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On the Performance of RF-FSO Links with and
without Hybrid ARQ
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|IEEE

Abstract—This paper studies the performance of hybrid radio- links are combined to improve the system performance. Also,
frequency (RF) and free-space optical (FSO) links assuminger-  [17], [18] study RF-FSO based relaying schemes with an
fect channel state information (CSI) at the receiver. Conglering RF source-relay link and an FSO [17], [18] or RF-FSO [18]

the cases with and without hybrid automatic repeat request ST . . .
(HARQ), we derive closed-form expressions for the messagerelay-destlnatlon link. Moreover, the implementation gbhd

decoding probabilities as well as the throughput and the owige automatic repeat request (HARQ) in RF-based (resp. FSO-
probability of the RF-FSO setups. We also evaluate the efféec based) systems is investigated in, e.g., [19]-[26] (re3p]{

of adaptive power allocation and different channel conditons on  [32]), while the HARQ-based RF-FSO systems have been
the throughput and the outage probability. The results showthe rarely studied, e.g., [16], [33].

efficiency of the RF-FSO links in different conditions. . . -
In this paper, we study the data transmission efficiency of

RF-FSO systems from an information theoretic point of view.
. INTRODUCTION We derive closed-form expressions for the message decoding

probabilities as well as the system throughput and outage

The next generation of communication networks must Pr8robability (Lemmas 1-5, Eq. (29), (33), (35)). The results
vide high-rate reliable data streams. To address these dgs gpiained in the cases with and without HARQ. Also, we
mands, a combination of different techniques are consitlerg, v e the effect of adaptive power allocation between the
among which free-space optical (FSO) communication is VeRt 2n4 the ESO links on the throughput/outage probability
promising [1]-[3]. FSO systems provide fiber-like data sat€; emmas 6-7 and Fig. 11). Finally, we investigate the effect
through the atmosphere using lasers or light emitting diodgs gitferent channel conditions on the performance of RIOFS
(LEDs). Thus, the FSO can be used for a wide range by ns and compare the results with the cases utilizingreith
applications such as last-mile access, fiber back-up, baok- 1o R or the FSO link separately. Note that, while the result
for wireless cellular networks, and disaster recovery. BBV, 5.0 presented for the RF-FSO setups, with proper refinements
such links are highly susceptible to atmospheric effects any the channel model, the same analysis as in the paper is

consequently, are unreliable. An efficient method t0 IMProy e for other coordinated data transmission schemets w
the reliability in FSO systems is to rely on an additionalicad (see Section I1I.C for more discussions).

frequency (RF) link to create a hybrid RF-FSO communication
system.

Typically, to achieve data rates comparable to those in tﬁ
FSO link, a millimeter wavelength carrier is selected foe th
RF link. As a result, the RF link is also subject to atmospher
effects such as rain and scintillation. However, the goadtpo
is that these links are complementary because the RF (resp.
FSO) signal is severely attenuated by rain (resp. fog/cpu
while the FSO (resp. the RF) signal is not. Therefore, t

link reliability and the service availability are considbty The numerical and the analytical results show that 1)

improved via joint RF-FSO based data transmission. g]?pending on the relative coherence times of the RF and FSO

The performance of RF-FSO systems is studied in differef . .
papers, e.g., [3]-[10], where the RF and the FSO links al}gks there are different methods for the analytical perfance

considered as separate links and the RF link acts as a bac VNU?;I;)I’; <)2f) t\r/]\?hillQeFéiiotivseyStsvTesr g_lﬁ)r:::iisn ilrr-15’roEv(l.e(t2hg)’
when the FSO link is down. In the meantime, there a ’ y P P P

. . stem performance, at high signal-to-noise ratios (SNRs
works such as [11}-[16] in which the RF and the FS/SIEM PerfC gh sig 0S (SNRs)
e optimal, in terms of throughput/outage probabilityyeo
Behrooz Makki, Tommy Svensson and Thomas Eriksson are witiniers alk_)catlon between th_e RF and the FSO links converges to
University of Technology, Email: {behrooz.makki, tommy.svensson,uniform power allocation, independently of the links cheinn
thomas¢@chalmers.se. Mohamed-Slim Alouini is with the King iti i inint i i
Abdullah  University of Science and Technology (KAUST), Hima conditions (Lemma 6).' Finally, 3) the joint u_nplementauon
slim.alouini@kaust.edu.sa of the RF and FSO links leads to substantial performance
Part of this work has been accepted for presentation at tB& IELOBE- improvement, compared to the cases with only the RF or the
COM 2015. FSO link. For instance, consider the exponential distidout
978-1-4799-5863-4/14/$31.06)2014 IEEE and the common relative coherence times of the RF and FSO

As opposed to [3]-[10], we consider joint data transmis-
ion/reception in the RF and FSO links. Also, the paper is
ftrerent from [11]-[33] because we study the performance
of HARQ in joint RF-FSO links and derive new analyti-
tal/numerical results on the message decoding probabiliti
optimal power allocation, and outage probability/thropgh

hich have not been presented before. The derived results

rovide a framework for the analysis of RF-FSO links from
fferent perspectives.



procedure as in [26] and [34] to extend the results to the

> RFlink > cases with delayed and erroneous feedback, respectivedy. T

Encoder Decoder results are presented for asymptotically long codes wheze t
LS| FSOlink —> block error rate converges to the outage probability. Fymnal
- we assume perfect synchronization between the links which
't _________________________ 1 is an acceptable assumption in our setup with the RF and
HARQ feedback the FSO signals generated at the same transmit terminal, e.g

[11]-[16], [33] (to study practical schemes for synchratian
Figure 1. Channel model. The data is jointly transmitted ey RF and the ; ;
FSO links and, in each round of HARQ, the receiver decodeslite based between the .RF and FSO links, the read?r I.S referred to [18]).
on all received signals. Let us define a packet as the transmission of a codeword

along with all its possible retransmissions. As the mosirpse

links. Then, with the initial code rat& = 5 nats-per-channel- ing HARQ aproaCh leading to highgst throughput/lowest
use (Npcu), a maximum o/ — 2 retransmission rounds of Outage probability [20]—[25], we colnS|der the mcrem_ental
the HARQ and the outage probabilitp—2, the joint RF-FSO redundancy (INR) HARQ with a maximum dff retransmis-

based data transmission reduces the required poweé ayd sions, i.e., the message is retransmitted a maximuni/of

4 dB, compared to the cases with only the RF or the FS@nes' Using INR HARQ,X information nats are encoded
link, respectively (see Fig. 10 for more details). into aparent codeword of length\/ L channel uses. The parent

codeword is then divided intd/ sub-codewords of length
channel uses which are sent in the successive transmission
rounds. Thus, the equivalent data rate, i.e., the code aate,

