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Abstract—This paper studies the performance of the hybrid 3| RFlink S
radio-frequency (RF) and free-space optical (FSO) links agiming i -
perfect channel state information (CSI) at the receiver. Casider- Encoder Decoder
ing the cases with and without hybrid automatic repeat requst 3| Fso link S
(HARQ), we derive closed-form expressions for the message - i
decoding probabilities as well as the throughput and the owtge N _:

probability of the RF-FSO setups. We also evaluate the efféof HARQ feedback

different channel conditions on the throughput and the outae

probability. The results show the efficiency of the RF-FSO kiks Figure 1. Channel model. The data is jointly transmitted iy RF and the

in different conditions. FSO links and, in each round of HARQ, the receiver decodesldte based
on all received signals.

[. INTRODUCTION . o .
In this paper, we study the data transmission efficiency of

_The next generation communication networks must provigg-_Fso systems from an information theoretic point of view.
high-rate reliable data streams. To address the demarels,\ifg derive closed-form expressions for the message decoding
combination of different techniques are considered, amoRgbbabilities as well as the system throughput and outage
which free-space optical (FSO) communication is very p83miprobabi|ity (Lemmas 1-3). The results are obtained in treesa
ing [1], [2]. FSO systems provide fiber-like data rates tigtou ith and without HARQ. Also, we investigate the effect of
the atmosphere using lasers or light emitting diodes (LEDgjifferent channel conditions on the performance of RF-FSO
Thus, the FSO setups can be used for a wide range (ups and compare the results with the cases utilizingreith
applications such as last-mile access, fiber back-up, batk- the RF or the FSO link separately. Note that, while the result
for wireless cellular networks, and disaster recovery. B\eav, 5.0 presented for the RF-FSO setups, the same analysis as
such links are highly susceptible to atmospheric effecth anp the paper is useful for other coordinated data transonissi
consequently, are unreliable. An efficient method to improgchemes as well (see Section IV for more discussions).
the reliability in FSO systems is to rely on an additionalioad  pq opposed to [2]-[8], we consider joint data transmis-
frequency (RF) link to create a hybrid RF-FSO communicaticg;on/reception in the RF and FSO links. Also, the paper is
system. different from [9]-[28] because we study the performance

Typically, to achieve data rates comparable to those in tge HARQ in joint RF-FSO links and derive new analyti-
FSO link, a millimeter wavelength carrier is selected fo@ thea/numerical results on the message decoding probabiliti
RF link. As a result, the RF link is also subject to atmosphergq outage probability/throughput which have not been pre-
effects such as rain and scintillation. However, a good{asin ganted before.
that these links are complementary because the RF (resp. thene numerical and the analytical results show that the joint
FSO) signal is severely attenuated by rain (resp. fog/gloughplementation of the RF and FSO links leads to substantial
while the FSO (resp. the RF) signal is not. Therefore, thestormance improvement, compared to the cases with only
link reliability and the service availability are considély the RF or the FSO link. For instance, consider the exporientia
improved via joint RF-FSO based data transmission. distribution and the common relative coherence times of the

The performance of RF-FSO systems is studied in differeR and FSO links. Then, with the initial code rate= 5 nats-
papers, e.g., [2]-{8], where the RF and the FSO links agr.channel-use (npcu), a maximumaf = 2 retransmission
considered as separate links and the RF link acts as a bac ds of the HARQ and the outage probabilify 2, the joint
when the FSO link is down. In the meantime, there are Work§--FSO based data transmission reduces the required power
such as [9]-[14] in which the RF and the FSO links argy 16 and4 dB, compared to the cases with only the RF or

combined to improve the system performance. Moreover, thes FSO link, respectively (see Fig. 6 for more details).
implementation of hybrid automatic repeat request (HARQ) i

RF-based (resp. FSO-based) systems is investigated in, e.g II. SYSTEM MODEL
[15]-[21] (resp. [22]-{27]), while the HARQ-based RF-FSO consider a joint RF-FSO system, as demonstrated in Fig.

