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Abstract—In this paper, we propose a novel relay selection
strategy for half-duplex decode-and-forward cooperative net-
works with an arbitrary number of buffer-aided (BA) relays.
Unlike most of the existing predetermined relaying protocts, the
proposed strategy is adjustable in the sense that it is comtled by
K threshold levels. A Markov chain (MC) analysis is adopted fo
evaluating the outage probability (OP) and average packet elay
(APD) of the proposed scheme. Through an asymptotic analysi
we highlight on the impact of the K controlling parameters on the
triad of OP, APD and diversity order that can be contemplated
While most of the existing schemes are designed to achievedik
APD and diversity order values, the proposed scheme can aahie
all diversity orders ranging from K to 2K while compromising
the asymptotic APD that will range from 2 to 2K + 2. We also
target the optimization of the buffer size and we prove that a
buffer size of three is sufficient for extracting the full capabilities
of the BA network. Simulations over Rayleigh fading channed
demonstrate the performance gains and the OP-APD tradeoffs
that can be attained.

Index Terms—Relaying, cooperative networks, relay selection,
buffer, data queue, performance analysis, Markov chain, otage
probability, queuing delay, diversity order, half-duplex, buffer
size, decode-and-forward.

|. INTRODUCTION

range of research topics including HD amplify-and-forward
(AF) relaying [4], HD decode-and-forward (DF) relaying {5]
[19], full-duplex (FD) BA relaying [20], BA relaying with
non-orthogonal multiple access (NOMA) [21], physical laye
security in BA relaying networks [22] and BA relaying for
optical wireless communications [23]. Single-relay BA DBH
relaying was considered in [5]—[7]. In [5], [6], the objai
was to maximize the throughput over a communication session
that extends over an infinite number of time slots while
ignoring the probability of buffer overflow. Finite buffevgere
considered in [7] where the performance evaluation rewblve
around the OP and APD.

The problem of relay selection in multi-relay BA DF HD
networks was considered in [8]-[19]. In what follows, we
denote byK the number of relays and b the buffer size
at each relay. Thenax-link scheme was suggested in [8] and
consists of selecting the strongest link among all avalabl
S-R and R-D links. Themax-link scheme achieves the full
diversity order of2K for infinitely large buffer sizes while
suffering from a high APD ofK'L + 1. In an attempt to
reduce the APD of thenax-link protocol, the scheme of [9]
selects a relay based on the strongest link as well whilegivi

The recent unparalleled increase of mobile data traffireference for the R-D links. Compared with [8], this led to

necessitates the development of spectrally-efficient iphis

a smaller asymptotic APD value of 2 which was realized at

layer techniques [1]. Among the fifth generation (5G) techhe expense of a reduction in the diversity order. A similar
nologies, buffer-aided (BA) cooperative relaying has tle prelay selection approach was presented in [10] attempting t

tential of improving the reliability as long as the introcuakc

equalize the buffer lengths at the relays. While the delag wa

queuing delays can be tolerated [2], [3]. BA cooperativienproved compared to theax-link scheme, the diversity order
relaying achieves diversity gains by taking advantage ef tfis equal toX as in buffer-free (BF) systems. A channel state
presence of a set of relays (R’s) between the source ndd®rmation (CSI) based relay selection protocol was psagb
(S) and the destination node (D). Equipping the relays with [11] where the priority was given to the S-R and R-D
buffers constitutes an additional degree of freedom sihee thops in odd and even time slots, respectively. For finitedsuff
information packets can be temporarily stored until theasnd sizes, the scheme in [11] slightly improves the diversityesr
lying channel conditions are more favorable. In half-duplecompared to thenax-link protocol.