A. System Model the end of roundmn is £ = £ where R = £ denotes
Consider a joint RF-FSO system, as demonstrated in Fife initial code rate. In each round, the receiver combitties a
1. The data sequence is encoded into parallel FSO and RFrbiteived sub-codewords to decode the message. The retrans-
streams. The FSO link employs intensity modulation andctliremission continues until the message is correctly decoded or
detection while the RF link modulates the encoded bits and upe maximum permitted transmission round is reached. Note

converts the baseband signal to a millimeter wavelengtiien that setting/ = 1 represents the cases without HARQ, i.e.,

range of30 — 300 GHz, RF carrier frequenéy Then, the FSO open-loop communication.

and the RF signals are simultaneously sent to the receiver. AFinally, the results are valid for different ranges of RF and

the receiver, the received RF (FSO) signal is down-conderteSO links operation frequencies. Thus, for generality and i

to baseband (resp. collected by an aperture and converged tdiarmony with, e.g., [20]-[26], we do not specify the freqeyen

electrical signal via photo-detection) and the signalssard to ranges of the RF and FSO links and present the code rates

the decoder which decodes the received signals jointlyp(al$n the nats-per-channel-use (npcu) units. The results ef th

see [11]-[16] for further discussions on the coding procesinulation figures can be easily mapped to the bit-per-cilann

in RF-FSO setups). In this way, as seen in the following, these scale if the code rates are scaleddpy e. Moreover, the

diversity increases by the joint data transmission of theaRd& results are represented in nats-per-second/Hertz (nistd)h

FSO links, and one link can compensate the poor performaraf@nnel use is associated with a time-frequency unit. Atso,

of the other link experiencing severe atmospheric effects. given bandwidths of the RF and FSO links, we can follow the
We denote the instantaneous realizations of the fadisgme approach as in [35, Chapter 9.3] to present the results

coefficient of the RF link and the turbulence coefficient af thin bits- or nats-per-second/Hertz.

FSO. Iink. ip time sloti by Hrr; and Hrso,, respectively,_a_nd B. Problem Formulation

for simplicity we refer to both of them as channel coefficgent

These channel coefficients are assumed to be known at thd Nas been previously showed that for different channel
receiver which is an acceptable assumption in block-fadifi°de!s: the throughput and the outage probability of déffier

II. SYSTEM MODEL AND PROBLEM FORMULATION

conditions [19]-[29]. Also, we defin&re; = |Hrril?, ARQ protocols can be written as [21]-[24]
Grsoi = |Hrsail? which are referred to as channel gain 1—Pr(Wy < %)
realizations in the following. We then assume no channel = 1+ M pr(w, < &) .

state information (CSI) feedback to the transmitter, ekcep
for the HARQ feedback bits. In each round of data tran&nd R
mission, if the data is correctly decoded by the receiver, an Pr(Outage = Pr (WM < M) , (2)
acknowledgement (ACK) is fed back to the transmitter, and
the retransmissions stop. Otherwise, the receiver traasmi respectively, wheré&/,, is the accumulated mutual information
negative-acknowledgment (NACK). The feedback channel céMI) at the end of roundn. Also, Pr(W,,, < %) denotes the
be an RF, an FSO or an RF-FSO link, and is supposed pobability that the data is not correctly decoded up to the e
be error- and delay-free. However, we can follow the san®f the m-th round. In this way, the throughput and the outage
probability of HARQ protocols are monotonic functions of
1A millimeter wavelength carrier is often selected for the IRK to achieve the probabilitiesPr(W < ﬁ) VYm. This is because the
data rates comparable to those in the FSO link. Howeverigthist a necessary mo—= mh ) . .
assumption, and the theoretical results hold for differemtges of carrier SYSt€M performance depends on the retransmission round in
frequencies. which the codewords are correctly decoded. Moreover, the



- s e, N link. Here, we start the discussions by considering thepsetu
— } — as illustrated in Fig. 2 where the RF link remains constant
in the retransmissions (quasi-static channel [20], [22B]]
[25], [26]) while in each retransmission round of HAR®
HHHHHHHHH different channel realizations are experienced in the RSO |
However, note that this is not a necessary condition becBuse
the same analysis holds for the cases with shorter coherence
time of the RF link, compared to the coherence time of the
FSO link and 2) as seen in Section 1ll.B, we can derive the
results in the cases with few, possibly 1, channel reatinati

of the FSO link during the packet transmission.
Figure 2. Time scales. The RF link is supposed to remain aohsh the

retransmissions (quasi-static channel [20], [22], [2Z5][ [26]) while in Considering Fig. 2, we an use the results (_)f_ [39, Chapter
each retransmission round of HAR® different channel realizations are 7] and [35, Chapter 15] to find the AMI of the joint RF-FSO
experienced in the FSO link. In Section IIl.A, we study theesmwith large |ink at the end of then-th round as

values of N. Section IIl.B analyzes the system performance for the lsmal

values ofN, i.e., when the coherence times of the RF and FSO links are of _

the same order. Win = log(1 + FreGre)

T
-

N fading blocks of FSO channel in each retransmission

L ]
! One fading block of RF channel

1 S
I

> Time

0

m N
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probability Pr(W,, < £) is directly linked to the AMI + gz Nzl‘)g(”cp FsOGFSO1+(j-1)i)
W, which is a random variable and function of the channel =t =1
realizations experienced in rounds= 1,...,m. As such, = log(1 + PreGre) + Vim, ),
to analyze the throughput and the outage probability, the ke Y & N
point is to determine the AMIs as functions of channel real- Vim.Ny = mN Z Zlog(l + cPrsoGrsoi+(j-1)i)-  (3)
ization(s) and find their corresponding cumulative disttidn j=li=1

functions (CDFS) Fy,

m?

Wi 0 = 1""’RM' Then, having the Here, Pre and Prso are, respectively, the transmission powers
CDFs, the probabilitier(W,, gl ~) and, cgnsequently, in the RF and FSO links. AlsoGre and Grso,’s denote

. _ obtall Qhe channel gain realizations of the RF and the FSO links
instead of concentrating on (1)-(2), we first find the CDFg, yitterent retransmission rounds, respectively. Therrep-
Fw,,,m=1,..., M, for the INR-based RF-FSO system.  oqonts the relative symbol rates of the RF and FSO links
To find _the CDFs,_we utilize the propertles_ of the RF_ an\‘R/hich is a design parameter selected by the network designer
the FSO links to derive the AMIs as in (3). Since there is NQih 1o loss of generality, we sat — 1 in the following
closed-form expression for the CDFs of the AMIs, we need {gjje the results can be easily extended to the cases with
use different approximation techniques. In the first methesl different values ofis. Also, (3) is based on the fact that the

use the central limit Theorem (CLT) to approximate the demrachievable rate of an FSO link is given byz(1 + cz) with
bution of the FSO link on the AMI by an equivalent Gaussiag being the instantaneous received SNR andenoting a

random variable. Using the CLT, we find the mean and tl?.%nstant term such that
variance of the equivalent random variable for the expaaknt . _ ¢ ¢, intensity modulation/direct detection (IM/DD)
log-normal and Gamma-Gamma distributions of the FSO “'IIﬁO] [221 Eq. 26], [42, Eq. 7.43], [43] In the following

as given in (4)-(5), (6)-(9) and (43)-(44), respectivelittW st — 1 \which corresponds to the cases with heterodyne

the derived means and variances of the Gaussian Variable’d’(‘é‘?ection In the meantime, setting- -, it is straightforward
- ’ 27‘["

find the CDF of the AMIs in Lemmas 1-5 (see Section lll.A, eysend the results to the cases with IM/DD. Finally, as
for details). An alternative approximation approach, préed yho noise variances at the receiver are set to 1, we define
in Section 111.B, is to approximate the PDF of the AMI in thelOlong P = Prr + Prso, as the SNR.

