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Abstract—This work investigates multi-hop serial relaying half- data queues) that can temporarily store information packet
duplex (HD) networks comprising one source, one destinatio yntil the links are available for transmission. This featur
and K decode-and-forward (DF) relays. Buffer-aided (BA) relays - 5 15ed for an additional degree of freedom that allows to

are considered where finite size buffers are added to relays. itigate ch [ fadi d h h h lialaifit
For this setup, we propose a novel BA relaying strategy that mitigate channel fading and, hence, enhance the reiypiof

selects the node that must transmit over one epoch in a block COmmunications at the expense of introducing queuing delay
fading environment. Selecting a node depends on the buffetate  [5], [6]. The existing literature focused primarily on therfor-

information of all relays and on the availability of the hops. mance of parallel half-duplex (HD) DF BA relaying networks
Moreover, the proposed relaying scheme is controlled by an iy the main problem of relay selection in these systems

adjustable parameter that allows the system to achieve muifile . .
levels of tradeoff between the average packet delay (APD) dn [7]-[11]. For such networks, one of th€ neighboring relays

the outage probability (OP). A Markov chain model is adopted IS selected to relay the information from S to D involving
to evaluate the system’'s performance and simple closed-for a source-to-relay transmission phase and a subsequeyt rela

expressions were derived for the APD and OP based on an to-destination transmission phase. Enabling data bufieait
asymptotic analysis. The performance analysis proves thebdity ha relays implies that the two transmission phases can take

of the suggested relaying scheme to achieve significant OP can | ¢ tive fi lots. A h th |
APD gains with small buffer sizes. Two variants of the proposd ~P'ac€ OVEr tWo non-consecutive imeé siots. AS such, thg/rela

relaying scheme are particularly appealing. The APD-prioitizing ~ S€lection protocol revolves around selecting a singleyreda
variant achieves the smallest APD oRK without improving the  either receive (from S) or transmit (to D) over a certain time

diversity order. The second OP-prioritizing variant reaches the slot. The policy regulating the relay selection can be eithe
full diversity order of K+ 1 while increasing the asymptotic APD based solely on the channel state information (CSI) as adopt
to K(K +3). in [7], [8] or on both the CSI and buffer state information (BS
_Index Terms—Serial relaying, multi-hop, Markov chain, diver-  as jn [9]-[11]. For the latter category of protocols, the iams
sity order, buffer, optimization, data queue, queuing delg, outage ¢ hackets stored in the relays’ buffers are included in etayr
probability, performance analysis, cooperative networks . . .
selection process thus improving the system performance by
avoiding the congestion and starvation of the buffers.
. INTRODUCTION Relaying the information serially through relays involves
In the literature, there is an increasing interest in stagyi (K +1)-hop transmissions where the information packets from
cooperative relaying because of its promising ability tolevi S are transmitted successively from one relay to anothélr unt
the coverage of wireless networks [1]. In scenarios whetieey reach D. While the research on BA parallel relaying
the direct communications between a source node (S) asdextensive, BA serial relaying was less investigated i@ th
destination node (D) are highly unreliable because of esices literature [12]-[19]. Denote the relays by R..., Rk, the
path-loss, serial relaying techniques can be implemerdedsource by R and the destination by R, 1. The serial relaying
enhance the network connectivity. Consequently, sigmals f procedure revolves around selecting which link, among the
S to D propagate through a number of shorter hops/links thit + 1 links Ry-Ri1, ..., Rx-Rx41, must be chosen for
are less prone to signal degradation. In this context, rholti  activation in each time slot where the transmission is &ahit
communication constitutes an attractive solution thateen to a single HD node in order to avoid interferentax-link
recently investigated in several practical systems irnlyd selection was analyzed in [12]-[14] where the link with the
Internet-of-Things (IoT), internet of vehicles, sat@litmil- highest instantaneous signal-to-noise ratio (SNR) iscsade
itary systems and unmanned aerial vehicle (UAV) [2], [3IThe selection is limited to the set of available links where
Either regenerative decode-and-forward (DF) relayingar-n the link R._;-R; is available when the buffer at;R; is
regenerative amplify-and-forward (AF) relaying can belieap not empty, i.e. has at least one packet of information to be
mented at the cooperating relays. For both relaying tectesig transmitted, and the buffer at,Rs not full, i.e. can accept
the end-to-end outage performance is mostly dependeneon i least one packet. In [12], it was possible to derive a
weakest of all hops; i.e. the hop that suffers from the highdewer-bound on the bit error rate (BER) by loosening the
outage probability [4]. aforementioned availability constraint and assuming that
Relaying techniques evolved from buffer-free (BF) to buffe relays buffers have an infinite size and that each relay is
aided (BA) relaying where relays are equipped with buffer (@lways able to transmit a packet. The derived lower-boursd ha
_ _ _ a diversity order of{ + 1 under independent and identically
~ The authors are with the Department of Electrical and Coamﬁngme_er? distributed Rayleigh fading with the same path-loss asstime
ing of the Lebanese American University (LAU), Byblos, Laba. (e-mails:
sawsan.elzahr@lau.edu and chadi.abourjeily@lau.gdu.lb along all hops. In [13], the BER and outage probability of the



max-link scheme were analyzed. Results proved that the fttle maximum diversity order ok + 1 with finite-size buffers
diversity order of K + 1 is exclusively achievable with infinite whose storage capacity does not exceed five packets. (ii):
buffer sizes while practical finite-size buffers can achievAchieving acceptable levels of the queuing delays that do no
only a fraction of this maximum diversity order. A Markovincrease with the buffer size. (iii): Achieving multipleviels of
chain (MC) analysis was used to evaluate the outage amddeoff between the average packet delay (APD) and outage
delay performance of thenax-link scheme in [14]. Results probability (OP) by including a variable parameter in theli
are consistent with [13] where large buffer sizes are ne¢aledselection process. Unlike thmaax-link scheme [12]-[14] where
extract the maximum diversity advantage from the undeglyinncreasing the buffer size improves the diversity orderhat t
network. Moreover, results showed that the asymptoticamgeer drawback of increasing the APD, such compromises on the
delay increases with the buffer size. As such, keeping tleydebuffer size are not needed for the proposed scheme that can
at acceptable levels incurs the implementation of buffate wreap the full capabilities of the multi-hop network with yer
small sizes at the relays which, in turn, reduces the diggersemall buffer sizes. As such, the proposed scheme relaxes the
gain that can be reaped from the BA system. The outageported need to deploy very large buffer sizes at the redys
performance of themax-link scheme was improved in [15]a serial system by relaxing the full dependence of the exgsti
assuming the absence of inter-relay-interference (IRRis T relaying protocols on the strengths of the hops as in [12]-
strict assumption holds if perfect IRI cancellation techugs [16]. We adopt a MC analysis to evaluate the performance
are implemented or if highly-directive antennas are degdioy of the proposed scheme and to study the effect of buffer size
Neglecting the IRI, the relaying protocol in [15] allows filve L, number of relaysk’ and algorithm-controlling parameter
simultaneous transmissions along two hops that are sdlecteon the triad of APD, OP and diversity order. Since the
from two groups out of the total number of three groups itotal number of states of the MC increases exponentiallii wit
which the hops are partitioned. As in tmeax-link scheme, K, we also present an asymptotic analysis that focuses on
the instantaneous SNR controls the selection of a node. the most probable states for large values of the SNR. The
HD BA DF serial relaying was tackled in [16] with infinite asymptotic analysis yields accurate closed-form expoassi
buffer sizes. The authors in [16] targeted the maximizatiamf the asymptotic APD and OP over Rayleigh block fading
of the average rate for a communication session extendgthnnels. From this asymptotic analysis, conclusionstatheu
over an infinite number of fading blocks in a block fadingelection of the values of and L are reached.
environment. The implementation of the relaying protocol The contributions of this research paper are clarified in
in [16] necessitates the availability of perfect instaet@us three-fold:

CSI at each transmitting node (source or relay) so that this. we suggest a novel relaying scheme for HD BA DF
node adapts its transmission rate to the underlying channel multi-hop communications.

conditions where Gaussian codebooks are employed. As in We analyze the proposed scheme in a theoretical frame-
[12]-[15], the relaying protocol in [16] is based solely dret work using a MC formulation.