(HD) BA cooperative networks, a key factor that influences Unlike [8]-[11] where the relay selection policy is based
the system performance is the relay selection strategys Tholely on the CSlI, the schemes in [12]-[17] include the buffe

strategy determines which relay is to transmit or receivtbiwi

state in the selection process. A balancing BA scheme was an-

a time slot, thus predominantly affecting the levels of geta alyzed in [12] targeting to keep the number of packets at each
probability (OP) and average packet delay (APD) that cdwffer the closest possible #/2 in symmetrical networks. A
be achieved. This paper tackles relay selection in HD Bgriority-basedmax-link scheme was proposed in [13] where
networks with an arbitrary number of relays. We introducthiree classes of priority were considered; namely relays wi
a novel relay selection protocol, and we study its impact dull, empty and neither full nor empty buffers. The diveysit

the OP, APD and diversity order.

order was also proven to be equal 2& for large values

The ubiquitous influence of the BA relaying technologpf L in the case of quasi-symmetrical networks. The scheme
manifests in the large number of studies that covered a brqadposed in [14] classifies the relays as in the transmission
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mode or the reception mode based on their actual queue length
After this classification, the protocol generates the dewis
on whether to transmit or receive based on the maximum and



minimum number of stored packets for the transmission apérformance of the system in a completely predictable nranne
reception modes, respectively. For symmetrical netwdties, We prove that the proposed relaying scheme is capable of
scheme in [14] achieves a diversity order2éf along with an achieving a diversity order ok + N and an asymptotic APD
improved asymptotic APD o2 K + 2 with finite buffer sizes. of 2N + 2 where the integeV depends on thé< threshold
A maximum-weight selection protocol was proposed in [13¢vels and can assume all values betwéemd K. The main
where a weight is assigned to each link while differentgtinchallenge in implementing the proposed BA relaying scheme
between S-R and R-D links. Similar to [14], the scheme in [15gsides in acquiring the CSI and the states of the buffers. In
achieves a full diversity order &K in symmetrical networks fact, the relaying protocol determines the relay that ndeds
for all buffer sizes exceeding two. In order to better tadkle receive or transmit based on the availability of all S-R and
situation where multiple links have the same weight, a rel&-D links as well as the numbers of packets stored in the
selection factor was introduced in [16] including the weigh relays’ buffers. As such, a central node needs to coordinate
the link as the first metric and the link quality as the secorte cooperation efforts in the network by gathering the abov
metric. This resulted in two schemes prioritizing either @P information, deciding about the relay that must be activate
or the APD. Two delay-aware relay selection policies welgvhether in reception or transmission modes) and thenrsiari
proposed in [17] based on the availability of the links anthis decision will all relays. This role can be played by any
buffer sizes. While one policy achieves an asymptotic APD obde in the network; in particular, by S or D for example.
4K — 1, the second policy reduces the delay2i@ + 1 at the The proposed BA solution is practical for 5G networks
expense of reducing the diversity order. where user coordination in dense environments is pivotal
While the BA relaying schemes in [8]-[17] are determinisfor meeting the capacity demands. In fact, 5G endorsed a
tic, probabilistic relay selection was considered in [18R]. methodical shift from base-station centric to user centric
In [18], after selecting the strongest available S-R link &#me  architectures where users are expected to participateriags,
strongest available R-D link, the system randomly chooseglaying, content delivery and computation within the rertw
one of the two links. For quasi-symmetrical networks, thigl]. In particular, relay selection plays a key role in de&vic
probabilistic scheme achieves the full diversity order2éf to-device (D2D) communications that have been recently
with infinite buffer sizes and allows to achieve differentdts proposed to increase the spectrum efficiency and network
of tradeoff between OP and APD. In [19], the protocol firstoverage. Moreover, as the node density increases in gttern
selects the S-R and R-D links with the smallest and largesft Things (IoT) networks, various devices can act as retays
numbers of packets in the corresponding buffers, respaytiv forward traffic from the end-nodes to the core network ané vic
Then, a random selection is made among these links accordwggsa. On the other hand, 5G systems are conceived as highly
to a probability distribution that takes into consideratiie flexible infrastructures that provide enhanced perforreanc
delay constraints. terms of latency, reliability and throughput while meeting
The main contributions of this work are as follows: diverse requirements from multiple services. In this ceite