systems have been rarely studied, e.g., [14], [28]. 1. The data sequence is encoded into parallel FSO and RF bit
978-1-4799-5863-4/14/$31.08)2014 IEEE streams. The FSO link employs intensity modulation andctlire



detection while the RF link modulates the encoded bits and ot ons Retanamissons e etransmisson
up-converts the baseband signal to a millimeter wavelength t } } } -
RF carrier frequency. Then, the FSO and the RF signals
are simultaneously sent to the receiver. At the receiver, th
received RF (FSO) signal is down-converted to basebangl.(res W
collected by an aperture and converted to an electricalabign N fading blocks of £SO channel in each retransmission
via photo-detection) and the signals are sent to the decoder
which decodes the received signals jointly. Finally, wauass
perfect synchronization between the links. I Time
The channel coefficients of the RF and the FSO links are ] o ) ]
assumed 10 be known at the recelver which is an acceptaffiére,Z, T scales The K Ink is supposed (0 reran aatt
assumption in block-fading conditions [15]-[24]. We theRach retransmission round of HAR® different channel realizations are
assume no channel state information (CSI) feedback to tii@erienced in the FSO link.
transmitter, except for the HARQ feedback bits. The feellbac
channel is SuppOSed to be de|ay_ and error-free. pOint is to determine the AMIs as functions of channel real-
Let us define a packet as the transmission of a codewdfation(s) and find their corresponding cumulative distfidn
along with all its possible retransmissions. As the mostpse  functions (CDFs) Fyy, ,m = 1,..., M. Then, having the
ing HARQ approach leading to highest throughput/lowe§DFS, the probabilitiesPr(W,,, < £) and, consequently,
outage probability [16]—-[21], we consider the incrementdie considered performance metrics are obtained. Thexefor
redundancy (|NR) HARQ with a maximum df/ retransmis- instead of Concentrating on (1)-(2), we first find the CDFs
sions, i.e., the message is retransmitted a maximunifof fw,.,m =1,..., M, for the INR-based RF-FSO system.
times. Using INR HARQ,K information nats are encoded 710 find the CDFs, we utilize the properties of the RF and
into aparent codeword of lengti// L channel uses. The parenthe FSO links to derive the AMIs as in (3). Since there is
codeword is then divided intd/ sub-codewords of length nO closed-form expression for the CDFs of the AMIs, we
channel uses which are sent in the successive transmisdi§gd to use different approximation techniques. In thisepap
rounds. Thus, the equivalent data rate, i.e., the code aateWe use the central limit Theorem (CLT) to approximate the
the end of roundn is X~ = £ where R = £ denotes contribution of the FSO link on the AMI by an equivalent
the initial code rate. In each round, the receiver combities aussian random variable. Using the CLT, we find the mean
received sub-codewords to decode the message. The retrafél the variance of the equivalent random variable for the
mission continues until the message is correctly decoded @onential and log-normal distributions of the FSO link as

the maximum permitted transmission round is reached. Né&wen in (4)-(5) and (6)-(9), respectively. With the dedve
that SettingM =1 represents the cases without HARQ1 i_emeans and variances of the Gaussian Variable, we find the CDF

L

One fading block of RF channel

open-loop communication. of the AMIs in Lemmas 1-3 (see Section IV.A for details).
In Section V, we validate the accuracy of the approximations
Il. SUMMARY OF THE PAPER and evaluate the throughput/outage probability of the BBF

It has been previously showed that for different channeystem for different channel conditions. Finally, notetioe
models, the throughput and the outage probability of différ to space limits, this paper concentrates on the exponemtdl

HARQ protocols can be written as [16]—[19] log-normal distributions of the FSO link, while performanc
1 - Pr(Wy < B analysis in the cases with Gamma-Gamma PDF of the FSO
n=R — M (1) link is presented in the extended version of the paper [29].

L+ Y2y Pr(W, < &)
IV. ANALYTICAL RESULTS
In RF-FSO systems, it was demonstrated by, e.g., [10], [30]-
[32], that the RF link experiences very slow variations ameal t

. AR 5 3
respectively, wher&l’,,, is the accumulated mutual information(‘fOherence time of the RF link is in the order B~ — 10

(AMI) at the end of roundn. Also, Pr(W,, < %) denotes the times larger than the coherence time of the FSO link. Here,

probability that the data is not correctly decoded up to tine e cqn5|der ”:e ie.tu;ihas '"lj[’Strate(.j n Fig. 2 whgret t?eg lin
of the m-th round. In this way, the throughput and the outa({e?namS constant in the retransmissions (quasi-stationsia

and I
Pr(Outage = Pr (WI\/I < M) ; (2)

probability of HARQ protocols are monotonic functions o ZL [1]8\;’(1[%0]’ [2,[1]2] wh|Ie| n ?ac? retransm|sspn roudnﬂ (t)h
the probabilitiesPr(1W,, < £) vm. This is because the ARQ A different channel realizations are experienced in the

system performance dependrg on the retransmission roun O link. However, note that_th|s IS not a necessary (_:omjmo
gcause 1) the same analysis holds for the cases with shorter

coherence time of the RF link, compared to the coherence time

8If the FSO link and 2) as presented in [29], we can derive the

which the codewords are correctly decoded. Moreover, t
probability Pr(W,, < £) is directly linked to the AMI
W, which is a random variable and function of the chann

realizations experienced in rounds= 1,...,m. AS such, ity CDF and the probability distribution function (PDF) ofrandom
to analyze the throughput and the outage probability, thye keariable X are denoted by'x (.) and fx (.), respectively.