CSI where the transmission modes are related to the rates We derive closed-form ana|ytica| expressions for the
that can be achieved over the different hops. While [12]}H16  APD, OP and diversity order.

considered HD relaying, full-duplex (FD) serial relayin@sv s paper is structured as follows. The system model and

considered in [17]-[19] where the relays can transmit anfle rejaying strategy are presented in Section 1. The perfo
receive at the same time and in the same frequency bapg,ce analysis of the proposed relaying scheme is detailed
FD BA DF two-hop relaying was considered in [17] wherey, section 111 including an asymptotic analysis and some
in a way that is analogous to [16], the relaying protocQlhseryations about the system design. Section IV preseats t
revolved around maximizing the transmission rate Over afmerical results and a demonstration of the main features o

infinite number of time slots based on the instantaneous SN{ﬁg system. Finally, Section V presents a conclusion of the
along the two constituent hops. The buffer at the relay | ’

assumed to be sufficiently large so that the incoming data
can always be stored with no overflow. FD BA DF serial
relaying was also studied in [18] and [19] in the context _
of millimeter-wave (mm-wave) and free-space optical (FSd) Basic Parameters
communications, respectively. While the self-interfereiSI) The system consists of a serial relaying network that in-
impairment was taken into consideration in [16], SI and IRlolves K + 2 nodes comprisings< relay nodes denoted by
can be neglected for mm-wave and FSO communications silRg. . ., R, a source node S and a destination node D. Because
the mm-wave and laser beams are highly directive. As sudf, possible long distances between S and D, the assumption
the relaying protocols in [18], [19] take into consideratihat of no direct link between S and D is valid and, consequently,
concurrent transmissions can take place along all hopsein th packet is transmitted from S to D iR + 1 hops through
absence of interference. the relays R to R as depicted in Fig. 1. We denote S and

In this paper, we suggest a novel BA relaying protocol fdd by Ry, and R¢.1, respectively, and we assume that each
serial HD communications with any number of DF relays. Theslay R, can transmit a packet to the next relay,R (if any).
proposed strategy improves on the existing schemes [1&]-[1Ve assume that each node is equipped with only one antenna
by including the buffer state in the link selection procédsis and that all nodes are HD which implies that simultaneous
approach results in the following advantages. (i): Achigvi transmission and reception is impossible.

er.

Il. SYSTEM MODEL AND RELAYING STRATEGY
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Fig. 1. System Model

The considered system model has the potential of broad- Consider the last hop betweenc:Rand D. The linkK +1
ening the network coverage and maintaining high spectral is unavailable if the buffer B is empty (no packet can
efficiency. The dissection of large communication distance  be communicated to D) or the channet D is in outage
into multi-hops allows to mitigate the fading effects and to  (that is with probabilitypg 1).
reduce the outage when the transmitter's energy is limited.e Consider an intermediate hop between Rand R,. The
Practical examples include unmanned aerial vehicle (UAV) link k, fork =2,..., K, is unavailable if the buffer Bis
relaying networks where multiple UAVs are employed as relay  full or the buffer By _; is empty or the channel between
nodes to forward information packets from a source to a Rj;_; and R; is in outage (that is with probability;).
destination [20]. Multi-hop relaying is critical for suctppli-  Consequently, the unavailability probabilitiég; } < ' can
cations in order to minimize the delays and improve the systeye expressed as:
reliability. Other applications include wireless backliag of
fifth generation (5G) small cells where a Macro cell Base qi(l1,...,lx) =pr + (1 —pi)X
Station (MBS) needs to send packets to a far Small cell Base 11, k=1
Station (SBS). In this case, closer SBSs will forward pazket 5 i _5 5 b9 K. @)
sequentially in short range hops until these packets rdaeh t | “x-1=0 T %=L = i1 =0%h=L> e
target SBS [21]. Ol =0, k=K+1.

In what follows, we assume a Rayleigh block fading channglheres;s is either equal td if the statemenf is true or equal
and we indicate by, the channel coefficient of thé-th to 0 if S is false.
link between nodes R, and R, for k =1,...,. K +1 as
presenteq in Fig. 1. The c_hanngl qoeﬁicients are circ_ular@{ Buffer State Based Relaying Strategy
symmetric complex Gaussian distributed random variables . )
with zero mean and variances. We denote the variances by/© réap the maximum performance gains from the under-
Qy, for the k-th link. Finally, all links experience an additivelying serial system, the proposed relaying strategy will be

white Gaussian noise (AWGN) that has zero mean and uRAsed on the availabilities of th& 4 1 links as well as Fhe
variance. buffers’ states captured by the vectér, . .., [x) representing

current number of packets stored in fiebuffers B, . . .,
k. At each time interval, the relaying strategy determines
m;a link & that must be activated as follows:

Each link is considered in outage when its correspondi
channel capacity is lower than the targeted ratéin bits per
channel use (BPCU)). Consequently, the outage probabil

along thek-th link is calculated as: fi = arg max{A,}, ©)
k€L
1 2(K+1)r071 . ) ) .
P = Pr{—log2(1 +he]?) < 7’0} —1-¢ @5 , denoting that, in the corresponding time slot; R must
K+1 transmit and R must receive. In (3)£, C {1,..., K + 1}

_ L .(1) denotes the set of links that are available @agddenotes the
where 7 denotes the average transmit signal-to-noise ratio

(SNR). In (1), the division byK + 1 is introduced since the We'%ht thlat S assigned t?] link for k = 1, L ’rf.{ * Lk is based
communication of a packet from S to D is performediint 1 The relaying strategy that we propose in this work is base

on defining the weight§ A}, "' as in (4).

time slots.
It is assumed that each relay is equipped with one buffer of Ap_d S k=1, 4)
finite size L, which allows for temporarily storing the packets T lesr, k=2, K+1.

until better channel quality is available. We denote lbye_ The rationale behind (4) is as follows. In the goal of avoid-
{0, ..., L} the actual amount of stored packets present in trmeg the excessive queuing of the packets at the relays’ iuffe
buffer By at Rk f(_)_r k= 1""_’_K‘ o which negatively impacts the queuing delay, the proposed
The unavallablllt)_/ probability of thé-th link is denoted by strategy corresponds to the selection of the relay whogerbuf
qx- Three cases arise: is storing the highest number of packets at the transmitting
o Consider the first hop between S and.Rhe link 1 node. Evidently, the selection is limited among the relays
is judged unavailable if the buffer \Bis full (cannot whose links with the subsequent relay (or D) is availableesin
accommodate for an incoming packet) or the channel 8therwise, no packet can be successfully communicatedalon
R; is in outage (that is with probability, ). the link that must be activated. While the weight associated



with each one of theé( relays is determined from the number Fork = K, ...,0, r, andi; can be determined recursively
of packets stored in this relay’s finite-size buffer, a disti as follows:

weight s is assigned to S (i.e. link 1). Note that the source e = max{Aj415p41, "hp1}
is assumed to be equipped with an infinite size buffer and to k1. ApsiSios > ror: (5)
be fully backlogged, i.e., it always has enough information i :{ i ) OtlFl—g}'V\fi;—é Rl