. . the adjustability of the proposed relaying strategy resder
- Proposing a novel threshold based relay selection s¥ategitable for supporting multi-services since it can harttie

f[hat combines th? a_ldvantages OT both detgrm|n|st|c rel H’[erplay between delay and diversity. For applicatioke li

ing and probabilistic relaying with an arbitrary numbe(/ideo streaming, web browsing and file sharing, the threshol

of relays_. . o levels can be adjusted to achieve maximum reliability while
- Introducing the innovative idea of threshold based rela)o(- crificing the latency. For applications like gaming, ritm

ing. In this context, the relay selecFion depision is bas tomation and industrial private networks, the thre,srr@&d

on the relative values of the buffer sizes W'th re;pgdﬁto els can be adjusted to achieve minimum delay rendering the

reference threshold levels and not on the implicit Valu?ﬁoposed scheme suitable for such applications as longeas th

of thes_e buffer sizes as in [8]{19]. 8redetermined amount of delay can be tolerated.
- Analyzing the performance of the proposed scheme for

any network setup and deriving closed-form expressions
of the OP, APD and diversity order for large values of
the signal-to-noise ratio (SNR). A. Basic Parameters

- Proposi_ng adeq_uate_choices of the threshold Ievgls forconsider a cooperative network comprisig+ 2 nodes
cont_rolllng the diversity order and asymptotic APD in ari‘ncluding a source node S, a destination node D dsid
efficient manner. relay nodes denoted by;R. ., Rk. It is assumed that there

The proposed strategy constitutes the first known schefseno direct connection between S and D and, hence, S

that is capable of achieving different levels of tradeoffdmen communicates with D only through th€ neighboring relays.

OP and APD while avoiding any uncontrolled randomne$fle assume that the nodes are equipped with a single antenna
in the relay selection process. Unlike the deterministlayre each. We also assume that all nodes are half-duplex andghenc
selection schemes in [8]-[17] that can each achieve only ot@nnot transmit and receive simultaneously.

pair of diversity order and APD values, the proposed schemeDenote byh; andhj}, the channel coefficients of the §:R

can be adjusted to achiev¥é+ 1 such pairs of values. Unlike and R.-D links, respectively, fork = 1,..., K. A Rayleigh

the probabilistic schemes in [18], [19], the proposed saherblock fading channel model is assumed where the channel
can be fully controlled and geared towards improving thepefficients are assumed to be circularly symmetric complex

Il. SYSTEM MODEL AND RELAYING STRATEGY



Fig. 1. BA cooperative network witli{ relays. The relays are numbered in an ascending order aofdfances from S.

Gaussian distributed random variables with zero mean asidce no packet can be transmitted fromt& D if the buffer
average channel gain@, and Q; for the S-R, and R.-D By is empty.

links, respectively. We assume that the relays are numbered

an increasing order according to their distances from S Wigh 11,-echold-Based Relaying Srategy

R; (resp. R¢) being the closest (resp. farthest) relay from S
resulting in:Q; > --- > Q. Finally, all S-R and R-D links
are corrupted by an additive white Gaussian noise (AWG

with zero mean and unit variance. The system model is bet ,
depicted in Fig. 1. y R, is deemed to have large enough number of packets

A communication link is in outage if the correspondin@d: intuitively, transmission (Tx) is given preferenceeov
channel capacity falls below the target rate (in bits per reception (Rx) in an attempt to decrease the number of stored

channel use (BPCU)). As such, the outage probabilitiesganHaCkets at B and, h_ence, avoid the congestion of this buffer.
the S-R, and R.-D links are given by: On the other hand, if;, < i, the number of packets stored

o in By, is judged to be small and, hence, Bnters the Rx mode
pr = pr{l log, (1 + 7|hx|?) < 7,0} o e (1) since it hasenough room to accommodate for the incoming
2 packet. We define the paramet&y, as follows:

The relaying strategy is parameterized By threshold

Iues{lth_,k}szl where the threshold levél,  determines
f F operation mode of Rfor k = 1,..., K. If I, > lns,
rela