FSO link and then find the PDF of the joint RF-FSO setup,
as given in (29), (33), (35). Finally, we use the propertiés o

the AMIs to analyze the optimal power allocation between the performance Analysis in the Cases with Considerably

RF and the FSO links as given in Lemmas 6-7. In Section I¥itferent Coherence Times for the RF and FSO Links
we validate the accuracy of the approximations and evaluate

the throughput/outage probability of the RF-FSO system for Here, we consider the cases where the coherence times of
different channel conditions. the RF and FSO links are considerably different. Motivated

by, e.g., [12], [36]-[38], we concentrate on the cases with

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

link. Meanwhile, the same analysis is valid, if the RF link
periences shorter coherence time than the FSO link.

= 1 for heterodyne detection and

IIl. ANALYTICAL RESULTS

In RF-FSO systems, it was demonstrated by, e.g., [1
[36]-[38], that the RF link experiences very slow variagon
and the coherence time of the RF link is in the order 0f?’ln [41], log(1 + ¢SNR) is proved as a tight lower bound on the capacity

5 : )
102 — 10® times larger than the coherence time of the FS@ the cases with an average power constraint. Then, [48],gHow that the

formula of the kindlog(1 + ¢SNR) is an asymptotically tight lower bound
2The CDF and the probability distribution function (PDF) ofrandom on the achievable rates for the cases with an average powstraimt, a peak
variable X are denoted by'x (.) and fx (.), respectively. power constraint, as well as combined peak and average pmmstraints.



Considering the conventional channel conditions of the RF= |40

and FSO links and different values o&f, there is no closed-
form expression for the CDF dfV,,,, vm. Therefore, we use

the CLT to approximate),, ) by the Gaussian random +
variableZ ~ N (, - nlNU ) wherep ando? are the mean and

<1 + Prsomax <0 i +e )>

(1 - c ) 1+ Peso (52 +€%)
— —ce” — —— ) log
2 Prso 1 + Prsomax (O7 50 T ew)

variance determined based on the FSO link channel condition, . <_1 +¢® — max (0, 1 + ew)) e 7efw. ®)
Reviewing the literature and depending on the channel 2c 2¢ o2

condition, the FSO link is commonly considered to follo B 2 1 .

exponential, log-normal or Gamma-Gamma distributiorg., e. V\f-|ere erfz) = fO dt and Q(z) = \/—fo = ot

[12], [27], [44]. For the exponential distribution of the S
link, i.e., foreo(T) Ae~* with \ being the long-term
channel coefficient, we have

)i = Eflog(1 + PrsoCrso)} = / Fnao() log (1 + Prsor)da
(@) * 1 — Forol) 55 ( : )

2 p S G0l gy = eTrsoEi [ ——— ) (4)

FSOA 1+ Prsor Prso @)

and

o2 = p? — 12,
p* = E{log(1 + PrsoGrso)’}

= / farso(T) 10g2(1 + Prsor)dx

®) ¥ e (©)
=2Ph —— log(1 + A dz ~ K (c0) — K (1
rso | e ow(1 + Frson)ds £ K (o) = K (1)
2 2 [ A AT
K(x) = —ePrso| ——ax,F3(1,1,1;2,2,2; —
() (PFSO 3 3( PFso)

+ % log(x)( ) (log (ém) + 5)
Ox) + 10g(:c)> )

A
—or <o, o (5)

Here, E{.} denotes the expectation operator. Al$a) and

(b) are obtained by partial integration. Then, denoting the
(¢) is given by variable transform

Euler constant by¢,

‘represent the erfor and the Gausdiafunctions, respectively.
Moreover, (d) holds for the log-normal distribution ang)
comes from the linearization technique

<1°g(§ ) U),

1 w
T < 5, t+e”,

clx —e” xe[iJrew,g—clJrew], @)
T > 5_01 + €%,
with
log(x) ~)
c = 0 (Q ( V25 )) _ —e” (8)
Ox peew  0V21
which is found by the derivative of) “c"}% at point

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

’ varianceo? is determined as

o2 = p? — 12,

* log(1 + Prsor) log(z) — w
? =2PR / dz
p kso | 1+ Freos Q 5
) * log(1 + Prsor)
~ 2P / ————U(x)dx
oo [ ROy

1 2
= <1og <1 + Prsomax <0, % + ew>)> +
c

— (((% — c€%)Peso — c) X

1 4+ Pesor = t, some manipulations and the definition of Frso

Gamma incomplete functiofi(s, z) = [~ ¢t*~'e~'dt and the
generalized hypergeometric functign’,, (.).
For the log-normal distribution of the FSO link,

(log(z)—w)?
forso(®) = Fo5me” "2 whered and @ represent the
long-term channel parameters, the meais rephrased as

i.e.,

*1 - FG (33)
=P B dy
H Fso /0 1+ Prsor

_ log(z)—w
1-—erf (7\@ 5

1+ Prsor

(d) Prso

[e.¢]
F
o
) (log(ag)—W)
= PFSO/ —
0

1+ Prsox
(e) e
=~ Prso /
0

U(x)
» <\/IIIB‘X(O,%+€W) 1 q
—Fso 0 1 + PFSOx

1+ Prsor
7o te” 14 c(z—e”)

1+ Prsor

e

dx

T

+

)

max(O7 2—10 +ew)

(log (1 + PFso(;—;l + ew)))2

1 2
— (10g (1 + Prsomax (O, % + ew))) )

-1 1
— 2¢Prso (% + €% — max (0, % + ew))

-1 w -1 w
+20<(1+Ppso(2—c+e )) log <1+P|:50(2—C+6 ))
1+ B (0 = =) x
Fsomax "9 €

1
log <1 + Prsomax (0, % + ew)> )) ,

for the log-normal distribution of the FSO link, whe(¢)
comes from (7)-(8).

