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Abstract—In this paper, a buffer-aided (BA) multiuser dual- A common approach for conceiving BA multiuser mixed
hop mixed radio frequency (RF)/ free space optical (FSO) RF/FSO systems consists of equipping the relay with a single
communication system is considered. For this setup, multip buffer in which the packets from all users are stored [10}] {1

RF users communicate with a single decode-and-forward (DF) . . - . Lo
relay with storage capabilities where the relay multiplexs the In this context, no quality-of-service (QoS) differenitat is

received packets along a FSO link. We analyze the scenarioimposed among the users that all experience the same OP
where the relay is equipped with multiple buffers and we propse and same delay. In this work, we propose an alternative
different strategies for unloading these buffers for the ske of approach for designing BA multiuser mixed RF/FSO systems.
generating the multiplexed FSO packet. Through a Markov chan - g anproach consists of equipping the relay with multiple
analysis, we highlight on the different levels of tradeoff letween . . - .

outage probability, queuing delay and quality-of-service(QoS) f|n|te_z size buffers _Where each one of these buffers is fully
differentiation that can be achieved by the proposed schense  dedicated to a particular RF user. We also suggest and cempar
different packet unloading strategies correspondingffergint

solutions for selecting the packets (to be multiplexedyrfro
the available buffers. This approach not only ensuresreiffe
QoS levels to different classes of users, but it also offassem
|. INTRODUCTION flexibility in the network design in the sense of achieving
different levels of tradeoff between OP and delay.

Dual-hop mixed radio frequency (RF)/ free space opti- The BA solution is not related to the popular caching
cal (FSO) communications emerged as a practical solutigfghnique in wireless networks. Caching reduces traffid lna
for future wireless networkg. The most common apphcatlc&pmiting the high degree of content reuse where, durifig of
corresponds to the scenario where a number of RF USgEuk periods, popular content is stored at wireless edgidaso
communicate with a relay node that multiplexes the usekge peak hour demands can be met with reduced latency [12].
information into a single high-speed line-of-sight (LOSS&  As such, wireless caching is an application-layer solutiat
link [1]. The literature on mixed RF/FSO communications i motivated by the fact that modern data traffic is dominated
exter!sive whether in the context of amplify-and-fqrwartFIA by videos with a large number of users requesting popular
relaying [2]-[4] or decode-and-forward (DF) relaying [She  yideos during peak hours. On the other hand, the considered
existing_ research revolves around studying the impact ef tha approach is a physical-layer solution that is not spetdfic
underlying FSO and RF channel models [2]-{5], channel stajgjeo applications. The BA solution targets enhancing tig: e
information availability [3] and RF interference [4]. to-end outage performance of each user’s dedicated traffic i

While the scenario of buffer-free (BF) relaying was consighe absence of content sharing. While the frequency of oachi
ered in [1]-[5], there has been a growing interest in buffefs in the order of hours [12], the shared queue in the BA system

aided (BA) relaying whether in the context of RF networks [6]s |oaded and unloaded several times every millisecond.
[7] or FSO networks [8]. Equipping the relays with buffers

contributes to reducing the outage probability (OP) of the
network at the expense of introducing queuing delays [6]-[8

A DF relay selection protocol with half-duplex RF relays was Consider a dual-hop mixed RF/FSO network whéfeRF
introduced in [6] and then enhanced in [7]. DF relaying praisers (denoted by;S...,Sx) communicate with an optical
tocols were also introduced and analyzed in [8] in the cdntedestination (D) through a BA relay (R). We assume that
of full-duplex FSO relaying. In addition to RF networks anéin orthogonal RF multiple access scheme is implemented.
FSO networks, BA relaying was also considered for networls practical application corresponds to cellular setups rehe
comprising both RF and FSO links in [9]-[11]. In [9], aeach RF user (source) is covered by a single base-station
single-user mixed FSO/RF scenario was considered where {R§ as highlighted in Fig. 1. The base-station multiplexes t
trajectory of the moving relay was optimized. Multiuser B data from the mobile users for the sake of backhauling to a
RF and hybrid RF/FSO relaying was studied in [10] and [1}lying platform, FSO gateway or the core network. If a user is
with infinite and finite buffer sizes, respectively. covered by more than one base-station (at the cell edges, for
example), a relay selection protocol needs to be implendente
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II. SYSTEM MODEL AND RELAYING STRATEGY



Buffer B We assume that capacity-achieving channel codes are used

data rates can be achieved along FSO IiF]st, therr 1. In
what follows, we assume thatl is an integer.

