vaedain AF, Fig. 5. Outage probability of dual-hop systems using DF iayunder
fixed-gain AF, and DF relaying under heterodyne detection with imperfebeterodyne (r = 1) techniques with imperfect Cal £ 8,8 = 4, N, =

CSl (prF = prso = 0.85,Nr =2,a=8,8=4,{ =6.7). 2,a=2,1=2,¢=06.7).
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Fig. 4. Outage probability of dual-hop systems using DF relaying undé&ig. 6. Average bit error rate of dual-hop systems using D&yiey under

IM/DD (r = 2) and heterodyne (r = 1) techniques with imperfect Ggt¢ =  heterodyne detection with imperfect C9r = prso = 0.95, N, =
prso = 0.9, Ny = 2,0 = 2,1 = 2,€ = 6.7). 4,a=83=4,6=6.T).
consider system assuming= 8,8 =4, N, = 2,a = 2,u = of the non-linearity of the environment). We also observe

2,& = 6.7 is considered in Fig. 5. We investigate the variouthat due to imperfect CSl, the performance of BER converges
values ofp, which mean the level of different imperfect CSlto an error floor. As it is evident, the BER reduces when the
to show clearly the impact of imperfect CSI on the systewalue of« increases and vice versa.
performance with respect to the perfect CSI scenario. Theln Fig. 7, we investigate the effective capacity versus
asymptotic results in (15) and (16) match the outage curvesagerage SNR#) under heterodyne detection with imperfect
high SNR values and the Monte-Carlo simulations also reve@$l. Consistent with Fig. 5, we sekr = prso = 0.95, N; =
the validity of our analysis. 4,a = 8,8 = 4, and¢ = 6.7. For the SIMO RF links, as
Fig. 6 demonstrates the accurate formula for the BER @xpected, it is easy to observe the effect of the number of
(19) of the mixed RF/FSO system with imperfect CSI througmultipath clusters (). As expected, the higher is the value
Monte-Carlo simulations. Under DF relaying, the DBPSKf u, the larger is the effective capacity of the considered
modulation scheme is employed over light atmospheric twsystem. Also, one can observe that the gap of the relevant
bulence conditionsa( = 8,3 = 4) and negligible pointing curves narrows, which means that the parametehas a
error € = 6.7) to investigate the BER performance of thdess significant effect on the effective capacity performance.
system. Operating heterodyne detection, we studied the effEntally, for SNR grater thary = 30 dB, a performance upper
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Average SNR (dB) Due to the difficulty to obtain the analytical solution to the

' . i . . system of equations (A.2), we use thfe@olve function of
Fig. 7. Effective capacity of dual-hop systems using DF riegyunder . 5
heterodyne detection with imperfect C4r = prso = 0.95, N, = Matlab. SettingX = prehrrs, ¥ = Niy/1 — pgee, and

4,a=8,0=4,£=6.7). Z = hres the PDFs of X and Y can be expressed as
aut zon—1 29
. o fX(Z) = AaﬁTF exp <ﬂ7a> , (A.4)
bound takes place as expected from mathematical analysis in Pk pe (1) (7pRF)
(24) due to the imperfect CSI. 1 2
fy(y) e NFO-rRp) (A.5)

N, 2m(1 — pie)
Based on the convolution theorem, the PDFAE X +Y

In this paper, we present novel closed-form performanegn be deduced as

results for the hybrid RF/FSO relaying system with imperfect _ [oo —d

CSIl overa— i fading and Malaga (M) channels, respectively. {Z(Z) fO C{ffi(f“)fy(z ?))m (A.6)

For the FSO link, we consider the effects of atmospheric tur- o Nr\/gw(1—ng)mup;;r(,t)'i )

bulence with pointing errors. Utilizing IM/DD and heterodyng, ;oo

techniques, we derive exact closed-form expressions of the )

considered system, such as the outage probability, bit errgr, _ /OO 2 exp |- p® ol (z — ) d

probability, and effective capacity. Furthermore, we investigate 0 (Fpre)” 2N2(1 — pip)

the key effects of the link’s correlation parameters, the chann . .

estimation error, the number of antennas, the non-lineari ch the help of (%.}) ind (21) in [42], then using [34, Eq.

of the environment, and the average SNRs on the systé®31.5)] ande” = >~ 77, we can get

performance metrics. In addition, at high SNRs, we derive k=0

highly tight asymptotic results for the performance metrics.

VI. CONCLUSION
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As is shown in [14, Eq. (18)-Eq. (25)], a single— 1 RV ) _ ) ) .
the sum of Ny i.id. o — u RVs |hRF,i|2 with parameters channel gain is positive. Hencﬁﬁmp’s(x) can be rewritten as

(ci, i, i), and this approximation appears to reach precise apt 0
results. The PDF ofres is given by [30] fo (%) = NT\/QTr(l—ng)'r‘“HpS;F(H)K(Z)’ zz (A7)
wo.apu—1 @ RFe 1- 7, z2=0
T = (A.1)
Frees() ponD () P\ THEa ) =) Based onf;* h,.(z)dz = 1 and [34, Eq. (3.326.2) J¢; can

be obtained as

In addition, the parameters, p, and# can be obtained by
solving the following nonlinear equations. Li52 | sea—govd ® | (1-5,5)
S N TS
2 2 — 1 ,
2 (u+2/a) B E (hRF,S) Zl—z k!ﬁr(ﬂ)wﬂ(l_p%)% (A.8)

F(M)F(u+4/a)7F2(u+2/a)_E(h§ )—EQ(hQ )7 k=0 xfomzkexp{—ﬁ%}dz.
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Using [34, Eg. (3.326.2) ], (A.8) can be rewritten as

1-%.%)
(1, 1)

El

] . [10]

Utilizing [44, (07.34.21.0084.01)], the CDF dfrs can be

expressed as (11

> a2 N M [12]

k=0 klparpat/rl () >0

= ) B

Fee (2= | i [nea—sgny)® | (1- 24, 5) .
L1 (pre?)™ (0,1) ) [13]
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APPENDIXB [14]

PROOF OFPROPOSITION1

[15]

The CDF of the end-to-end SNRR4 can be written as
o0 o0 C
F’YAF (7) = 1_/ f’?Fso (t) dt+ f’?Fso('yl + V)F’?RF(%)C&YI. [16]
0
’ (B.1)
Substituting (7) and (6) in (B.1), with the help of [34, Eq.
(3.194/3), Eq. (8.384/1)] and [34, Eq. (3.381/9.)], then basél/]
on the primary definition of the Meijer's G-function in [34,
Eq. (9.301)], we deduced [18]
B o i1 2
F’YAF ("}/) =1- f’yoo B, Z Z bh@lt%ilefdhtr dt
h=11i=0
2 r sf#Jrzf% T'(1—-s) #75 I'(s)
) i J, ™ )

[19]

+(zm
I'(s1)

Xm(SOCR)S(ﬁ)T

where the contoul; and Ly run from —ioo to +ioco with
loops, in thes-plane and the-plane, respectively. By em-
ploying [37, Eq. (1.1)], the CDF in (10) is deduced. Hencefzz]
the proof is completed.
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