Finally, we consider the Gamma-Gamma distribution for the
FSO link in which the channel gain follows

2(ab) = 21
Jarso(z) = W z Ky (2@) )

)

a+b

(10)



with K, denoting the modified Bessel function of the seconéroof. To find the approximations, we implement
kind of ordern andT'(z) = I'(z,0) being the Gamma func- (V’”N(log(“f“w”“‘w) ~ V(x) with
tion. Moreoverg andb are the distribution shaping parameters

which can be expressed as functions of Rytov variance [27], 1 it < ;Zpﬁ;em; n eu;:j’
[44] V'mN Preet ™" (azf RS |

PrRE

For the Gamma-Gamma distribution, we can use (10) a B % o
e.g., the approximation schemes of (41)-(42) to derive t e(m) - if 2 c [ o metTH | UTh_ gyfretTH | guTi_

mean and variance as expressed in equations (43)-(44) of Prev2mN Pre ?ufspﬂmN Pre 7
the Appendix. Intuitively, (4)-(9), (43)-(44) indicateat) with 0 if @ > SOt 4 ol
considerably different coherence times of the RF and FSO (14)

links, there are mappings between the performance of RF-FSO
systems with exponential, log-normal and Gamma-GamM{ich leads to

distributions of the FSO link, in the sense that with proper Lt

scaling of the channel parameters the same outage probabils,, () ’:/ e “V(z)dx
ity/throughput |s achieved in these conditions. Finallgten S
thatth_m mN Zm i=1 log(l + PFSOGF501+ (— 1)1) = . max((), PReV2m N e ) —oq
E{log(1 + PFSOGFSO} Vm. Intuitively, this means that for */0 e
asymptotically large values olV, i.e., significantly shorter min((rﬁe“”” eu;uq?e;fl)
coherence time of the FSO link compared to the one in the RF TREVEMN TRE IR e

link, the AMI of the FSO link converges to its ergodic capgcit max((), —ovmel Ry E”’”*l)

PRpV2m N PRr

E{log(1+ PrsoGrso) }- Thus, in this case the RF-FSO link is <1 /i Preeh=(z — eu;:F1)> .
X

mapped to an equivalent RF link in which successful decoding -

of the rate equal to the ergodic capacity of the FSO link is 2 oV2m

always guaranteed. _max(m met K eu;ufl)
Having ;2 and o2, we find the CDFsFyy, , Vm, as follows. =1—¢ TREVEIN TR

Consider Rayleigh-fading conditions for the RF link where t 1 VmN(et % —1) — max(0, 50Tt et L)
. e + = — e ’ PRpV2mN PRF

fading coefficients followHgrg ~ CA/(0,1) and, consequently, 2 o/2m

fow(x) = €%, Gre = |Hre|2. Using (3) and the mean and

variance ofZ, the CDFs of the AMIs are given by B e_nnn(;gj%Jr”;,:Fl,iR;))

Fw,, (u) = Pr(log(1 + PreGRre) + Vim,n) < 1)
eU_1 A/ P H—u _ uU— u—p 1
PRe @ — VIR (1 -+ max (0, oy/me + ))
= / JGre () Pr(Vim, Ny < u —log(1 + PreGrr))dz = ovV22m PrevV2mN Prr
0

o — max (0, STt et
/ o X e Prpv2m N PrF
/ - e '@ mN (log(1 + Prez) + 1 — u) dz,m,N > 1, u—p u—p
o o (1+min(gﬁe N —1ce€ —1))
(11) PreV2mN Pre 7 Prr
. o/meTH | eUTH_1 e%_1

where(g) comes from the CDF of Gaussian distributions and xe m‘“(PRWnN* PrF P—R;) = F(u).
CLT. Also, for the exponential, log-normal and the Gamma-
Gamma distribution of the FSO link the mean and variance (15)

(u, o) are given by (4)-(5), (6)-(9) and (43)-(44), respectivel . . . . —
Therefore, the final step to derive the throughput and tif]ieere V() is obtained by applying the same linearization

technlque as in (7) on the Gaussigh function of (11) at
outage probability is to find (11) while it does not have ctbse pointz = ; ~1 Then, using (15) in (1)-(2), one can find the

form expression. The following lemmas propose several
proximation/bounding approaches for the CDF of the AM?rgroughput and outage probability, as stated in the lemrha.

and, consequently, the throughput/outage probability. As the second-order approximation of Lemma 1, the outage
Lemma 1: The throughput and the outage probability of thexpression (15) is rephrased as
HARQ-based RF-FSO setup are approximately given by

Fiv, (u) ~1— ¢ T, (16)
n=R L - Z51) (12) .
1 +ZM 1 F(&) for large values ofN. Thus, using (4) and-exEi(—1) ~
log(z) for large values ofz in (16), it is found that at
and high SNRs the outage probability of the joint RF-FSO link
R decreases with the power of RF and FSO signals exponentially
Pr(Outage = F (M) : (13) if the FSO link follows an exponential distribution.

Along with the approximation scheme of Lemma 1, Lem-
respectively, withF(z) defined in (15). mas 2-5 derive upper and lower bounds of the system perfor-



mance assuming that the mean and variance of the equivalerdof. To derive an under-estimate of the system performance,

Gaussian random variablg are calculated accurately. i.e., a lower bound of the throughput and an upper bound of the
Lemma 2: The performance of the RF-FSO system is uppeputage probability, we use (11) to upper bound the proligbili

estimated, i.e., the throughput is upper bounded and tlegeutterms Fyy, (uv), Vm, by

probability is lower bounded, via the following inequality

@ VN (p — u) —e ot vVmNp
FWm (u) > V(U)7 (17) FWm (u) =Q <f —e TR Q =
W|th V(U) glVen |n (18) PRF\/ mN 62%_;:1 ef:b _mN(log(l-FPF\;,:wH-;L—u,)z d
T ——c 5o 2
Vomo  Jo 1+ Prex

Proof. As mentioned before and in [21]-[24], the throughput
(resp. the outage probability) of the HARQ-based systems? <va(uU)> LR Q (VmNﬁL>

is a decreasing (resp. increasing) function of the probabil — o o
ities Fyy,, (£),vm (resp. Fiw,, (£)). Thus, the throughput L —mNeu—u=$) .,
(resp. the outage probability) is upper bounded (resp.lowe VmNe™s - /e e ™ g
bounded) by lower boundingyy,, (.), Vm. On the other hand, Voro 1
because th&) function is a decreasing function andz) = VMmN —u oy VmN
VmNQos(+ Peer)ti—u) g concave ine, the CDFs of the AMIs = @ <7£u )> —e ®Q < - M)
are lower bounded if(z) is replaced by its first order Taylor N e
expansion at any point. Considering the Taylor expansion of ,/mNeP%F—%
r(z) ate = <=1, we can write - Voro X
]. m €U u
FW”Z(?)Z <E1+m1¥e (P—) —6_%E1+% (;—>> :T(U)
“Prr . PrevVmNet— ev—r — 1 7 RF 7 RF
e "Q x— dx (20)
0 o Pre
_ In (20), (i) is based on partial integration. Als@;) follows
VmN (et — 1
(QQ < mN (e )> from (a — b)? > max(0, 2ae — 2be — %),Va >b,e >0, and
g variable transformt = 1 4+ Prpx. Finally, the last equality

o P order exponential integral functio, (z) = [t "e~'*dt.
RF R . . .
v ) ) ) Note that the bound is reasonably tight for different values
PrevVmNelt—v [ TFre —(“ pRFm,zZ:Q 2 (w_gu—ufl) )d of e > 0. Then, the appropriate value efcan be determined
_ ZREVIRYE e