In this work, we consider a BA relay that is equipped
with K buffers of sizel. each where thé-th buffer, denoted
by By, is used to temporarily store the RF packets received
from the k-th user fork = 1,..., K. The relaying protocol
is as follows. If thek-th buffer is not full, thek-th user
proceeds with the transmission of a RF packet that, if destode
successfully, will be stored in this buffer. On the other dhan
if By is full, the packet will not be transmitted to R and it will
Fig. 1. Multiuser Mixed RF/FSO Relaying. be stored at the head of the queue atl8 its turn, R merges
M RF packets into a FSO packet that is transmitted to D

and D resides in the high data rates that can be realiZ¥gnd the optical link. Consequently, the relaying protaizes
along such optical links given the abundance of the opticaPt réauire any prior knowledge of the outage probabilities
spectrum (compared to the RF spectrum). Consequently, ¢ @nd (3) and, hence, can be implemented in real-time. We
data traffic from a large number of mobile usefg)(can be denote byl the number of packets stored in theth buffer
multiplexed along a single FSO link. Moreover, the opticdWith 0 < I < L) for k = 1,..., K. The packet unloading
spectrum is license-free which constitutes an additiosason Strategy corresponds to the method that IS adopted for the
why FSO links constitute a viable alternative to RF links>election of theM RF packets from the_,_, I, packets

Finally, FSO constitutes a cost-effective alternative pical Stored in thek” buffers. We assume that even if the number
fibers overcoming expensive installation. of stored packets is smaller thai, these packets can still

The destination is an intensity-modulation with directP® Multiplexed into a FSO packet by adding some redundant
detection (IM/DD) receiver that is corrupted by additiveitgh pack}e{ts. Consequently, the buffers will be completely éapt
Gaussian noise (AWGN). The FSO link R-D is in outage if th >_4—1 & < M and the R-D link is not in outage. Finally,
signal-to-noise ratio (SNRYeso falls below a threshold level the adopted BA relaying scheme prioritizes transmissiomfr
veso.m Needed to achieve the target bit rdteso. We adopt R which contributes to reducing the number of full buffers
a channel model that takes into account the combined effegftd: hence, increases the availability of the S-R links.
of path loss, gamma-gamma turbulence-induced scintifiati
and misalignment-induced fading [13]. For this FSO channel [11. PACKET UNLOADING STRATEGIES

model, the outage probability is given by [13]:
gep Y15 d y 23] We denote byt = (I4,...,lx) andl’ = (I1,...,1%) the K-

£ 31 [ ape? 12, £+ 1} . (1) dimensional vectors containing the numbers of packetegtor
D(@)T(B) = [(£2+1)Pu |€75 2, 5,0 in the K buffers before and after the transmission attempt

. . . from R, respectively. The following cases arise. (i): If the
A YFso . !
where Py = \/ 7Fsoin Is the power marginl'(-) is the Gamma transmission attempt from R is unsuccessful (i.e. the RaR li

function andG";"[-] is the Meijer G-function. The parameterss jn outage with probability), thenl’ = 1 since no packets

a and 5 of the gamma-gamma distribution depend on ey pe unloaded in this case. (ii): If the R-D link is not in
distanced between R and D and the refractive index structuggtage andL—:kK—l Iy < M, thenl’ = (0,...,0) since all stored