1 7227“9?1
qk:Pr{§10g2(1+7|h§C|2)gro}:1—e T (2) ApEl—lne 3 k=1,...,K. (5)
where¥ stands for the average transmit signal-to-noise ratio Following from (5), the operation mode of each relay can
(SNR). be determined as follows:
We assume t_hat 'Fhe re_lays are equipped Wit_h buffers (data A, >0: R, in Tx mode
qgueues), of finite sizd., in which the information packets AL <0: R.inR de (6)
can be temporarily stored so that they can be retransmitted k=00 R InRX mode

when the channel conditions are more favorable. We denotevidently, the threshold levels satisfy the following tea:

by I, € {0, ..., L} the number of packets stored in the buffer

B, at R, for k = 1,..., K. While the same buffer size is e €{0,...,.L -1} ; k=1,..., K, (7)

assumed for all relays, it is worth noting that the paramétersincelth » = L implies thatA, < 0 and, hence, Rcan never

is a variable. As will be highlighted in Sections IV and V, 0N in the Tx mode. B

of the objectives of this work is to suggest adequate valoes f \ne define six subsets of th& relays as follows. (i):

L. In particular, we prove that there is no need to inc:reEalseTC = {k | R,-D not in outagg, the set of relays for which

beyond 3. o .. the R.-D link is not in outage. (i):7, = {k | Ax > 0},
We denqte byp; and ¢, the unava!labll|ty propabllmes the set of relays in the Tx mode. (i)l = {k | lx # 0},

along the links S-R and R.-D, respectively. The link S-R e set of relays that have packets to transmit to D. (iv):

is unavailable if either the channel between S andiRin R. = {k | S-R, not in outagé, the set of relays for which

outage (with probabilityx) or By is full (since the incoming e S-R, link is not in outage. ()R, = {k | Ay < 0}, the

packet cannot be accommodated). Consequently: set of relays in the Rx mode. (ViR}, = {k | lx # L}, the set

pe(lk) = Pr + 1= — PrOl =L, (3) ofrelays tha_t have enough space to store a packet from S.
The relaying strategy consists of choosing one relay in

where os = 1 if the statementS is true while és = 0 each time slot to either receive from S or transmit to D

otherwise. . S . .
- . . . . . in order to avoid interference. A plausible relaying stogte
prc?l:l)rgtl)lﬁli:y the link R;-D is unavailable with the following must put a preference on the transmission to D since the

excessive accumulation of the packets at a buffer with an
ar(lk) = qx + 01,—0 — K01, =0, (4) infrequent liberation of these packets will result in exses



and unjustified delays. Based on this observation, the megorelay with the largest value ak; with an available R-D link
relaying scheme can be implemented based on the followiisgselected while, for (ii) and (iv), the relay with the snesi
steps for selecting the relay;Ro transmit or receive: value of A; with an available S-R link is selected. From (6),
1) Choose among the relays in Tx mode with available R and S, are determined fron{A,}/ ;. For example, if
D link the relay with the highest\,, to transmit:k = {Ax}ie, = {+1,—1,+2,+3,0}, thenS, = {1, 3,4} while

arg maxge7.nT { Ak - S, ={2,5}.
2) If step 1 returns no available relay.(N 7, = ¢),
choose among the relays in Rx mode with available I1l. GENERALITIES AND BASIC PARAMETERS

S-R link the relay with the smallesf\; to receive:
k = argminger, nr,{ Ak}

3) While step 1 and step 2 ensure that each relay
operating in its corresponding operation Tx or Rx mod
these steps might yield no available relay. Therefore,
step 2 returns no available rela® ("R, = ¢), relay R
is selected for transmission among all relays with noqﬁ

In this paper, a Markov Chain (MC) analysis is adopted to
evaluate the steady state distribution, the outage prityabi
P) and the average packet delay (APD) of the proposed
Fheme A state of the MC represents the combination of the
Aumber of packets in the buffer of each relay and is defined
s(li,...,lk). Sincely, € {0,...,L} for k=1,..., K, then

ty buff d not i T d e total number of states mvolved i& +1)%.
empI ybI uReIrjsl(aknk not necessarily mAX mode) wi We denote by i, . i.0).a,...1 )thetransmon probab|I|ty of
available ink:k = arg maxye7. A7 {Ax}. going from the statél, . lK) o the Statet 1), The