PR

a

_Q«HQ (PRF‘ /N eh—t (e“ 1 evH 1)) is obtained by manipulations and the definition of the¢h
—e FrF
F

oo 0 * numerically such that the difference between the exactlaad t
VN (e — 1) bounded probabilities is minimized. O
=< < o ) Lemma 4: The performance of the RF-FSO system is upper-
- Pr/mNeli—t et 1 b1 estimated via the following inequality
e R RF - _
© e ( o ( Prr Prr )) Fw,, (u) = R(u), (21)
N Ly e with R(u) given in (22).
2
PremNe2 (=) (e r — ) — 1 Proof. Usinglog(1l+x) < z,Vxz > 0, and the same arguments
<erf< a?P s ) as in Lemmas 2-3, the upper-estimate is found as
REV2mNe '

w_q

e R L . S
—er PreV2mNe(n—w) - (u) o

7 (18)  [(VmN, 6 e (VN

=Q| ——(u—p) Ql—

Here, (h) comes from partial integration an82w(z)) —

)

’(@ o2 p—u MNPRe(,, . u -
\;Tiwg—ge—yé > Also, the last equality is obtained by some ¢V e (erf< o (p—u—e"+1) 1)
manipulations and the definition of the error function. O 2 Lmj\”’w
: | mNPee () — ) — 1
Lemma 3: An under-estimate of the performance of the —erf o — R(u), 22)
RF-FSO system is given by V2N P
Fw,, (u) < T(u), (19) where the last equality is obtained with the same procedare a

in (18). Note that, due to the considered bounding approach,
where7 (u) is defined in (20). the under-estimate is tight at low SNRs of the RF link.(]



Lemma 5: An under-estimate of the performance of th@erformance in the cases with comparable coherence times

RF-FSO system is given by
FWm (“) < S(u)v
whereS(u) is defined in (24).

Proof. To derive an under-estimate of the system perfor-
mance, we use (11) to upper bound the probability terms

of the RF and FSO links, i.e., with small values §fin (3).
(23) Here, we mainly concentrate on the Gamma-Gamma distri-
bution of the FSO link. The same results as in [45] can be
applied to derive the CDF$yy,, with, e.g., the exponential
distribution of FSO link and smalN.
Using the Minkowski inequality [46, Theorem 7.8.8]

Fw,, (u),Vm, by . N
(k) mN(pu—u et mN 1+ (H ﬂUz') < (14 ), (26)
A P, I B
Prevm N %R;l e * _""N(IOE(HPRFEHH—“)? we have
_ — ¢ 202 ¥
2o 0 1+ Prex Lo N
(2 0 vmN(p — u) B e,e;;T—FlQ vVmNp Pr p——s Z Zlog(l + PrsoGrsoi+(j-1)i) < @
= o o j=1i=1
max(0,45) g mN () Preg— mNGi—m? m N
_ PrevmN / X(03me) gmeelor (v PRee T ar  =Pr| JIT]Q + PesoGrsars-1yi) < €™
V 2ro 0 1 + PRFx j=1i=1
(i) e m N "
i max (0, 472 ) L+ Pret < Pr| 1+ Prso H H GFso14(j—1)i <e”
"2 0RE j=1i=1
_0 vVmN(p — ) _e,e;;R—FlQ vVmNpu PN
z z ~ro((F) ). @7)
(1*%("@*#);’}?}:) MmN (u—p)2 FSo
PrevmN [ e PRF B 252 .
— o 2 X where using the results of [27, Lemma 3] and for the
2o RF Gamma-Gamma distribution of the variabl€&so ;1)

<Ei < <1 - ”;—‘;V(u - u)PRF> <max (0, ZPF:) +

_ Ei((TZJQV (u P/;):PRF - 1)))

1
errF [ (e —1 u— u> 1 )
+ Ei | — min , - —
Pre ( < ( Pre * 2Prr Pre

_Ei (— max (07 Z}ZR‘:) - PLRF) )) = S(u). (24)

In (24), (k) comes from partial integration. Thefi) is based

on the inequality

Ya > 0,0, fg(log(l + Prer) — b)?

ab? ; b
- {abPRFx—T, .Ifx< %

1 if ©>

)

— 2FrF

L))Q = H;nzl Hf\;1 GFSQH—(j—l)i follows the CDF
Pre
1

Fold) = (a5~

1

>7 (28)
a,a,...,a,bb,..., b0
—_——— ——

m N times

2mN,1 mN
g1,2mN+1 <(ab) T
m N times

with G(.) denoting the Meijer G-function.
In this way, from (3) and (28), the probabilitiéa (1, <
u), ¥m, are upper-bounded by

Pr(Wm < U) <

1 /RZ’F"F1 —g;g2'rnN.1
- - e )
[mN (a)T™N(b) Jo LamN L

(25)

and the last equality is derived by thg definition of the
exponential integral function Ei) = [~ <9t O

x t

b u—log(1+Prrz) __ 1 mN

<a (e . )> A
Fso a,a,...,a,b,b,...,b0

m N times

m N times
B. Performance Analysis in the Cases with Comparable Co- (29)

herence Times of the RF and FSO Links . .
which can be calculated numerically.

Up to now, the results were presented for the cases withg, the other hand, using the Jensen’s inequality and the
considerably shorter coherence time of the FSO link, Comparconcavity of the logarithm function, we can write

to the RF link, motivated by the results of, e.g., [12], [3&8],
such that the CLT provides accurate approximation for the
sum of independent and identically distributed (lID) rando
variables. However, it is interesting to analyze the system

1 < 1 <
=D log(1+a;) <log |1+ = i, 30
n;og< +w>_og<+n;x> (30)



which leads to for large values ofN. As a result, (29), (33) and (35) are

| ;N useful for the performance analysis in the cases with small
Pr — Z log(1 + PrsoGrsais(j-1)i) < @ N'’s, while the CLT-based app_roach _of Section IIl.A provides
mN =i accurate performance evaluation /ssincreases.
N

m mN
>Pr|B< e’ —1)) =F e —1)). (31
- ( - PFSO( )) o <PFSO( >> 1) C. On the Effect of Power Allocation

Here, B = Z;”zl Zf;l Grso1+(j—1); follows the PDF [27,  In all figures of Section IV, except Fig. 11 which eval-

Lemma 1} uates the effect of power allocation, we consider uniform

9 power allocation between the RF and the FSO links, i.e.,

fe(z) = T T X Pre = Peso = £ Indeed, the system performance is improved

(U’”f,v )mefvv ) by adaptive power allocation based on the links long-term

(UmNgmN x) I <2 TmNSmN x) channel conditions. For this reason, Lemmas 6-7 derive powe

mN T TEm mN ’ allocation at high and low SNRs, respectively. The results

omN = mNvU + 0N, of the lemmas are of interest because they hold for different

¢y = mNT, channel conditions/performance metrics.