results in the cases with few, possibly 1, channel reatinati Here, E{.} denotes the expectation operator. Al6o), and(b)

of the FSO link during the packet transmission. are obtained by partial integration. Thei) consists of two
Considering Fig. 2, we can use the results of [33, Chaptietegration parts where the first one comes flog{(1+z) = x

7] and [34, Chapter 15] to find the AMI of the joint RF-FSOfor small z’s, and the second one is obtained by Taylor

link at the end of then-th round as expansion of the logarithmic term and the approximation

~

1 1
Wi = log(1 + PreG I+Prsor — Pesor . = :
og( ReGirr) the gcﬁlproxnpnatlon is very tight for small values 6f Finally,

11 the last equalities in (4) and (5) follow from the definitiof o
— — N log(1 + PrsoG i
o z_: <N z_: 0g(1+ Prsolirsat( 1)Z)> the exponential integral function Ed) [ 7% and the
incomplete Gamma functioR(s,z) = [ t*~te~"dt.

N For the log-normal d|str|but|on of the FSO link, i.e.,
m _ (log(x)—w)?

.1 = 7 hereé andw represent th
Vim,Ny = log(1 + PrsoGrsai+(j-1)i)-  (3) farso(?) = ospe = wheréo andco represent the
() N Z Z U=y long-term channel parameters, the meais rephrased as

= log(1 + PreGRF) + Yim,N)>

j=1i=1
Here, Pre and Prso are, respectively, the transmission powers
in the RF and FSO links. Alsozre and Grso;’s denote 1 - FGFSO(x)d
the channel gain realizations of the RF and the FSO links™ FSO/O 1+ Prsor

in different retransmission rounds, respectively. log ()

Considering the conventional channel conditions of the RF(d) Prso [~ 1- erf(T) d
and FSO links and different values &f, there is no closed- 2 /O 1+ Prsor *
form expression for the CDF dfV,,,, vm. Therefore, we use o Q ( og(x) ) -
the CLT to approximate),, x) by the Gaussian random _ PFSO/ 5 dx(;)PFSO/ Ulx) .
variableZ ~ N (u, -1y0?) wherey ando? are the mean and o 1+ FPrsor o 1+ Pesor
variance determined based on the FSO link channel condition max(0, £ +e) 1

Reviewing the literature and depending on the channel~ PFSO(/ Hwa
condition, the FSO link is commonly considered to follow 0 ) Fsot
exponential, log-normal or Gamma-Gamma distributiors, e. =t 7 telz—e”) x>
[10], [22], [35]. We present the performance analysis fa th max(0, & +e=) 1+ Prsor
Gamma-Gamma PDF of the FSO link in [29]. For the expo- 1

log (1 + Prsomax (O — +e >)

nential distribution of the FSO link, i.efg.o(r) = Ae
with A being the long-term channel coefficient, we have

> (el L+ Peso(5; + %)
p = E{log(1 + PrsoGrso)} = / fGeso(®) log(1 + Prsor)da 2 Prso) "\ 1+ Prsomax (0,5 +e@)
0
(a) 1 — Faeeo() N A (1 - ( 1 w)) L -7
= P Z OO 4y = —ePrsoEj | ——C— 4 +c|l —+e“ —max |0, —+e ,C= .
FSO/O T Prsor © = T TR @ 2 2c e
ando? = p? — ;2 with (6)
2 2 T 42 _t2
p® = E{log(1 + PrsoGrso)”} Here, erfz) = = [[e”"dt and Q(x) = \/LQ_Wffoe tz_ dt
[ log? P d represent the error and the Gausgiafunctions, respectively.
= JGrso(w) log” (1 4 Prsor)dz Moreover, (d) holds for the log-normal distribution ang)
®) oo —Az comes from the linearization technique
=P ———log(1 4 Pesor)dz
FSO /0 1+ Proor g( ksot) log(z) — @
- Ql——— ) =Ul)
(©) o xre 1)
~ 2PFSO Hle' 1 =
0 FSOT 1 r < g5 Fev,
D" (Peso)” ™ _xen-t Ulz) =4 1 ™ 14w =l @ 7
+22— e T dx (33) 2"‘0(95 e?) we€ 5 T €%, 5z +e” |, (7)
n—=1 B 0 >S5t +e”,
2 (=X A
=2|efrso [EI | =— | — A— — i
< ( (PFSO) ( 7 PFSO) ) with
log(z)—w)
Prso () - o(Q(=%))|  _ e
+ (1 — e ) cC= = ) (8)
A Ox gme=  OV2T
1)n+t PFso " Ca L log(z)—w :
+ 22 I'(n, BX),VB. (5) which is found by the derivative of) — ;) at point