H !
4) If step 3 retums no available relag.(n 7, = ¢), the o pgjtion probabilities are stacked in the+ 1) (L+1)K

selection of a relay to receive is broadened from thsetate transition matriX whose(i, j)-th element is given by:
relays in Rx mode to relays with non-full bufferk:=

a’rgmlnkeRcng{Ak} T’Lj = t(lh...,l[(),(lfl,...,l/ ) 7
If step 4 returns no available relay, then all S-R and R-Ddink o m(l’K 1) j=m( L), (8)
are not available and the system will be in outage. The relay ‘= Lol )= Lo IR
selection protocol is better described by algorithm 1. where the functionj = M(ly,...,Ix) = 1 + Zszl (L +

1)X-F defines a one-to-one relation between the integer
Data: 7, To, Ty, Re, Ro, Ry and{Ay,..., Ax}; ) i

K K
Result: A relay fo T or Rx: {1,...,(L+1)*} and the statély,...,lx) € {0,...,L}*.
initialization: No relay is selected:; We denote bWh ,,,,, i the steady- state probablllty of being
forn=1:2do in the state(ly, ..., lx). The steady-state probabilities can be
if n =2 then determined from [8]:
| LetT, =7, andR, =R, 1
end 7=(T—-1+B) b, 9)
if 7.NT, # ¢ then
‘ R, Tx with k = arg maxye7,n7, { Ak} where thej-th element of the L 4 1) % -dimensional vectorr
dbreak is equal tom, .., With j = 0N(ly,...,lk). In (9),I and B
ﬁnR ARy # & then are the(L + 1)% x (L + 1)X matrices denoting the identity
: . . matrix and the all-one matrix, respectively. is the vector
R; Rx with k = arg minger.nr, {Ax}
break whose elements are all equal to 1.
en The cooperative network is said to be in outage when no
end packets can be communicated along any oR#&s S-R or R-

Algorithm 1: Threshold Based Relay Selection Protocol D constituent links. When the MC is in the stafe. ..., L),

Il S-R and R-D links will be unavailable with the probatylllt
Finally, if the comparisons in step 1 or step 3 result in
tie, the };mallest valupe of is selecterzj ie. thepclosest relaj]k 1 Pk (1) g (i) following from (3) and (4). Consequently,
to S is chosen to transmit based on the adopted numberms outage probability can be determined from:

of the relays. In fact, relays that are closer to S have a high

rate of arrival of packets because of the good quality of the Z Z Ty li Hpk Uk)qr(Ik)- (10)
S-R link and, hence, it is preferable to release a packet from h=0  Ix=0

these congested relays. Similarly, if the comparisonsép &  Following from the storage of the packets in the relays’
or step 4 result in a tie, the largest valuelofs selected. In pyffers, these packets will reach D with a certain queuing

this case, it is preferred to accommodate the received paclg|ay. Following from [14] and Little’s law [24], the averag
in the buffer that is the least congested (on average) artd thacket delay can be determined from:

corresponds to the relay that is the farthest from S.
As an illustrative example, denote the subsets of the relays APD =1+ 2L (11)
in the Tx and Rx modes by, andS,., respectively. Following 1-O0P’
from algorithm 1, the priority order of the proposed strgtegwhere I denotes the average queue length that can be deter-
is as follows. (i): The highest priority is for a relay # t0 mined from:
transmit. (ii): The second priority is for a relay &) to receive.

o g N i Y - L L K
(iii): The third priority is for a relay inS, to transmit. (iv): The I = Z Z Tl lz lk‘| _ (12)