7 = min{a, b}, v = max{a, b}, (32) Lemma 6: At high SNRs, the optimal, in terms of through-

put/outage probability, power allocation between the RE an
with o,y being an appropriately chosen adjustment parantée FSO links converges to uniform power allocation, i.e.

ter. Prr = Prso, independently of the links channel conditions.
From (3) and (32), the probabilitidr (W, < u),Vm, are
lower-bounded by Proof. Using log(1 + x) = log(x) at high SNRs, the AMIs

Pr(W,, <wu) > (3) are rephrased as
'Wm >u) =

“mN mN ev T —1 1 & 1 Y
) —PFSOe In (PFSO(e - )> r <GRF < 7PRF > dz W = log(PreGRrr) + m E (N E 10g(PFsoGFso,1+(J—1)L)

j=1 i=1

ImN+SmN
2

_ 2 /u e* (o'mNgmN (696 _ 1)) m N
T(omn)T(smn) Jo € —1 Prso = log(PrrPrso) + log [ Gre ™% H H GFrsoi+(j—1)i | » VM.
~ U—T _ =1 1=1
X Ko e (2\/ e 1)) (1 —e T ) dr, j (36)
(33)

Hence, the throughput (1) and the outage probability (2) are
if the channel realizations of the FSO link follow Gammamonotonic functions of termByy, (£) = Pr(log(PrePrso) +
Gamma distribution. Particularly, using the tight highSN N fm N R .
approximation of (32) as [27, Lemma 2] log { Gre \/Hﬂ'zl [li=1 Grsar+(-ni | < ), Vm, athigh
S mN Ne 1 SNRs, and with a sum power constraifgr + Prso = P,
fal@) ~ (F(U —7)(vT) ) z 7 (34) the optimal, in terms of throughput/outage probabilityyweo
L'(v) I(mNT) allocation rule of the RF-FSO system is given by

(33) is rephrased as

N N ngl log(FrePrso) (7:7;) P P P (37)
_ \m mNT RF,FSO RF = LFSO— —<.
Pr(Wy, < u) > (M) (M) % subjectto Prr + Prso = P, 2
I'(v) Prso
U (e —1)mNT-1 ume Here, (m) is obtained by manipulations and the fact that
/0 W (1 —e IR dz, the logarithmlog(PrePrso) is an increasing function of the

(35) product PrePrso. Also, in (37) we have used the fact that all
) subparts of the throughput and outage probability funstion
at high SNRs. . (1) and (2), i.e..Fw,,’s, are positive and decreasing functions
In Section IV, we validate the accuracy of ey 1o0(PrePrso) (and there is no other terms related Far,
bounds/approximations proposed in (4)-(44) by comparing. in the £, 's). As a result, the whole throughput/outage
them with the corresponding values obtained via Sim”|8ti°’brobability fungtion is a monotonic function dfg( PrrPrso)-

Also, note that the results of (29), (33) and (35) argipa|ly, note that the conclusion is independent of the RE an
mathematically applicable for every value of. However, iha FESO links channel PDFs. O

for, say N > 6, the implementation of, e.g., the Meijer

G-function in MATLAB is very time-consuming and the | emma 7: Consider the low SNR regime and considerably

tightness of the approximations (29), (33) and (35) de@®asshorter coherence time of the FSO link compared to the one
. _ , o in the RF link. Then, depending on the parameter settings, th
Equation (32) gives an approximation of the sum of IID GanB@nma

variables. However, as shown in, e.g., [27] the approxiomais extremely minimum low-SNR OUIag_e probability is achieved by using
tight for all ranges of SNRs. Therefore, we consider it as Gumaty. only the RF or the FSO link.



Proof. Using log(1 + ) = « for small z’s, the AMI (3) is the nonlinearity/saturation conditions of the optical &RE
approximated as devices.

Finally, it is interesting to note that 1) as previously pedv
in [23, Section V.B], 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
which, from (2), leads to outage probability INR HARQ, the same conclusions hold for the RTD-based
HARQ setups, as long as the SNR is low. 2) Throughout

m

N
1
W, = PreGRrr + — Z PrsoGrsoi+(j—1)i>  (38)

j=11i=1

Pr(Outage the paper, we considered sufficiently long codes such that
1 M XN R the achievable rate of a link is given dyg(1 + z) with
= Pr | PreGRrr + WZZPFSOGFSQIJ%J'*UZ' < M z standing for the link SNR. Then, as shown in [26], the
g=li=l1 performance of the HARQ codes with asymptotically long
(n) _ A7~ Prsoreso codes is very close to the ones with finite block-length.
~1-e e (39) Therefore, although the results of the paper are obtained fo

Here, (n) is based on the fact that with considerably difthe cases with long codewords, similar results are expeoted
ferent coherence times of the RF and FSO links, i.e., larffé€ cases with sub-codewords of moderate length. 3) The pape
values of N, we have—L- "M sV PesoGrsais(j_1)i = concentrates on the RF-FSO based systems. However, the
prso, VM > 1 wherelgévgo i‘é{dgo} is the rhee;n of the Same system model as in Figs. 1-2 holds in various coordinate

channel gain in the FSO link. From (39), the low-SNR outagé’-ata transmission schemes, for which the analytical result

optimized power allocation problem can be formulated as of Section Il is useful. Particularly, the performance lgses
of RF-based coordinated nodes operating at differenterarri

min Pr(Outage, min %*%WFSO, (i) frequencies, and the combination of radio over FSO (RoFSO)
IS’Ftsof]’:F;F p_p = PrsoPre ~F B . [48] links with RF/FSO links are interesting research tspic
T TIPSO ARE S:t. Prso+ Pre = P (i) for which our techniques can be helpful. Finally, 4) with som
(40) manipulations, we can use the derived PDFs of the AMIs and
In this way, settingPre = P — Prso in (40.i), the outage- the same procedure as in [40, Section IV.C] to analyze the bit
optimized power allocation is given by optimizing the funat error rate of the RF-FSO system.

y (Peso) = %;f;;:;m. Then, becausg (Prso) is a decreas-
ing (resp. an increasing) function ¢tso for R > M Pprso IV. SIMULATION RESULTS