x = e¥. Also, following the same procedure as in (6), the



variances? is determined as and

R
2_ 2 2 Pr(Out = — 12
o° = p° — ( | . r(Outage F(M)’ (12)
° log(1 + Prsor log(z) — @ . . ! .
*=2R / d
P FSO : 1+ Preor Q 5 4 respectively, withF7 (z) defined in (14) on top of the next page.
(I) 2 Prs /°° log(1 +PF509:)U \d Proof. To find the approximations, we implement
; 11 Preor x)0x Q (\/mN(log(l-i;PRi:a;)-i-u—u)) ~ V(l‘) with
1 2
= <1og <1 + Prsomax <0, % + ew)>> + 1 T < X1,
VN Preet ™ (z— <ttt
1 (1 1 e T g T s e hal
Frao| (5~ ™ Frs0=c) (108 (14 Frsol 3 +¢7) )) 0 v
1 2 - —oy/TetH N evr—1 N o/metH N evh—1
= (o (1+ Prsomax(0. 5, + 7)) )) M ReImN | B % RevamN | B
(1 1 (13)
¢ FSO( 2c e e ( " 2¢ e )) in (10), which leads to (14) on top of the next page. H&féy)
1 1 is obtained by applying the same linearization tecn‘ni,guia as
+2¢ (1 + PFSO(Q_C + ew)) log (1 + PFSO(2_C + ew)) (7) on the Gaussiaf) function of (10) at point: = <71,
Then, using (14) in (1)-(2), one can find the throughput and
_ (1 + Prsomax (07 ZL + ew)) % outage probability, as stated in the lemma. O
C

Along with the approximation scheme of Lemma 1, Lem-
log <1 + Prsomax (07 1 + ew)) >>’ (9) Mmas 2-3 derive upper and lower bounds_ of the system perfor—
2¢ mance assuming that the mean and variance of the equivalent
Gaussian random variabl& are calculated accurately.
for the log-normal distribution of the FSO link, whe(¢) Lemma 2: The performance of the RF-FSO system is upper-
comes from (7)-(8). estimated, i.e., the throughput is upper bounded and tlageut
Having ¢ ando?, we find the CDFsFyy, , Vm, as follows. probability is lower bounded, via the following inequality

Consider Rayleigh-fading conditions for the RF link whére t
fading coefficients followHge ~ CA/(0,1) and, consequently, Fw,, (u) 2 V(u), (15)
fowe(z) = €%, Grr = |Hge|*. Using (3) and the mean andwith V(u) given in (16) on top of the next page.

variance ofZ, the CDFs of the AMIs are given by ) .
Proof. As mentioned before and in [16]-[19], the throughput

Fuw,, (u) = Pr(log(1 + PreGre) + Vi) < u) (resp. the outage probability) of the HARQ-based systems
Loy ' is a decreasing (resp. increasing) function of the probabil

Prr
_ _(2)P vy < u—log(1 + PreGre))d ities FW,"(m) Vm (resp. FWM(M)) Thus, the throughput
/o Jeae(@) Pr(Yom,) < u = log ReGirr))do (resp. the outage probability) is upper bounded (resp. fowe

(g)/f’;R; ez@(\/m(log(l + Preat) + p— ) bounded) by lower boundingy,, (.), Vm. On the other hand,
0

dz, Vm, N, because the) function is a decreasing function andr) =
(10) VmN(log(14 Prew) +11-u) g concave iy, the CDFs of the AMIs
are lower bounded if (x) is replaced by its first order Taylor
where(g) comes from the CDF of Gaussian distributions anexpansion at any point. Considering the Taylor expansion of
CLT. Also, for the exponential and log-normal distribution(z) atz = u;“‘ we can bound the probabilities as in (16)
of the FSO link the mean and varian¢g, c%) are given on top of the next page.
by (4)- (5) and (6)-(9), respectively. Therefore, the finwps Here, (h) comes from partial integration an%iCM