Input from D:l:l:- Multiplex ] ; X
ser-L(Si) N\, outputs o along the constituent RF and FSO links. If a decoding error
Input from Buffer B, 14\ FSO channel . . .
user2 (s;) —> [T [ HEM —¢»! — P is detected at the receiver, an outage event is declared alon
- i / FSO Link }/7\—\ the corresponding link and the received packet is dropped. W
nput from 1S N > . . . .
wserk (o9 — (LT ._’/ . denote byl the quantity given byl = Z£so. Since higher

i o

Input data
traffic from
the K RF users

q:

parameteC’; through the Rytov variance [13]. Finally: packets can be unloaded in this case irrespective of thei@diop
w w pa 3.2 packetll(mloading strategy. (iii): If the R-D link is not in tage
¢ = o [\/ﬁaerf<\/;w_z)] elf, (2) and} ,_,lx > M, thenl is determined according to the

implemented unloading strategy with the following relatio
wherea is the radius of the receiver, is the beam waist and holding for all unloading techniquengzl(l;c —I)=M.In

o, is the pointing error displacement standard deviation.  this section, we propose three packet unloading strategids
We denote by, the channel coefficient of the RF link.S we focus on the CaSEszl lp > M.

R. We adopt a Rayleigh block fading model whérg is a

circularly symmetric complex Gaussian random variabldwit

zero mean and varianée, for k = 1,..., K. The RF link is A. Strategy 1. Seq-B

in outage if the average SNfr falls below a threshold level ~ The first strategy corresponds to spanning the non-empty
Yrrih Needed to achieve the target bit ratgr. The outage puffers sequentiallydeq-B) and can be implemented as shown
probability along the link $-R can be determined from: in Algorithm 1. For example, il = (6,0,3,5) and M = 8,
thenl” = (3,0,0,3) implying that 3, 3 and 2 packets are
pr=1—exp (-

IRF th
) ;o k=1,... K (3)  unloaded from the heads of,BB3 and By, respectively.
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Data: 1 = (l1,...,lx) and M; IV. PERFORMANCEANALYSIS

Result: 1" = (I%,...,1%); . L .
initialization:(l’lz 1, ]\Z)el —0andk =0 A Markov chain analysis will be adopted for analyzing the

while M. < M do BA system. A state of the Markov chain corresponds to the
k=k mod K + 1; vectorl = (Iy,...,lx) resulting in a total of L + 1) states.
if 73, > 0 then
=1, —1; . -
Mser = Msa + 1, A. Transition Probabilities
end ) . " . .
end We first derive the transition probabilitsf, ;, of moving
Algorithm 1: The Seg-B unloading strategy. from the originating staté, to the new statd,,.

1) Case 1: Consider the casé = (0,...,0). Since all
buffers are empty, no FSO packet can be generated. Conse-
B. Strategy 2: Seq-U quently, the buffers will remain empty after the transnassi
This strategy spans the users sequentially resulting in REeMPt from R and the new occupancy of the buffers will be
highest priority to $, followed by S, . . .. In other words, the determined solely by the status of theRF links. This results
Seq-U strategy atter,npts to empty the buffer Brst followed in the following2® possible transitions depending on whether
by Bs then B;, . ... The flowchart of this strategy is shown inth€ X links S-R (for k =1,..., K) are in outage or not:
Algorithm 2. For example, il = (6,0,3,5) and M = 8, then lo=(0,...,0) > 1y = (di, ...,dx), (4)
I’ = (0,0,1,5) implying that 6 and 2 packets are unloaded
from the heads of the buffers,Band B;, respectively. In this Whered, € {0,1} for k = 1,..., K. The valued; = 0
case, no packets are unloaded from the buffesiBce)M =8  (resp.dx = 1) indicates that a packet was not delivered (resp.

packets were already selected before reaching this buffer. delivered) along the RF link ;SR. The probability of the
transition in (4) is equal tay, 1, = [[,_; Po(di) wWhere:

Data: 1 = (I1,...,lx) and M; » d = 0
Result:1' = (1,.. ., lk); Po(d _{ ks T k=1,...,K. (5
initialization: 1’ = 1, M, = 0 andk = 1; o(d) 1—pr, dp=1. ®)
Wh”i? ?,43;’ O<“J1\ano 2) Case 2: Consider the cask, # (0,...,0) and the R-
klg =1 — 1 D link is in outage. Despite the availability of a FSO packet,
Maep = Myop + 1; this packet can not be delivered to D. Consequently, theebuff
else _ occupancy remains equal ig after the transmission attempt
elnd =k+1 from R resulting in the following2® possible transitions:
endend lo= (1, lg) = ln=(11,...,1k) + (du,...,dk), (6)
Algorithm 2: The Seg-U unloading strategy. with the transition probability;, 1, = ¢ [+, P1(dx) where:
01, L + (L —1,.0)PK, dip =0;
Pi(dy) = ko ko 7
1( k) { (1 _ §lk,L)(1 _pk)7 dk =1. ( )