least priority is for a relay itS; to receive. For (i) and (iii), the



Determining the steady-state probabilities from (9) censt (iii): (I1,12) — (1 — 1,12). Knowing that R and R are
tutes the major hindrance behind evaluating the performarin the Rx mode, then in order to havg Rr R, transmitting
of K-relay BA systems for any SNR value. In fact, the state packet, both links S-Rand S-R should be unavailable. In
transition matrixT is a (L +1)% x (L + 1)¥ matrix while the this case, a relay will be selected for transmission based on
steady-state vector comprises L + 1) elements. As such, the R -D and R-D linkss status and the values &f andA,.
deriving the exact OP and APD expressions in closed-form fBy is chosen to transmit a packet if either the link-R is
any SNR value is intractable since it is impractical to solvavailable and the link RD is unavailable or both links RD
for the very large number of elementsokspecially for large and R-D are available withA; > As:
e S e ovlicity sohing the gt [ttt = Piea(l = a)la: + (1= @)ba,2a.], (16
matrix equation and, hence, without reaching closed-faxm ewhere, forA; = A,, the preference is to send from the relay
pressions for all SNR values. In an attempt to circumverst thihat is closer to S which is the relay; R
challenge, [8]-[11], [13]-[15], [17] provided a complentary ~ (V): (I1,l2) — (l1,l2 — 1). As in (16), R is chosen to
asymptotic analysis that yielded intuitive expressiongtef transmit a packet with the following probability:
OP and APD for large values _of the_ SNR. There_fore, e‘./erk(zl,b),(zl,bq) = pipa(1 — @)1 + (1 — q1)6a, <], (17)
though the large SNR assumption might not hold in practice, "~ )
we carry out an asymptotic analysis in Sections IV-B and V-fllowing from step 3 of the proposed relaying scheme.
as in [8]-[11], [13]-[15], [17]. The purpose of this analysi Finally, it can be easily proven that the probabilities iB)1
is to derive closed-form expressions of the OP and APD tHg/) dd up to one. _
offer clear and intuitive insights on the system perfornganc, 2) Case2: Iy = lin.1 andlz > ln.2: Ry in Rx modg and R
Moreover, the asymptotic analysis is indispensable fowviter in Tx_ mode. In thl_s case, the t_ransmons _(_e>_<c|ud|ng _the self
the diversity order that constitutes a major performancgime transition) and their corresponding probabilities areegivy:
that captures the performance of fading mitigation techesq (lh,la — 1), 1—qo;
whose performance gains increase with the SNR. As will be (L +1,1), q2(1—py);
highlighted in Section VI, the derived asymptotic expressi (l1,l2) — L1 1 .- (18
yield accurate results not only for large SNRs but also in the (h=1k), api(l—aq);
mid-SNR range. (il + 1), @prga(l = p2).

(): (l1,12) = (I3,l12 — 1). Since R is the only relay in
IV. PERFORMANCEANALYSIS: 2 RELAYS the Tx mode, then Ris chosen to transmit whenever the

A Transition Probabilities link R,-D is available as this scheme puts preference on

Y . I . transmission following from step 1 of the proposed scheme.
For simplicity, in this section the unavailability probhtis (i): (I1,1s) — (I + 1,1s). Ry is chosen to receive if the link

pr(li) andgx(lx) will be expressed agy andgy, respectively. p n is unavailable (step 1 did not yield an available relay
The self transmonhof gcl)llréngrorT:j tlgeDSIFa(kél’b) to th's.l for Tx) and the link S-R is available (step 2 of the relaying
same state occurs when all S-R and R-D links are unaval aIO4ﬁ'ategy). (iii): (11, 12) = (I — 1,12). If both relays are unable
b1y 12 (1s 1) = P1P2G1G2- (13) to operate in their corresponding operation mode (both R

D and S-R links are unavailable), according to step 3, R

The remaining tra_nsitions depend of the relative va_luels thill be chosen to transmit if the link RD is available. (iv):
li andl, assume with respect thh and i 2, respectively, (1, 7,) — (i;,1, + 1). R, is chosen to receive if the links

resulting in the four following cases. _ R.-D, S-R, and R-D are unavailable and the link S;Rs

1) Case 1! Iy <lny andly < ln2: Ry and R are in the gyajlable following from step 4.
Rx mode. In this case, four possible transitions can takeepla 3) Case 3: I > Iy andly < Iy Ry in Tx mode and
as follows. (i):(l1,12) = (l1 +1,12). In this case, the numberR, in Rx mode. The analysis in this case is similar to that of
of packets stored in Bwill increase by one only if the S-R ¢ase 2. Exchanging the roles of Rnd R in (18) results in
link is available (Wlth prObablllt)&—pl) In this context, R is the fo”owing transition probabi”ties:
selected for reception (rather thap)R¥ either the S-R link is (h—1.1), 1—qu

unavailable or if this link is available with; < A, since the
relay with smaller value of\ is selected for Rx following (L) — (li,la+ 1), qi(1 —po2); (19)
from step 2 of the proposed relaying protocol. Therefore: b (I1,le = 1), @1p2(1 — q2);

vty (ha1ts) = (L= 1) [pa + (1 = p2)da,<n,] . (14) (i +1L12), @p2g2(1 —p1).