+1 .

packets to be transmitted. These assumptions are common
in the open literature on BA relaying [7]-[19]. It is worthwhererx 1 =0, ix+1 = 0, Ay is given in (4) ands; = 0
highlighting that any link that is not in outage will ensuteet (resp.s, = 1) if link k is in outage (resp. not in outage). Note
delivery of a packet from the transmitting node to the reiogiv that, Aiyisk11 = 0 if either Ay, = 0 (i.e. the buffer at
node. In other words, if a link is stronger than another linRk iS empty) ors,,1 = 0 (i.e. the linkk + 1 over which R,
while both links are not in outage, then there is no addd@nsmits is in outage). In both cases, link 1 is unavailable
value in activating the stronger link since, in both casks, tand it cannot be selected as the best candidate link. Finally
objective of successfully transmitting the dequeued paiske %0 = 0 means that allK” + 1 hops are unavailable and the
realized. As such, referring to (1), there is no need to ihelu Network is in outage.

the explicit value of the link capacity in the link selection Comparing the signaling overhead with that of the parallel-
process as long as this capacity is above the threshold.vallfiaying BA scheme in [11]:

The nonzero parametes will be restricted to the set - [N the downlink (from relays to S), the proposed scheme
{1,...,L} to have comparable values with the buffer lengths ~ r€quires the transmission éf messages of lengiih, =
l,...,lx. As will be highlighted later, the parameteihas a [logy (K + 1)(L + 1))] in K consecutive time slots
major impact on the achievable diversity orders and queuing SNC€ {(rk,ix)} iy C {0,..., L} x {0,2,.... K +1}.
delays and the subsequent performance analysis will stigges Similarly, the scheme in [11] necessitates the transnmissio
convenient options for selecting this parameter. Finaly3), of K messages ovek’ time slots but now the length of
in case multiple links share the same maximum weight, the ©aCh message i = [log,(4(L +1))| where the factor
highest order link (i.e. the closest link to D) will be sekedt four captures the joint availabilities of the links $-Bnd
This selection will accelerate the arrival of packets at @,an ~ Rr-D. Note that, even with parallel-relayings distinct
thus, will contribute to reducing the average packet delay. signaling time slots are needed since figelays cannot

transmit simultaneously in order to avoid interference.

In the uplink (from S to relays)X’ messages of length

u1 = [logy(K +2)] must be transmitted oveK time
slots to inform the relays which one of th€ +1 hops
must be activated (in addition to the option that all nodes
must remain idle). For [11], one message of length=

[log, (2K +1)] can be broadcasted from S to inform all
relays on the node to be selected (if any) and on whether
the selected relay should transmit or receive.

Given that each node in multi-hop networks can communi-
cate only with the preceding and subsequent nodes, thelsigna”
ing protocol in such networks differs from that implemented
in parallel-relaying networks where S (or D) can broadcast
signaling information to all relays. However, for the prepd
relaying scheme, the decision on the link to be selected ean b
implemented in an advantageously simple sequential manner
In fact, instead of collecting all buffer state and chanrnates

information and sharing it with a central node that makes . . L
a decision on the selected link, every relay can make such, except for the incapability of broadcasting in any

intermediate decision on whether this relay or the subsﬁqug]UIti'hOp network, the signaling overhegds of the pr_oposed
relay (if any) is better suited for transmission. The intediate scheme and_ [_11] are <_:omparab|e especially for practical sys
decision along with the corresponding recursive weightloan tems comprising a limited number of relays

shared with the previous relay sequentially until the Sligiga The proposed scheme is appealing from a signaling-

information reaches S that makes the final decision on tﬂgerhead point of view fo_r the following_reasons. (1): The
selected link as follows: proposed scheme can be implemented with small buffer sizes

which limits the portion of the signaling overhead pertagi

- Starting from Ry, relay R. performs the following tasks to the buffer state information. In particular, we prove fre t
for k = K,...,1. (i): It generates the recursive weighthext section that there is no need to deploy buffers whose
r, and the index, of the link that is the best candidatesizes exceed five. As such, an immaterial numbeti0& 6
so far. (ii): It shares the metridsy, ix) with the previous bits in the downlink can accommodate a network with up to
relay R;_1. nine relays. Therefore, the cost of collecting the buffatest

- After K signaling time slots, S (relaydRreceiveqry,i1) information is not overwhelming. (2): The signaling ovesle
and generates the metri¢s), ip). The integerip will be needs to indicate simply whether the links are in outage or
equal to the index of the best link in (3). not through the variable;, in (5). Moreover, this variable can

- The indexiy then needs to be shared with therelays be further multiplied by the weight ;. since there is no need
over K additional signaling time slots. Starting fromto report the number of stored packets if the corresponding
Ry, relay R, shares the value ofy with Ryi; for link is in outage since this link will not be selected. As such
k=0,...,K —1. unlike the benchmarknax-link scheme in [14], the proposed

- Consequently, all nodesoR..,Rx have acquired the scheme does not include the actual values of the path gains
index of the best link and the corresponding node (if any[)‘zk}kKjll in the decision-making process. In fact, feeding
can initiate the data transmission. back the K + 1 gains results in excessively long signaling



messages if the real-valued path gains are to be quantifellbwing from (2). The steady state probabilities alloweth
with a sulfficiently high level of accuracy. In this contexttjs the calculation of the outage probability as follows::
worth highlighting that the signaling of th@ax-link scheme L L K41
can be implemented sequentially as well. While the numberof 5 p Z Z H (i Ix) @)

= s iy s .
messages and the length of each message in the uplink remains foli Pt i K
the same as compared to our proposed scheme, the length of ) , o )
each one of thék messages in the downlink must increase 1h€ queuing at the relays’ buffers will imply a delay in-
from d; = [logy((K + 1)(L + 1))] to [log,((K + 1)M)] the arrival of the packets to D. The average packet delay is
where M is the number of quantization levels that exceedg'mulated following from [14] and Little’s law [22]:
L+ 1 (whose maximum value is 6 with the proposed scheme) K+OP+ (K +1)L
by several orders of magnitude. APD = T—op ; 9)

11=0 k=0

where the terny. is denoting the average queue length of the
Ill. PERFORMANCEANALYSIS buffers and is obtained as follows:

A. Generalities

L L K

We will adopt a Markov Chain (MC) analysis to study the L z;) le::Om““"lK l; i
behavior of the BA serial relaying system where the featafes ] S ]
interest are the outage probability (OP) and the averageepac Itis Wprth highlighting that the presented MC analysis tsold
delay (APD). We define a state as the mixture of the curreif multi-hop networks with any numbei > 1 relays. For
amount of stored packets in all buffers and will be denoted [$jn9!e-hop networks (i.ek” = 0), the MC framework is not
(1,15, ..., 1x). The number of states in this MC i€ + 1)% needed since the network comprises only one link with no
in total sincel, € {0,...,L} for k =1,..., K. In this work, relays’ buffers.
we consider a finite buffer size that yields a finite-state MC.
This choice is motivated by the fact that infinite-size brdfe B. Sate Transition Matrix

are not practical since all storage devices have a finiteaiigpa In what follows, the unavailability probabilities in (2) Wi

Moreover, as will be discussed in Section 11I-D, we provet th . S !
. : . e written asg;, for simplicity. We will denote the state by
the proposed BA relaying scheme is capable of extracting the

full capabilities of the cooperative network with bufferming e:v\(lilll’dé'n’ég ),tl':zz—fhetrc?v]:/ a:)llf ;ﬁf}? f}g |:d(£r117t|t .;n];t}risnd

a finite size of five. As such, the use of infinite-size buffers’“.l_he self transition at anv staleof the MC oc)::urs onl' it

and finite-size buffers with, > 5 is not justified since such . . ) y y
all links are unavailable:

options do not enhance the asymptotic performance gains.