C. Strategy 3: Seg-W .
The third strategy spans the users sequentially startorg frwh,ere‘sivj stands for the Kronecker delta functiof { = 1

the worst user and ending by the best user. In this conteat, u% i =j andd;,; = 0 otherwise). In fact, when the buffer
S is judged to be in avorse condition compared to user,S ¥ is not full (i 7£_ L), a packet tran§m|tted from;.Scan

if the buffer of the former is more congested than the buffer ge accommod_ated in this buffer_. In_ th|_5 casg,, = 0 and

the latter; that is if,, > I,,. This strategy can be implemente 1(0) = px while Py (1) = 1 — py, indicating that the number
as shown in Algorithm 3 where the order of the users must 8& packets_ n 55. wil remaln.th.e same if the ;SR I|n.k 'S 1n
updated during each of the/ iterations. In other words, the outage while this numberwnl increase by 1 c_>t_herW|se. On the
Seg-W strategy strives to minimize the maximum number Oqther hand, w_hen _B is full (l.k = L), no ado_htl(_)nal packets
packets stored in th& buffers. For example, i = (6,0, 3, 5) can be stored in this buffer since the transmission alondrthe
and M = 8, thenl’ = (2,0,2,2). In this casemax{l'} = 2 D.“nk was not su_cce_ssfyl. In this casg, , = 1 andd; =0

for the Seq-W strategy whilemax{l'} = 3 and max{l'} = 5 with probability 1 indicating that the number of packetsretb

for the Seq-B and Seq-U strategies, respectively. in By, will remain the samelf +dj =1l =L).
Seq Sed g P y Finally, it is worth noting that some of the transitions ir) (6

Data: 1= (i1, ..., 1x) and M; occur with probability 0 for(lx,d;) = (L, 1) indicating that

Result: 1 = (15, ..., l%); the corresponding transition can not take place.
initialization: 1’ = 1; 3) Case 3: Consider the cask, # (0,...,0) and the R-D
for Meer =1,..., M do link is not in outage. In this case, the possibility of getiega

ki = argmaxp—i,.., k{lc}; FSO packet and the availability of the FSO link will imply tha
endlk =L the buffers will be unloaded during the transmission attemp

from R. Consequently, the following transitions are pogsib

o= (l1,...,lg) = ln= (14, ..., 1%) + (dv,....dk), (8)

Algorithm 3: The Seg-W unloading strategy.



where the value of the vectdr= (1},...,1%) is determined (I;,...,lx) following from any of the unloading strategies
according to the adopted unloading strategy. In fact, thégta discussed in Section Ill. In this casg,= I, (and Oy, = 1)
unloading strategies discussed in Section Il imply a oné@mplies that B, was not involved in the packet unloading
to-one relation betweefi,...,lx) and (l{,...,l%) where phase. (iii): B, is full (Iz = L). As in the previous case, no
(@4, %) =1(0,...,0) if ZkK lp < M while (4,...,1%) packetof g is transmitted along the R-D link with probability
can be determmed from algonthm 1, algorithm 2 or aIgonthrzﬁy &+ (1 =35, 17 )g. In this case, B remains full and, hence,
3if Zk 1> M. The probab|I|ty of the transition in (8) is no packet can be accommodated from 18gardless of the
equal toty, 1, = (1 — )szl P»(dy,) where Py(dy,) can be state of the RF link &R. Therefore, the OP of user, £an