Also, the last equality is obtained by some
find (10) while it does not have closed-form expression. Tkiiéignipulatlons and the definition of the error function. O
following lemmas propose several approximation/bounding .
approaches for the CDF of the AMIs and, consequently, theLemma 3: An under-estimate of the performance of the
throughput/outage probability. RF-FSO system is given by
Lemma 1: The throughput and the outa.ge probapillty of the Fu. () < T(w), 17)
HARQ-based RF-FSO setup are approximately given by

g

whereT (u) is defined in (18).
- F(§)

(11) Proof. To derive an under-estimate of the system performance,

n= Rl M— 1 :
+ 2 ( i.e., a lower bound of the throughput and an upper bound of the



et—1 max(0,x1) min X2,€u71 1 \/mNPRFeH—U-(I _ &)
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0 0 max(0,x1) 2 oV2m
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outage probability, we use (10) to upper bound the proligbilin [18, Section V.B],

terms Fyy,, (u), Vm, by

(\/TﬂN(ﬂU)) vVmNp

g

Fw,, (u) O Q

— €

o2

e —1

PrevVmN [ e e ® 7mN(1°g(1+PR2Ff>+M—U)2d
_rr - ¢ 20 r
vV 2mo 0 1+ PRFx
(9) Vi — et
éQ( mN(u u)) WO <\/mNu>
o o
L, —mNe(u—u—%) "
VDGl
V270 1 t1+n§g€
:Q<\/mN(u—u)>_ _LRFlQ<\/mNu>
1o 1o
mNeﬁimes(:;ufg)
- X
V2mo
1 mNeu e
E myve [=—)—€ o2 E, mne | = =T (u).
( 14 mi (PRF> 14 (PRF>> ()
(18)

In (18), (i) is based on partial integration. Als@;) follows
from (a — b)? > max(0, 2ae — 2be — é),Va > b,e >0, and
variable transformé = 1 4+ Prpx. Finally, the last equality
is obtained by manipulations and the definition of theh
order exponential integral functioR’, () = [~ t~"e~""dt.
Note that the bound is reasonably tlght for different values
of ¢ > 0. Then, the appropriate value efcan be determined
numerically such that the difference between the exact laed
bounded probabilities is minimized. O

In Section V, we validate the accuracy of

the same performance is achieved
by the INR and repetition time diversity (RTD) HARQ
systems at low SNRs. Thus, although the paper concentrates
on the INR HARQ, the same conclusions hold for the
RTD-based HARQ setups, as long as the SNR is low. Also,
2) the paper concentrates on the RF-FSO based systems.
However, the same system model as in Figs. 1-2 holds in
various coordinated data transmission schemes, for whieh t
analytical results of Section IV are useful.

V. SIMULATION RESULTS

Throughout the paper, we presented different approxima-
tion/bounding techniques. The verification of these resislt
demonstrated in Figs. 3-4 and, as seen in the sequel, the
analytical results follow the simulations with high acawyra
Then, to avoid too much information in each figure, Figs. 5-6
report only the simulation results. Note that in all simidas
we have double-checked the results with the ones obtained
analytically. Moreover, in all figures, we consider uniform
power allocation between the RF and the FSO links, i.e.,
Prr = Prso 5. Hence, the sum power i$ (in dB,
10log;, P) which, because the noise variances are set to
1, is referred to as the SNR as well. In Figs. 3-5, we
assume the FSO link to follow the exponential distribution
farso(®) = Apsoe 2% with A\gso = 1 or the log-normal

distribution feeo(2) ~Lestgr e with 6 = 1 and
= 0. In Fig. 6, the {and the FSO links are supposed

to experience exponential distributiofg,. (r) = Arpe ™

Ahd farso(T) = Apsoe %%, where Agr and Arso follow

pormahzed log-normal dlstrlbuuons

The simulation results are presented as follows.
On the bounding/approximation approaches of Lemmas 1-

the3: Setting R = 5 npcu andN = 50, Figs. 3-4 verify the

bounds/approximations proposed in (4)-(18) by comparitightness of the approximation/bounding schemes of Lemmas
them with the corresponding values obtained via simulatiori-3 for the exponential and log-normal distributions of H&O

Finally, it is interesting to note that 1) as previously pedv

link, respectively. As seen, the analytical results of Leawsri
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Figure 5. The effect of the number of HARQ retransmissions tioa
(a): outage probability, (b): throughput. Exponential PDBF FSO link,
fGrso(®) = Ae™ ¥ X =1, R =6 npcu andN = 100.
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ative throughput/outage probability improvement is oledr
when going from open-loop communication/(= 1) to the
cases with a maximum a¥/ = 2 retransmissions.