(10)

K+1

The transition probability of going from the state
(li,...,lx) to the state (I},...,l%) is denoted by =[] o (1)
(la,. i) (1. 1) - THe transition matrix of size(L+1)¥ x _ k=1 .
(L+1)X describes the evolution between the states. (Thg- To transit to another state, at least one link should be
th element ofT is given by: activated. Denote by, the probability of activating the link

k for k = 1,..., K + 1. This probability is mapped to the

T = Bl o) (U e l) 5 transition probabilities as follows:

(6)

. / Vi .

Z—m(ll,...,lK)7 ]—‘)‘((ll,...,lK)7 tl,l+eka k:L

wherej = N(l4,...,lx) is the one-to-one function relating ar = { Mltep—er1r» k=2,..., K, (12)
the integerj € {1,...,(L+1)X} and the statély, ..., lx) € thlcer 1) k=K+1.

{0,..., L} and is expressed ap= 1+, lx(L+1)5F.

We denote byr, ;. the steady-state probability of the A link k is selected to be activated if it is available and its
S weight Ay is the highest among all other available links:

system being in the stat€l,...,lx). These steady-state
probabilities are calculated as follows [7]:
—(T+B-1)"'b @ O I—a) > [H(l - qz‘)] I | Qkx
= B ’ KAk} Liek JEA\{RIUK

(13)
where the sell comprises the indices of the links, other than
the link &, that are available. In (13)Qx x designates the
probability thatA, is greater than A, for all &/ € K. We

wherer is a(L+1)%-dimensional vector and itsth element
is equal tom;, ., with j =M(l1,...,lx). In (7), B andI
are two matrices of sizéL + 1)X x (L + 1)¥ that denote

the all-one matrix and the identity matrix, respectivélyis a emphasize on the concept lafger A, that considers the tie

i K
ve_<|:_t;)r with (L + B) . elzmegts_all equal toll._f £ breaking rule following from the numbering of links based on
e system is defined to be in outage only if none ofits .\ . jistances from S. As suchys x = [T cxc Q. Where

1 links can be activated, that is no packets can be transmit " ; .
' + denotes the probability thak, is greater than A/ :
along any of these links. Hence, for a given stdie. .., k) ték’k P y L F

an outage occurs with the probabilifyf; " ¢ (I, . .., 1x) Qi = O <kOn,>A, + Owskda,sa, ; K #k, (14)



K+1 K+1 K+1
ar=0-q) | [[ e+ Y. (-a) I @@
i=1,ik ki=1 k1 2k G=1,jk, j2kn
K+1 K+1 K+1
+ 0> (1= qr,)(1 — qrs) 11 @ | Qiky Qiojhy + (15)
k1=1,k1#k ka=k1+1,ka#k j=1,j#k,j#k1,j#ka
K41 K41 (- g) K41 (1— )
ar = (1 —qx) H ai| |1+ Z Qg |1+ Z ——Qk ks
i=1,ik kel hitk Ik komkst 1 katk k2
K41 (- gi)
14+... |1+ Z e e Q. kx , (16)
ki

kx=kx _1+1,kx#k

since, forA, = Ay, it is preferred to activate the link that is(7) where there is an exponential increase of the number of

farther from S that is having the higher index.

states with the number of relays. As such, we next resort to

Equation (13) can be developed as (15) on the top of the asymptotic analysis that holgs> 1. This analysis yields
page that further simplifies into (16) on the top of the pagetractable closed-form expressions of the APD and OP in the

Equation (16) can be implemented recursively resulting
the following expression:

K+1

[T a0+ fAko0)

i=1,i#k

ar = (1 — qx) (17)

asymptotic regime and allows to draw useful conclusion &bou
the system performance.

The (L + 1)X states of the state spa&= {0,..., L} ¥
will no longer be considered in the steady-state probabilit
calculations, instead, the asymptotic analysis will foonsa
subsetS. of S where this subset comprises a much smaller

where f,.(-,-,-) is the recursive function that can be derivedumber of states and where the MC isdnwith a probability

using algorithm 1.

Function: f.(),k,a)
Data: Y C A, ke {l,...,K+1} and
a€d{0,...,K+1};

Result: Sum;

initialization: Sum = 0;

if a+1>|Y| then

| return O

end

for m=a+1:|Y| do
k" = Y (m-th element of))
if k' # k then
‘ Sum = Sum + %Qkﬂk/ 1+ fr (Y, k,m)]
end

end
Algorithm 1: Recursive functiory,. (Y, k, a)

C. Asymptotic Analysis

Using (17) to evaluate the transition probabilities in (12)

then stacking these probabilities in the state transiti@trion
to determine the steady-state probabilities in (7) doeyietd
tractable expressions of the OP and APD especially wikien

and/or L are large. This observation follows from (i): the

complexity of the recursive function in (17), (ii): the larg
number of states that can a statieansit to according to (12)
and (iii): the need to invert &L + 1)X x (L + 1)X matrix in

tending to one asymptotically. In other words;, s m —
1 whilem — 0V 1¢S. for ¥y > 1 where the steady-
state probabilities satisfy (7). The s8&t is called the closed
subset where the probability of exiting this set tends tm zer
asymptotically:

ty =0V 1eS.,1¢8.. (18)

The performed asymptotic analysis shows that the closed
subsetS. and the corresponding steady-state probabilities
depend on the weight of link 1 in (4). In particular, the
casesl < s < L, s =1 ands = L need to be considered
separately. For the sake of notational simplicity, thedielhg
definitions of some states that depend on the paramedee
introduced:

s’ =(s—1,...,s—1),
sgl)—(s—l—l,s—l,...,s—l)7
Sgl):(s—l,...,s—l,s—Q),
s =(s—1,....s—1,5,5—1,...,s—1),
, , (19)
n—1 times K—n times
(3):(S,S—1,...,5—1,8,8—1,...,8—1),
n—1 times K—n—1 times
sgfl):(s—1,...,5—1,5,3—1,...,5—1,5—2),
n—1 times K—n—1 times
withn=1,..., K for s$?> andn=1,..., K-1 for (s;3>,s$:*>).