(resp. R < M Ppurso), the outage-optimized set of powers Throughout the paper, we presented different approxima-
is found as(Prr, Prso) = (P,0) for R > MPpurso and tion/bounding techniques. The verification of these resisit
(Prr, Prso) = (0, P) for R < M Ppurso. That s, at low SNRs, demonstrated in Figs. 3-7 and, as seen in the sequel, the
depending on the parameter settings, the minimum outagealytical results follow the simulations with high acotya
probability is achieved by using only one of the RF or th&hen, to avoid too much information in each figure, Figs. 8-11
FSO links, as stated in the lemma. O  report only the simulation results. Note that in all simidas

. - we have double-checked the results with the ones obtained
Intuitively, Lemma 7 indicates that at low SNRs the powel,,,\viically. Moreover, in all figures, except for Fig. 11ew

resources are limited and the RF-FSO system is conservatg,gider uniform power allocation between the RF and the
In this case, because the AMI of FSO link converges to i : ; _ _ P ;
9 BS0 links, i.e.,Prr = Prso = L. Hence, the sum power is

ergodic capacity for considerably different coherencestrof P (in dB, 10log,, P) which, because the noise variances are

the links, if the ergodic capacity of the FSO link supports thygy 14 1 s referred to the SNR as well. The effect of power
code rate, all available power is assigned to the FSO linky,cation on the system performance is studied in Fig. a1l. |

On the other hand, if the FSO link experiences very pogrigs_ 3-9, 11, we assume the FSO link to follow the expo-
channel conditions and the SNR is low, the minimum outaggial distribution f; (z) = Arsoe %" With Apso = 1
FSO ?

probability is achieved by allocating all available poweithe o | Uog(m)-w)?
RF link. At high SNRs, however, the RF-FSO setup can bendfi¢ 10g-normal distributionfe,so(2) = 52¢ 207

from the network diversity, and the optimal power allocatioWith ¢ = 1 and @ - ,0r H}e Gamma-Gamma distri-
. . . . a 2 a —
tends towards uniform power allocation, as shown in Lemniwtion fg . (z) = QF((G))F(()) 7 1K, (2\/ab:c) , a4 =

6. 4.3939,b = 2.5636 which corresponds to Rytov variance 1
Note that in Lemmas 6-7 we ignored the individual powd@7]. In Fig. 10, the RF and the FSO links are supposed

constraints of the RF and FSO links and concentrated tmexperience exponential distributiorfig,.(r) = Arpe ™R

the cases with a sum power constraint on the joint RF-FSDd fg . (7) = Arsoe 9%, where \gr and Aeso follow

system. This scenario is of interest in the green commuitat normalized log-normal distributions.

concept, where the goal is to minimize the total power The simulation results are presented in different parts as

required for data transmission [47], and also for elediribill ~ follows.

minimization. In practice, however, one should also comsid On the effect of different coherence times: In Fig. 3, we

the individual properties/constraints of the RF and FSQslin verify the accuracy of the CLT-based approximation andsnave

such as the eye safety constraints of the FSO link atigate the outage probability for different number of chainn
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o systems in the cases with small values\af Also, comparing

gy ‘ ‘ ‘ ‘ ‘ Figs. 6 and 7, it is found that the relative performance g4in o
Ps @ the HARQ, compared to open-loop communicatidd & 1),
> Miaﬁ; ofth:';‘gg”"" increases as the difference between the coherence times of
% 104 link, M=2, R=4 E the links increases, which is because more time diversity is
8 P=11dB o Simulation results exploited by the HARQ asv mcree}ses in (3). o
Y On the effect of HARQ retransmissions. Shown in Fig. 8 are
g =Analytical results based on CL the outage probability and the throughput of the RF-FSO sys-
310 tem for different maximum number of HARQ retransmission
roundsM . Here, the results are presented for the exponential
distribution of the FSO link, while the same trend is obsdrve
10 for the Gamma-Gamma and log-normal distributions of the

Number of channel raalizations of the FSO |ink3,5N FSO link as well. As demonstrated in the figures, the imple-
Figure 3. On the accuracy of the CLT-based approximatiorpdesntial mentation of HARQ leads to significant outage probability
distribution of the FSO link & — L oand M =) o overy gi\?;n bower, Teduction at moderate/high SNRs. On the other hand, the
the simulation results and the analytical results based henGLT-based HARQ is more useful, in terms of throughput, at low/moderate
approximation scheme are superimposed. SNRs. However, at high SNRs and with given rates, the effect
of HARQ on the throughput becomes negligible, because the
L ) _ _ ) data is decoded successfully in the first retransmissiavi(g)
realizations in the FSO link. Particularly, setting = 2 high probability (Fig. 8b). Finally, for different distritiions
and R = 4 npcu, the figure compares the outage probabiliyf ihe FSO link, the throughput increases with the maximum
obtained through simulations and the result calculateehfro, ,mper of retransmissiond, and the largest relative through-

(11) whenu ando are given by (4) and (5). As demonstrated, ,/outage probability improvement is observed when going
the CLT-based approximation accurately mimics the simulgy open-loop communication{ = 1) to the cases with a
tions, and the difference between the analytical and sitioula ,4vimum of M = 2 retransmissions.

results is negligible even for few number of channel realiza o the effect of initial code rate: Figure 9 shows the

tions N, such that the curves are superimposed (The saggo,ghput versus the initial code raie Here, the results of
results hold for the other PDFs, although not demonstrateghe figure are presented for the log-normal distributionhef t
Moreover, the outage probability decreases with incregsia  £5q jink, N = 100 and different SNRs. As observed, for small
number of channel realizations in the FSO liNk particularly \,5,es of R, the throughput increases with the rate (almost)

vv_hen Fhe_SNR inpreases. This is intuitively because more t"Ti‘nearIy, because with high probability the data is cofsect
diversity is exploited by the HARQ when the channel changggcoded in the first round. On the other hand, the outage