Comparison between the performance of the RF, the FSO
and the RF-FSO based systems: In Fig. 6, we compare
‘ ‘ ‘ ‘ the outage probability in the systems using only the RF
1ZSNR1140quOlS (dB)18 link, only the FSO link and the joint RF-FSO transmission
Figure 4. Comparison between the numerical and approxomatsults of setup. Here, the reSUIts are (_)btamEd for the exponenti&sPD
Lemmas 1-3 (log-normal distribution of the FSO link,= 5 and N = 50). Of the RF and FSO links, i.e.fg..(7) = Agre % and

farso(T) = Apsoe ™27, where A\rr and Arso follow normal-

and 2 mimic the exact results with very high accuracy. Als#ed log-normal distributions. Also, to have a fair comper,
Lemma 3 properly upper-bounds the outage probability atige transmission powers are set (brr = P, Prso = 0),
the tightness increases with the SNR and/or number of trafPrr = 0, Prso = P) and (Pre = £, Prso = &) in the cases
mission rounds. Also, for a given number of retransmissiomgth only RF, only FSO and RF-FSO system, respectively,
M, all curves follow the same diversity gain (slope of théuch that the sum power remains the same in different cases.
curves at high SNRs). In this way, according to Figs. 3-4, the As demonstrated, the RF-FSO link leads to substantialty les
CLT-based approximation approaches of Lemmas 1-3 providetage probability, compared to the cases with only the RF or
effective tools for the analytical investigation of the RSO the FSO link. For instance, with the initial rafé = 5 npcu,
systems, if the links experience different coherence times M = 2 retransmissions, and the outage probability %, the

On the effect of HARQ: Shown in Fig. 5 are the outageloint RF-FSO based data transmission reduces the required
probability and throughput of the RF-FSO system for differe POWer by16 and4 dB, compared to the cases with only the
maximum number of HARQ retransmission rounds Here, RF or the FSO Iink, reSpeCtiVer. Intuitively, this is besau
the results are presented for the exponential PDF of the F#(th the joint RF-FSO setup the diversity increases and the R
link, while the same trend is observed for the Gamma-GamiigsP. the FSO) link compensate the effect of the FSO (resp.
[29] and log-normal PDFs of the FSO link as well. As showfRF) link, if it experiences severe fading conditions. Algve
in the figure, the implementation of HARQ leads to significarffect of the joint transmission increases with the numtfer o
outage probability reduction at moderate/high SNRs. On th@iransmissions/SNRs (Fig. 6).
other hand, the HARQ is more useful, in terms of throughput,
at low/moderate SNRs. However, at high SNRs and with
given rates, the effect of HARQ on the throughput becomesThis paper studied the performance of RF-FSO systems
negligible, because the data is decoded successfully ifirthe in the cases with perfect CSI at the receivers. We derived
retransmission(s) with high probability. Finally, for ftifent closed-form expressions for the message decoding proba-
distributions of the FSO link, the throughputincreasesihie bilities, throughput, and outage probability of the RF-FSO
maximum number of retransmissioig, and the largest rel- systems using HARQ. The results show that the joint im-

Outage probability
B
C>|

Log-normal distribution of
FSO link, R=5, N=50

22 24
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Figure 6. Comparison between the performance of the RF, #@, nd the
RF-FSO based systems. In all cases, the RF and the FSO lialsipposed
to follow fap(z) = Arre ™ RF® and fepqo(z) = Apsoe ™ FSO" whereArr  [18]
and Agso follow normalized log-normal distributionsR = 5 npcu, N =
100).
[19]

plementation of RF and FSO links leads to considerable
throughput and outage probability improvement, compaoed bo]
the cases utilizing either the RF or the FSO link separately.
Moreover, compared to open-loop communication, the HAR%—H
based data transmission improves the throughput (respgeut
probability) of RF-FSO systems at low (resp. high) SNRs
significantly. Among the interesting extensions of the pap&2l
is the performance analysis in the cases with the repetition

time diversity and basic HARQ protocols. [23]
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