1) Casel: 1<s< L: since these terms are small for large values of the SNR. It is
Propositionl: For 1 < s < L, the closed subset comprise®bvious that the probabilities in (21) add up to one. The same

3K + 1 states as follows: holds for the probabilities in (23) and the probabilitieg25).
@ @ AssumingL > 5 and replacing (21), (23) and (25) in (8)
Se={s,’ ;s n=123U{s;,’) ; n=1,...,K} implies the expressions of the asymptotic OP provided i) (26

U {5513)’5514) ;n=1,...,K -1}, (20) on the top of the next page.
It is worth highlighting that the asymptotically-dominant

where the corresponding steady-state probabilities arengi g5te5 in (19) comprise the buffer lengths 2, s — 1, s and

by: s+1. Therefore, the cases=2,s =1,s = L ands = L—1
- -5y need to be considered separately in the OP derivations. In
s K41 fact, for s € {1,2} (resp.s € {L — 1, L}) some buffers are
Teh = Ifjl empty (resp. full) and, hence, cannot transmit (re_sp. ye¢ei
T packets. In this context, only the ca®e< s < L — 1 implies
S3 K1 (21) that the unavailability probabilities in (2) satisfy, = py for

= LXiame forp=1,. k=1,..., K+1 forall states in (19) that determine the closed

7TS£12) = K+1 5 cey
St subset. As an illustration, for = 2, the link K + 1 is always
— =2 — . . .
T = S, forn=1,.0 K -1 unavailable for the states i, = {s{",s\¥,... s’ } in
T () = 74 forn=1,...,K — 1. (20). Therefore, the product of the unavailability probities
s\ 41 ’ ’ . . e K+1 K
in (8) simplifies to [, ax = [[,_,px for the states

Proof: The above proposition is proved in Appendix A.in S, and to Hklel G = HkK:-Q—ll »e otherwise. As such,

the asymptotic OP can be written &Pasymp = (1 —

2) Case 2: s =1: K+1 K . . e
Proposition2: For s = 1, the closed subset compriseks + Zlehsu m) ch:jl i+ ies, ™) Hk:ftl Pr WT'Ch S'mrf’“f'es g
1 elements: to the second expression in (26) after replacing the steady-
' state probabilities by their values from (21) and observivay
K
S.={sM:n=12u{s?;:n=1,... K} 2ies, M= g1 T (K =gy = g1

3) The asymptotic OP expressions in (26) yield the diversity
Uisy’ s n=1....K—-1} (22) order of the BA relaying system. The value of the diversity

with the following steady-state probabilities: order can be extracted from the Gfp€urve on a log-log scale
as the negative slope of this curve. Asymptotically, thedpii

K+1
T ) = 1;_%%;‘{;’1’“ of n terms among(py,...,px+1} scales ag~" (given that
- b po each outage probability in (1) scales as') generating a
sV T K+1-Kps (23) diversity order ofn. Consequently, the system’s diversity order
@ :%, forn=1,....K d is found to be:
WS<3>=%, forn=1,...,K —1. L, s=1
i _ _ _ d={K+1, 1<s<L;, (27)
Proof: The details of the proof are presented in Appendix
B. u K, s= L.
3 Case3: s = L: implying that the choicd < s < L is the most appealing for

Proposition3: For s = L, the 3K-element closed subsetmayimizing the diversity order.
along with the steady state probabilities are presenteaibel  Fq; the asymptotic APD derivations, the outage probaiiti
K+1 i ; ;
5. — {s(l),s(l)} Us? n—1.. K} {p,?},?:1 ~can be ignored in evaluating t_he steady-state prob-
173 n abilities in (21), (23) and (25). In fact, it was observedttha
U{s®,sM;n=1,...,K 1}, (24) this approach yields to a simple asymptotic APD expression

that is highly accurate. Setting = ... = px4+1 = 0 in (21),
ke (23) and (25) resuI'Fs iﬂrsgm =T == T = K%rl
T = Kkijf'pk for all values ofs while other steady-state probaff)llmes can be
. o ignored. Therefore, the average queue length in (10) islequa
sy’ KA to L = A5 K(s— 1)+ £5(K (s — 1) + 1) following from
o = i forn=1,...,K (25) the definitions of the states;” ands{’ in (19). Replacing
Sl ¢ B K this value of L in (9) while ignoring OP that is very small
Te@® = TK+1 orn=1..,K-1 asymptotically implies the below expression of the asyripto
T = Bk, forn=1,...,K —1. APD that holds for all values of:
. Proof: The details of the proof are presented in Appendix APDpsymp = 2K + (s — 1)K (K +1). (28)
[ |

In (21), (23) and (25), the terms comprising the product afplying that the choices = 1 is the most appealing for
two or more outage probabilities amofig; } £, are ignored minimizing the queuing delay.



1— Z S E
Y enE o f{;ikp + Zn 1 K+1k f{ﬁfplpnﬂ + mplm + Zn o B 2;();)1 P1P2Pny1, S=1
K K+1 K
{1_K—Zﬁ)-ll}nk 1 Pk"'Kill Hk:lpka s=2
[T i, 2<s<L—1
K+1 K+1
O Pasymp = { KH}I—L 1Pt i e i s=L-1
K41 K+1 K K41
1+p1—2k 3 Pk Hp_+zl—zzzlpk H ’;
K+1 L1 K+1 417
=1 = i= 11;671 _7
n+1 Dk K+1 " +p2 S = L.
2.k=3 Pk
+ Z K+1 H pi + Z H Di,
1=2,i#n i=1,i#n

(26)

Equation (28) demonstrates that the asymptotic APD ieq. (44) in [11]) since a larger number of balance equations
creases as the number of relaisis increasing where the involving a larger number of variables need to be solveds Thi
delay is accumulated as the information packets move fraaso results in more complicated asymptotic OP expressions
one relay’s buffer to the buffer of the next relay. Howevegs can be observed by comparing (26) with eq. (45) in [11].
unlike the max-link scheme in [14], the asymptotic APD is
independ_ent of the buffer sizé hig_hlighting_ on the im_por- D. Conclusions about the design of the BA relaying scheme
tance of including the buffer state information in the rétay

strategy where the proposed relaying scheme revolves droun0llowing from (26)-(28), we can reach the following

avoiding the congestion of the relays’ buffers conclusions pertaining to the values of the weiglaind buffer

size L.

The MC framework constitutes the broad mathematical -
tool to analyze queues [5], [7]-[11], [14], [15], [19]. The
particularities of the underlying network and the impleteeh
relaying strategy render the MC analysis different from one
system to another. It is worth highlighting that the dynasmic -
of the buffers in serial-relaying systems are more comisita
compared to parallel-relaying systems as in [11]. In fact,
for parallel-relaying, each packet is queued in one and only
one relay buffer before being delivered to D. However, for -
serial-relaying, the packets move from one buffer to anothe
and, hence, each packet will be sequentially queued in all
relays’ buffers before reaching D. Therefore, the traositi
probabilities derived in this paper differ substantiallprh
those presented in [11]. The role of the source node S also
differs substantially between [11] and the current work. A
main challenge in the MC analysis performed in this paper
resides in quantifying the role of S via a parametethat -
was introduced in the link selection protocol in (4). As such
S has to compete with the relays for transmitting unlike -
[11]. As demonstrated in the presented performance asalysi
the parameter impacts the closed subset and, hence, three
variants of the asymptotic analysis need to be carried out
depending on the value of. Unlike [11] where the closed
subset contained only four states for any number of reldys -
the asymptotic MC analysis presented in this paper is more
challenging for the following reasons. (i): The number atss
in the closed subset is not constant since it depends on the
parameters. (ii): The number of states in the closed subset
is relatively large and increases with the number of relays
As such, identifying the closed subset is much more difficult
Moreover, it is tougher to reach the asymptotic steadyestat
probabilities in equations (21), (23) and (25) (as compaoed

There is no interest in selecting> 3. From (28), such
large values ofs penalize the APD while not presenting
any advantage in terms of the diversity order as can be
observed from (27).