determined from (7) by replacini with 7. be determined from:
L-1
B. Seady-Sate Probability Distribution Pk — wék)pk + Z Wl(k)pk (01,1, + (1= 81,7 )l
The transition probabilities will be stacked to form the+ =1 3
1)5 x (L + 1)¥ state transition matriA as follows: + a0 + (1= 6,0)d). (13)
Ay =ty (9) Following from the analysis presented in [7], the APD of
ser & can be calculated as follows:
where the functiomy(-) is used to number the states anal ® -
defines a one-to-one relation between the set of all possible DW — 14 2L® (14)
states{0, ..., L} and the set of integersl, ..., (L +1)X}: 1— Pk’
K where P(®) is given in (13) andL® = Y 17 is the
—k 1=0""1
P = (I, 1)) =1+ Z (L+ 178 (10) average queue length of buffey, B(14) follows from Little’s
k=1 law [7] where L(*) is the average number of stored packets
The matrixA is used to evaluate the steady-state probabilityhile 1 — P(*) is the effective arrival rate (in packets/sec). The
distribution vectorr as follows [6]-[8]: ratio between these latter quantities yields a delay inrsg%0
T (A-T+ B)_l b, (11) Finally, following from (13) and (14), the average OP and

average APD of the unloading schemes can be determined

wherel andB are (L +1)% x (L+1)X matrices denoting the from P,y = L3  P® and Dy = + 31, D™, re-

identity matrix and all-one matrix, respectively. Vectois the ~spectively. Moreover, we defin, = ming—; _x{P*} and

(L 4 1)¥ vector whose elements are all equal to 1. THe PR, = max;—; _x{P*®} as the OP of the best user and worst

element of the vector stands for the probability of having  user, respectively. SimilarIyDb = ming—; _ x{D®} and

packets stored in Bat steady-state fok = 1,..., K where Dy = max;—;._ x{D®}. For theSeq-B and Seq-U strate-

Y ((l,. .., 1)) = i. gies, (Py, Py) = (PW, P)) and (Dy, Dy) = (DM, DUO)
Following from the joint distribution in (11), the marginalsince the first packet to be unloaded is selected from buffer B

distribution of havingl packets stored in Bat steady-state following from algorithm 1 and algorithm 2. For theeg-W

can be determined as follows: scheme, anyone of th& users can manifest the best or worst
(L+1)% performance depending on the states of the RF links.
= ST w1, L ks L L)) = i (12)
i—1 V. NUMERICAL RESULTS
- Regarding the RF hop, we consid&r= 4 users withQ;, =
C. Outage Probability and Average Packet Delay 1fork =1,...,4. On the other hand, the FSO link R-D has a

We denote byP®) and D*) the outage probability (OP) length of 4 km. For this link, we fixC2 = 1.7 x 10714 m=2/3,
and average packet delay (APD) experienced byktle user o,/a = 3 andw./a = 10 reflecting the scenario of average
Si. These quantities will be determined from the probabilitgcintillation with average pointing errors. Finally, we fiX =
distribution derived in (12). 5 and Py; = 10 dB in (1) while we plot the OP and APD
User S suffers from outage if none of its packets cams a function of the RF SNRgr in (3). The buffers at R are
be transmitted along the,SR and R-D links. The following assumed to have a siZe= 5. We also show the performance
three cases arise. (i):xBis empty (., = 0). In this case, of the single-relay scheme in [11] with a buffer sizeféf. =
no packets of $ can be transmitted along the FSO link R20. In practice, whileM is fixed by the implemented RF and
D and this user will suffer from outage if the link,R is FSO technologies, the number of usdtsmight vary from
in outage with probabilitypy. (ii): By is neither empty nor one time to another. On the other hand, increadingduces
full (Ix = 1,...,L — 1). In this case, $ will suffer from the OP at the expense of increasing the APD.
outage if the link $-R is in outage and the link R-D is not The OP and APD are shown in Fig. 2 and Fig. 3, respec-
available. This latter scenario arises either if the paekéhe tively. The results highlight on the benefit of using buffers
head of B, is not selected to be unloaded or if this packeif size L at R rather than using a single buffer of si&&l.
was selected but the R-D link is in outage. Consequenthhile [11] manifests a slight OP enhancement at low SNR,
the corresponding outage probability can be expressed ths three proposed schemes outperform [11] in terms of OP
Pr[or, 17 + (1 =0y, 1 )g] where(l, ..., l%) is determined from and APD in the remaining SNR range. It is worth noting that
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Fig. 2. Outage Probability withik' = 4 users.

the APD increases withgrg in Fig. 3 since larger values of
~rr increase the arrival rate of packets at R, hence, increasi
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Fig. 3. Average Packet Delay with® = 4 users.
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