during the data transmission. probability increases and the throughput goes to zero fgela
On the bounding/approximation approaches of Lemmas 1-5:  values of R. Moreover, the figure indicates that the HARQ is
SettingR = 5 npcu andN = 50, Figs. 4-6 verify the tightness yseful, in terms of throughput, for large values of initialde
of the approximation/bounding schemes of Lemmas 1-5 fgite and the relative performance gain of the HARQ increases
the exponential, log-normal and Gamma-Gamma distribstiofith the SNR. Finally, depending on the SNR and the channel
of the FSO link, respectively. As it is observed, the anaiti PDFs, there may be a number of local optimum, in terms of
results of Lemmas 1, 2 and 4 mimic the exact results withroughput, for the initial rate.
very high accuracy. Also, Lemmas 3 and 5 properly upper- Comparison between the performance of the RF, the FSO
bound the outage probability and the tightness increasés Wind the RF-FSO based systems: In Fig. 10, we compare
the SNR and/or number of retransmission rounds. In thige outage probability in the systems using only the RF
way, according to Figs. 3-6, the CLT-based approximatiqihk, only the FSO link and the joint RF-FSO transmission
approaches of Lemmas 1-5 provide effective tools for thgtup. Here, the results are obtained for the exponentiRsPD
analytical investigation of the RF-FSO systems, if the dinkof the RF and FSO links, i.e.fg..(z) = Arre *F and
experience different coherence times. feso() = Aesoe 797, where Age and Agso follow normal-
Performance analysis in the cases with comparable coher- ized log-normal distributions. Also, to have a fair compari,
ence times of the RF and FSO links: Considering the Gamma- the transmission powers are set (Brg = P, Prso = 0),
Gamma distribution of the FSO link, Fig. 7 demonstrates th@kg = 0, Prso = P) and (Pre = £, Peso = £) in the cases
outage probability of the RF-FSO system in the cases withith only RF, only FSO and RF-FSO system, respectively,
N = 1 instantaneous channel realization of the FSO linkuch that the sum power remains the same in different cases.
during retransmissions. As demonstrated, the bounds 9f (29 As demonstrated, the RF-FSO link leads to substantially
(33) match the exact values derived via numerical analy$ess outage probability, compared to the cases with only the
of Pr(W,, < %) exactly in the cases witth/ = 1. Also, RF or the FSO link. For instance, with the initial rate =
the bounding/approximation methods of (29), (33) and (35)npcu, M = 2 retransmissions, and the outage probability
mimic the numerical results with high accuracy in the casé®—2, the joint RF-FSO based data transmission reduces the
with a maximum ofM = 2 retransmissions. Thus, the resultsequired power byi6 and4 dB, compared to the cases with
of Section Il1.B can be efficiently used to analyze the RF-FS@nly the RF or the FSO link, respectively. Intuitively, this
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Figure 4. Comparison between the numerical and appromagsults of Lemmas 1-5 in the cases with short coherence dinthe FSO link (exponential
distribution of the FSO link,R = 5, and N = 50).
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Figure 5. Comparison between the numerical and approamatsults of Lemmas 1-5 in the cases with short coherence dinthe FSO link (log-normal
distribution of the FSO link,R = 5, and N = 50).

because with the joint RF-FSO setup the diversity increase€On the effect of power allocation: Figure 1la shows the
and the RF (resp. the FSO) link compensates the effect of thetage probability for different power allocation scheraes
FSO (resp. RF) link, if it experiences poor channel condi&io PDFs of the FSO link. Also, Fig. 11b demonstrates the optimal
Also, the effect of the joint transmission increases witk thpower terms, derived numerically, that minimize the outage

number of retransmissions/SNRs (Fig. 10). Finally, witle thprobability. Here, the results are presented for the expiiale
parameter settings of Fig. 10, the HARQ-based FSO link wiind log-normal PDFs of the FSO linky = 20, M = 2,

M = 2 leads to lower outage probability compared to th& = 5 npcu, and different sum power8 = Prr + FPrso
open-loop RF-FSO system with no HARQ feedbatk & 1).

(note that the power termB, Prg and Prsp are presented in
Thus, selecting the best approach is not easy since thdaatecislB). As shown in the figures and in harmony with Lemma 6,
depends on several parameters such as complexity, conaineilaptive power allocation between the RF and FSO link has
issues and the considered quality-of-service requiresnent marginal effect on the outage probability (Fig. 11a). Foaim
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distribution of the FSO link,R = 5, and N = 50).
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Figure 8. 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.
ARe'S, Which is dual to the low SNR performance analysis,
the minimum outage probability is achieved by allocating lo
power to the RF link (see Lemma 7). However, the difference
between the optimal power terms of the RF and FSO links This paper studied the performance of RF-FSO systems
decreases with the total transmission power (Fig. 11b)sThin the cases with perfect CSI at the receivers. Considering
based on Lemma 6 and Fig. 11 (and also due to complexitydifferent relative coherence times for the RF and FSO links,
adaptive power allocation), for moderate/high SNRs uniforwe derived closed-form expressions for the message degodin
power allocation is recommended for HARQ-based RF-FS@obabilities, throughput, and outage probability of the-R
links. Finally, in harmony with intuitions, Fig. 11b indies FSO systems using HARQ. The results show that the joint
that, although the difference between the optimal powenger implementation of RF and FSO links leads to considerable
of the RF and FSO links is negligible, to minimize the outagdéroughput and outage probability improvement, compaoed t
probability, higher power should be assigned to the linkhwitthe cases utilizing either the RF or the FSO link separately.
better long-term channel quality. Moreover, adaptive power allocation improves the perfor-

V. CONCLUSION
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Figure 10. Comparison between the performance of the RFF8€@, and the > a,-
RF-FSO based systems. In all cases, the RF and the FSO lialsipposed Z % (U(Jc — 00,1) — U(4ab€, z)) ,
to follow fep(2) = Arre™*RF® and fargo (@) = Arsce ~*FSO% where Agr e 2'81(4ab)_ 1
and Agso follow normalized log-normal distributionsR = 5 npcu, N = N 1
100) Uz, i) = =175
(" =33
b1 i\’
(2 (a;r 1 %) (F(a—l—b— — —i)log(x)
B
—1 (4F—S'bom)F(a+b— 1, m))

mance of RF-FSO based systems, while at high SNRs the- IR oF (a +b— % —d,a+b— % -1

optimal, in terms of throughput/outage probability, povedr

location converges to uniform power allocation, indepenige ca—+b+ 1 i,a+b+ 1_ i _\/3_5) ) )
of the links channel conditions. Block error rate analydis o 2 2

the RF-FSO links in the presence of finite-length codewords (43)
is an interesting extension of the work presented in thi®papHere, (o) is obtained by two integration parts where in the first
Here, the results of [49] can be of great help. (resp. second) integration we use the approximation (48p(r
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_ (og()—=)?

and fopgo(z) = \/%m 262 with Apso=1, 0 =1, andw = 0 (R = 5 npcu, M = 2, and N = 20).

log(1 + z) ~ log(z) and (41)) for small (resp. large) values Z
of «. Then,(p) comes from the variable transforabzr = u i187(4ab) = -
and the last equality follows from some manipulations ared th' 1
definition of Gamma incomplete function and the generalized () = mx
hypergeometric function F',,(.). Fso

Finally, using (43), the variance of the equivalent Gaussia( —2b(1 + Prsor) 4 F'5(1,1,1,1 — 6;2,2,2; 1 + Pesor)
variance in Gamma-Gamma distribution of the FSO link is
given byo? = p? — ;2 where +2b(1 + Prso) log(1 + Prsor) x

3F'2(1,1,1 = b;2,2;1 + Pesor)

+ ((—Prsor)? — 1) log?(1 + P,:gor)),

(H(4abg, i) — H(x — 00,1)),

p2 = / 1Og2(1 + PFSOx)fGFso(x)dx
0
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(44)



with the (in)equalities following the same procedure aghB)(
Finally, note that in (43) and (44) the approximation is tigh

for different values oft > 0. Then, the appropriate value of[zz]

¢ is determined numerically such that the difference between

23]

the exact and the approximate probabilities is minimized.
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