The values{1, 2, 3} all constitute valid options for the
parametes thus allowing the proposed relaying scheme
to achieve different levels of tradeoff between APD and
OP.

Setting s to 1 is the best choice if the most critical
performance metric of a given application is the delay.
Consequently, this will guarantee the minimal asymptotic
APD value of2K at the drawback of a minimal diversity
order of1. In this case, all values af > 3 result in the
same levels of the asymptotic APD and OP and, hence,
there is no need to deploy buffer sizes exceeding 3 when
s =1.

Settings to {2, 3} constitute the best choices in case the
outage is set to be the most critical performance metric.
Setting s to 2 permits to reach the maximum diversity
order of K + 1 but with an asymptotic APD of{ (K +

3). In this case, the OP and APD performance does not
improve by increasing. above 4 and, hence, settifig—

4 presents the best choice wheris fixed to 2.

Settings to 3 permits to achieve the maximum diversity
order of K + 1 as well. However, comparing the choices
s = 3 ands = 2, the former choice incurs an increase
in the asymptotic APD value t@K (K + 2) with the
advantage of reducing the asymptotic OP following from
the second and third expressions in (26). Therefore,
increasings from 2 to 3 maintains the same maximum
diversity order with the disadvantage of increasing the
delay by K(K + 1) and the advantage of a coding



Q1
s = 3, the buffer size ofL = 5 is sufficient to reap

all the performance gains in the asymptotic regime. |
fact, the derivations in Section IlI-C demonstrated the ;51 |
the probability of having more than five packets store
in any buffer tends to zero asymptotically. As such, thel
is no need to deploy buffers that can store more than fi
packets. Note that the delay-loss increases itivhile
the coding gain decreases wifki rendering the choice
s = 2 more adequate to serial relaying systems with
large number of relays.

- Even though finite-size buffers were assumed in th
work, the analysis presented in Section 1lI-C withe
{1,2,3} holds for infinite-size buffers as well. In fact, 1071
the finite set of recurrent states in (19) will shape th
asymptotic steady-state distribution of the MC even wit 15 20 25 30
an infinite number of states since all remaining states w SNR (dB)
be transient.

gain of 25 log, (1 + &5 ”K“) decibels. Finally, for
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Fig. 2. OP with K = 3 and L = 8. Dashed lines, solid lines with
IV. NUMERICAL RESULTS hollow markers and solid lines correspond to the simulattbroretical and
asymptotic values, respectively.
We next provide some numerical results supporting the

theoretical expressions and conclusions derived in theéqus
sections. In what followsy is fixed to 1 BPCU in (1). In
addition, we define thg K + 1)-dimensional vector2 as
Q = [Q,...,Qk+1] capturing the strengths of thE + 1
hops. 8014
Fig. 2 and Fig. 3 present the curves of OP and API
respectively, for a network of three relays with = 8
and Q = [4,4.5,5,4.5]. The results in these two figures 60 1
demonstrate the accuracy of the asymptotic analysis and
validity of the formulated OP and APD asymptotic expressiot
in (26) and (28), respectively. In fact, for all values ©fthe
asymptotic and the exact OP and APD curves are perfec OO0 0 O-E-F-E- -3
matched for average-to-large values of SNR. Furthermbee,
theoretical MC analysis that was performed is proved to |
valid since the curves of theoretical OP and APD, from (¢

APD

40

Whibs

20 1 C-e-e-6-6-6-—06-6-6-6-6

and (9) respectively, are perfectly matched with their nucag 0 | | | | | |
counterparts that were generated by Monte Carlo simulstio 5 10 Sle(dB) 20 25 30
Consequently, we can deduce the following observatiois. (.

The choices = 1 leads to the hlgheSt OP and IOWeSr:ig. 3. APD with K = 3 and L = 8. Dashed lines, solid lines with

APD. In fact, assigning a small weight to link 1 privilegesollow markers and solid lines correspond to the simulattoeoretical and
the transmissions from relays with non-empty buffers whictsymptotic values, respectively.

positively contributes towards reducing the queuing delay

(ii): The choicess = 2, s = 3 ands = L — 1 satisfy the

condition1 < s < L and, hence, all achieve the maximum Fig. 4 and Fig. 5 make a comparison between the proposed
diversity order of K 4+ 1 following from (27). This results scheme and thenax-link scheme [14] at a SNR of 35 dB

in comparable OP performance where the corresponding @Rh L = 5 and L = 10. These figures show the variations
curves are the steepest as can be observed from Fig.oRthe OP and APD, respectively, as function of the number
However, from Fig. 3, increasing the valuesleads to higher of relays K for @ = [3,...,3]. For the proposed scheme,
APD values in coherence with (28). Among the above choicese consider the values of in {1,2,3} that constitute the
the values = 3 results in the smallest OP as predicted fromalid values for this parameter following from Section DI-
(26); however, the coding gain with respect to the case BEesults in Fig. 4 and Fig. 5 validate equations (26) and (28),
s = 2 is small (around 0.65 dB) and does not justify theespectively, demonstrating that the asymptotic perfoicea
increase in the asymptotic APD from 18 to 30. (iii): Selegtinof the proposed scheme is independentlofas long as

s = Lresults in a higher OP and a higher APD than the case bf > 5. In fact, the OP and APD curves of the proposed
1 < s < L and, consequently, this choice does not present asgheme pertaining to the casés= 5 and L = 10 overlap
advantage. As a conclusion, the above observations validadr all values of s highlighting that the proposed scheme
the findings reported in Section IlI-D. can be advantageously associated with a small buffer size of
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Fig. 5. Asymptotic APD of themax-link scheme and the proposed scheme

for different values ofK.

solely on the values of the links’ strengths. Moreover, the
five. This observation does not hold for th@x-link scheme inclusion of the parametes in the link selection process
where small buffer sizes present a small diversity order afgesents an additional degree of freedom that can optirhize t
full diversity is only reached with infinite buffer sizes [[14 performance. From Fig. 4 and Fig. 5, the proposed scheme
Similarly, the max-link scheme admits an asymptotic APDWith s = 1 results in a delay that is severally smaller than
of K + LY X '(K — i) that depends or.. As such, for that of themax-link scheme at the expense of an increase in
the max-link scheme, increasing the value bffor enhancing the OP since the choice= 1 does not present any diversity
the diversity order will result in increasing the APD and gain. On the counterpart, the proposed scheme with{2, 3}
full diversity order (achievable witl. — co) will incur an outperforms themax-link scheme in both the OP and APD
infinitely large delay. However, for the proposed scheme, tiperformance for all values ok and L. For example, for
full diversity order of K +1 can be achieved with a finite buffers = 2, K = 4 andL = 10, implementing the proposed scheme
size of five while keeping the APD bounded f6(K + 3) instigates sharp reductions in the APD frdii to 28 and in
and 2K (K + 2) for s = 2 and s = 3, respectively. Fig. 4 the OP from around(0~° to around10~'* as compared to
and Fig. 5 demonstrate that the proposed scheme outperfotigsmax-link scheme.
the max-link scheme for all values of<. This superiority  Fig. 6 and Fig. 7 compare between the proposed scheme
stems from including the buffer state information in theklinand themax-link scheme [14]. We added the gerformance of

selection algorithm unlike [14] where this selection deggen a buffer-free system whose OP is given by ijll(l — k)



11

where this system is not in outage only when all hops areFor example O(1/3 — p1 + 2p2 + ---) = 0 and O(p? +

not in outage. In these figures, we consider a 5-relay netwqrkpops+- - - ) = 2. From (30), it follows thaOD(pp’) = O(p)+
with L = 5 and @ = [4.5,4,3.75,5,4.5,4.5]. Results in O(p’) andO(p + p’) = min{O(p), O(p’)}.

Fig. 6 and Fig. 7 demonstrate the capability of the proposedThe asymptotic analysis that we carry out in this appendix
scheme to achieve a wide range of OP and APD levels, oméyan order-1 analysis where all probabilities whose asgptigpt
by controlling the value ofs. It can be seen that the besbrders exceed 1 are ignored. In fact, for asymptotic SNR
OP performance is achieved with= 3 and the best APD values,p, < 1 for k = 1,..., K + 1 implying that the
performance is found fos = 1. The ability of the proposed terms involving the product of two or more elements of
relaying scheme in reaching the full diversity order wite= 2 {p1,...,px+1} can be ignored.

and s = 3 manifests in the significant improvements in the First, we demonstrate that the s&t in (20) is closed by
OP where the performance gains exceed 10 dB at an OPpodving that the corresponding transition probabilitiaisy
10~5 as compared to thenax-link scheme. The superiority (18). A key element in the proof is to further partition the se
in terms of the APD performance manifest clearly in Fig. 7S, into two subsetsS. ; andS. » such thatS, = S. 1 U S 2
Finally, while both the buffer-free systems and the progosand (fork € {1,..., K 4+ 1}):

scheme withs = 1 achieve the same diversity order of 1, the , .
t { 1 - pk’ ]' e Sc,ly
LI =

latter scheme results in OP improvements as can be observed1 € S, ; : » Ves
k> c,2-

from Fig. 6. From Fig. 7, these improvements are associated )
with an APD value that converges B = 10 as the SNR . 1=k VESeiUSe;
) V1eS.o: 11 , , (32)
increases. For buffer-free systems on the other hand, & dela Dk, I'¢ SeqUSe,s.

of K'+1 =6 is incurred for an information packet to traversgyhere all transition probabilities whose asymptotic osder

(31)

the K + 1 hops between S and D i + 1 time slots. exceed one were ignored.
Proposition4: For the subsetsS, ; andS, » satisfying (31)-
V. CONCLUSION (32), the asymptotic orders of the steady-state probessilif
In this paper, we suggested a novel BA relaying stratedfye corresponding states satisfy the relation in (33):
for serial-relaying HD networks for any number of relays. O(m) =0, 1€8.1;
The priority of transmitting from a relay was captured by O(m)=1, 1€ 8072; . (33)
the current amount of packets stored in its buffer while the O(m)>2, 1¢ 3071 US. 9.

priority of transmitting from the source was quantified by ) o i
a variable parametes. Through an appropriate asymptotic Proof: We will prove th.at (33) satisfies the asymptotic
analysis that limited the Markov chain evaluation to a mate  ©rders of all balance equations. For any sthtéhe balance
number of dominant states, we related the diversity ord&duation at steady-state is generalized as follows:

outage probability and queuing delay to the parametdihis . _ Z tyamy + Z ty 1y + Z tyamy (34)
analysis was culminated by suggesting convenient choites o
the parametes and the buffer sizel.. Advantageously, the )
delay does not increase with and small buffer sizes not implying that:
exceeding 5 are sufficient to achieve the ultimate perfooaan

gains of the network. These advantages constitute the mai . .
. : %?Zm) =min ¢ min {O(ty 1)+ O(mr)},
improvements of the suggested scheme with respect to VESe) ~—2F  ———

IeS.y VESe2 V¢Se1USe. 2

benchmark schemes in the literature. 20 =
APPENDIXA llmin {O(t1/71)—|—0(7T1/)}, , min {O(t1/71)+0(71'1/)}
For convenience, we introduce the following definition of 00 o 1 i >0 Y
the asymptotic order of a probability that can be writtenhes t ’ (35)
weighted sum of terms involving the product of 0 K0+ 1 A
elements of{pi,...,px1}. For a probabilityp that can be = min {O1(m), Oz(m), Os(m)}, (36)
expressed as: where the asymptotic orders from (33) were replaced in (35).
K41 (i): Forl € 8.1, 01 = 0 and o, = 0 following from (31) and
p= Z .. Z Ciriresn H pin, (29) (32), respectively. Consequenty; (m;) = 0, Oz2(m) = 1 and
120 410 n=1 Os(m) > 2 implying from (36) thatO(m) = 0 thus proving

the first relation in (33). (ii): Fod € S; 2, 01 = 1 andoy =

where {c;,...ix,, } are constants, then the asymptotic ord(ﬁ following from (31) and (32), respectively. Consequently,

of p is defined as: O1(m) =1, O2(m) = 1 and O3(m) > 2 implying from (36)
O(p) = min that O(m) = 1 thus proving the second relation in (33). (iii):

1120 - igy1>0 Forl ¢ S.1US, 2, 01 > 2 ando, = 1 following from (31) and

K+1 K+1 (32), respectively. Consequentty; (m) > 2, Oz(m) = 2 and

{Z in | Cipyoigsr =0V Z in < O(p)} (30) Os(m) > 2 implying from (36) thatO(m;) = 2 thus proving

n=1 n=1 the third relation in (33). u
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Fig. 8. Closed Subset far < s < L.

Lemmal: For the subsetS, ; andS, » satisfying (31)-(32), and, hence, will be omitted for the sake of brevity. (i): For
the setS, = S.1 U S, 2 is closed asymptotically. sll =(s—-1,....,s=1), Ay =sandAy = --- = Ag 1 =
Proof: Forl ¢ S, = S.1 U S.2, O(m) > 2 from (33) s — 1 implying that preference is given for transmission from
implying that the steady-state probability can be ignored S. In this case, if link 1 is not in outage (with probability
when carrying out the order-1 asymptotic analysis. Theeefol — p,), there will a transmission of a packet from S tQ R
the MC is always in one of the states §f asymptotically which implies an increase in the number of packets stored

implying that this set is closed. B in the buffer of R by 1 thus moving to the stats” —
Lemma2: For the order-1 asymptotic analysis, the transitiofs, s — 1,...,s — 1). If link 1 is in outage (with probability
probabilities in (32) can be approximated by: p1) and since, = - -- = A g 1, the priority will be given for
/ . the transmission along the link with the highest ind€xt 1
V1eES,,: oy ~ 1, | NS 8671 USC_Q, (37) X A X X .
¢,2 , 0, '¢S1US.0. according to the tie breaking rule adopted in the relaying

i o ) protocol. Therefore, with probability; (1 — pxy1) =~ p1, @

_Proof: Slr_1ce the trans_ltlons frorﬁc__g to states out5|d§_c packet will be transmitted from R to D implying that the

are ignored since the sét is asymptotically closed following n1c will move to the statesgl) —(s—1,....,5—1,5—2). If
from lemma 1, therp,. can be approximated by 0 in (32).ink 1 1is in outage, the subsequent transition probabilities

In fact, the inclusion of the probability;, in the transitions will involve the multiplicative termp: px 11 implying that such

appearing in (32) will only yield to terms whose asymptotigsyms can be neglected in the order-1 asymptotic analyiis. (
orders exceed two and, hence, can be ignored. " oors® withn = 2. K—1), A, = A 1 = s while

P_roposition5: The fqllowing supsets of the s&. in (20) Ao = - = Ay = Apyo = - = Agy1 = s — 1. As
satisfy the conditions in (31)-(32): such, priority will be given for transmission along link+ 1
Ser ={sYu{s® ;n=1,... K} followed by link 1 if the linkn+1 is in outage. Therefore, with

robability1 — p,,..1, a packet will be transmitted from,Ro
Sea=1{si) s n=23 s sV s n=1,... K -1} pRnH imp?;/inglt)h;t the I?mmber of packets stored ip Rill be
(38) reduced by 1 while the number of packets stored in Rwill
Proof: We first prove the condition in (31). Ignoringrise by 1, thus incurring a transition to the stafg/,. On the
the terms involving the product of two or more elements @fther hand, with probability,,1(1 — p1) ~ p,+1, @ packet
{pr},! asymptotically, the non-zero transition probabilitiesvill be transmitted from S to Rthus incurring a transition to
from elements ofS. ; in (38) are: the states'” . Other transition probabilities will involve the
termp,1p1 and, hence, can be ignored for large values of the

t =1- . =1- . e 27
sV s p1 2 sV P (39) SNR. As a conclusion, the transition probabilities in (389
b g =1=pnp1, n=1,.. LK -1, satisfy the condition in (31).

Next, we prove the condition in (32). For elementsSf,

and: in (38), the transitions that are confineddh = S;1 U S; 2
ts<11> s =P tsgw s = P2 occur with the following probabilities:
’ ’ (40)
tsg),sgl =pPnt1, n=2,..., K, to s = 1—p2; b s = 1—p1

where the proof of (39) and (40) follows directly from the  t@ (@ =1—Prs1 ; tw o =1-pk

relaying strateg(){)ln (3) ((423 We will next provide the proof —, © © _ Cpia =1, K -2 (41)
for the statess;”’ ands;’ for n = 2,...,K — 1. The SnsSp i1
proof for other states irS.; follows in a similar manner tw @ =1l=ppp,n=1...,K-2

m Pn41
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sgz )=(s,s-1,..-,s-1j_- cZ)-(at-:l. S, ,3-1) e

/--_-I|P1 : 3 Lpa \\

\
G i -(s+1 s- 1. s 1] . (3) —[s S, s—l) \l
1 m'(n-l. s 1}
) I P | ?;l/ — -
&8 )-{s Led, ,a-1) &, ‘(s,s—!. . ,s-u - 1Py
| 1 (z) —(s 1..5-1,s.. 3-1]
£ ) sz /' T
B = 3 ;13)-(3 5-1,08-1,5,00,5- 1] o /i
-{551, ,s-la} — s -(ss-l, o 5,8 1) 1 //
i B >
e g T "

. e i
5154 -3=(..1,;-1,..,g_)_..- 7 s%_’_x_=(n-1,..,s,f-!.l__ o

Fig. 9. Closed Subset for = 1.

while the transitions leading to states outsifleoccur with subsetS. are given by:
the following probabilities:

s (1 (1 —pK+1)7T (2) + 7 (4) (43)
T = (1 —p)m o + 7 o (44)
1 1 K—1
7T5512) = (1 —pn)ﬂ'sgll , n= 2, ceey K (45)
be s ey P2 5 T o o tep TP Tsfh = P2g® (46)
t O oD eijey =PKAL t oo ey =PK Ty® = P3my@) + T (47)
K-1SK-17017e2 M (42) — =2 K-1 (48)
L@ (@ g e, = Pnt2 s n=1,.. K =2 T TPl T o 1 S
t (4) 5(4)+e1 =DPn+1, = 11 R K — 21 ngl) B plﬂ-s(ll) (49)
7Ts§4) = Ws§’1) (50)
7TS(4) :71'5(4) 5 TL:2,...,K—1. (51)
n n—1

Solving the relation), s m = 1 along with the above
where (41)-(42) follow directly from the relaying strategy balance equations, generates the expressions of the steady
(3)-(4). As an illustration, we will provide the proof foreh state probabilities presented in (21).
states!” with n = 1,..., K — 2 and the proof for other
states ofS, , will follow in a similar manner. For the state

Jwithn=1,...,K —2), Ay = Ay = A,» = s while
Ay = s—1fork # 1,2,n42implying that the highest priority  The case of = 1 differs from the casé < s < L presented
is to transmit along the link + 2 followed by the link 2 (in in Appendix A by the elimination of the state$’ ands!
case the linkz + 2 is in outage). Therefore, with probabilityfor n = 1,..., K — 1 since these states do not exist for= 1
1 — pnt2, Ry transmits and Ry receives resulting in the (sinces — 2 becomes negative in this case). Removing these
transition s$;°’ — 5513) —€pt1 T epy2 = Sffﬁ)rl. Ignoring the states from (20) results in the closed subset provided i (22
outage of more than one link asymptotically, with probapili The closed subset is now as presented in Fig. 9 that is olitaine
Pnt2, Ri transmits and Rreceives resulting in the transitionby removing the above mentioneld states from the state
s = s —e; +e;, ¢ S.. As a conclusion, the transitiondiagram in Fig. 8.
probabilities in (41)-(42) satisfy the condition in (32). m Consequently, in the balance equations (43)-(51), equstio
(49)-(51) must be removed while equation (43) must be
Therefore, the union of the sets in (38) is closed asymptogplaced by:
ically following from lemma 1 and the transition probabédi

APPENDIXB

in (41) and (42) can be approximated by 1 and 0, respectively, T = (1 = pri1)T 2 + P17 ). (52)
following from lemma 2. This results in the simplified closed ' K '
state diagram illustrated in Fig. 8. Solving (44)-(48) and (52) along with the relation

>les, ™ = 1 generates the steady-state probabilities pre-
From Fig. 8, the3K + 1 balance equations in the closedsented in (23).
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Fig. 10. Closed Subset for= L.

APPENDIXC

The case ofs = L differs from the casel < s < L
presented in Appendix A by the elimination of the stateo]
sgl) = (s+1,s—1,...,s — 1) sinces + 1 exceeds the
buffer size L for s = L. As such, the closed subset in (20},
reduces to the one given in (24). The reduced state diagram
for s = L is illustrated in Fig. 10 where a transition carhl]
occur from s§2> to s§4) with probability p,. In fact, in the
statesf) =(s,s—1,...,s—1), the highest priority is given
for transmission along link 2 followed by the transmissioft?!
along link K + 1 since the buffer at Ris full for s = L and
the link 1 is unavailable. Consequently, equation (46) niest [13]
removed while equations (47) and (50) must be replaced by:

(54) [15]

Solving equations (43)-(45), (48)-(49), (51) and (53))(54
along with the relation) ;s m = 1 generates the steady-
state probabilities presented in (25).

(8]

7TS(13) = p37Ts(22)

7TS(14) = pgﬂ's(lz) + 7TS(31).

[16]
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