4) Case 4: I3 > Iy andly > lno: Ry and R are both
in the Tx mode. If the relays operate in their designated Tx
mode (step 1), the corresponding transition probabilities

t(ll=lz)7(l1,l2+1) = (1 - P2)[P1 + (1 - p1)6A12A2]7 (15) given by
since, forA; = A,, the preference is to send the packet t({l1 o) — {(11 —1,0), (1—q)lg2+ (1 —q2)0a,>A,);

(i): (I1,12) = (l1,l2 + 1). Similar to (14), this transition
occurs if R is selected for reception:

)

the relay that is farther from S which is the relay Rllowing (li,l2 = 1), (T —=q2)lg1 + (1 —q1)0a, <,
from the adopted numbering convention. (20)



where a necessary condition fof, Ro be selected for trans-in Table I. In Table 1,0 Pasym Was approximated by the sum-

mission is the availability of the link RD. Regarding the mation of terms comprising the smallest number of multipli-

remaining R-D link, it can be either unavailable or avaiéablcands amongdpi, p2,q1,qz2}; i.€., D, an Hi:l M S

with A; > A, (for R; to be selected) andh; < A, (for Ry > O Hizl p;kv" qfckv" where o, is a constant and, =

to be selected). argmin, {d,, } £ argmin, {1, + 2., + ji.n + Jj2.n} resulting
On the other hand, a necessary condition for the relaysitpa diversity order ofd = 7. The diversity order is defined

switch to reception is the unavailability of the R-D link& | gs the negative slope of th@P(7) curve on a log-log scale

this case, following from step 4, the corresponding tramsit where the product of, terms among{p1, p2, q1,q2} scales

probabilities are given by: asymptotically asy—" (since each outage probability in (1)
scales ag/~!) resulting in a diversity order of.
(I, l2) — Table | holds for allL > 2 where the asymptotic OP values
(i + 1), qg(l —p1)p2 + (1 —p2)da, <a,l; in the caseL = 2 can be obtained by removing the second
(s + 1), qrgo(l—p2)lpr + (1= p1)oa,sa,]. (21)  row and second column of Table | sin€e,...,L—2} =¢in

this case. As such, the following conclusions can be reached

. Vs - The threshold levels have a direct impact on the achiev-
B. Asymptotic Analysis able diversity order that varies from 2 to 3 fbr= 2 and
Replacing the transition probabilities in (8) and invegtin from 2 to 4 forL > 2.

the matrix T — | + B in (9) will yield intractable results - Among the L? possible values ofin 1, o) satisfying
especially for large values of the buffer siZe Therefore, (7), the value(lin1,lin2) = (0,0) results in the smallest
we resort to an asymptotic analysis that is useful for afigri diversity order of 2 which is the same as the diversity
clear insights on the system performance and for reaching order achieved by 2-relay buffer-free systems.
tangible conclusions regarding the selection of the tholesh - For L = 2, the maximum achievable diversity order is
levelsiin,1 andln 2. The asymptotic analysis revolves around 3. This value can be attained fékn 1,/ 2) = (1,0) or
the following proposition: (lth,1, lin2) = (1,1).
Propositionl: For asymptotically large values of the SNR, - The proposed BA relaying scheme is capable of achieving
the following setS forms a closed subset of the states: the maximum diversity order of 4 fo(ln1,ln2) €
{1,...,L — 1} x {1,..., L — 2} while confining the
S= threshold levels within{1,..., L — 2} x {1,...,L — 2}
{(lth,1,lin2)s (ltn1s lin2+1), (lina+1, linz)s (liha+1, lino+1) }, results in the smallest asymptotic OP valuep@poq1q2
(22) and, hence, in the largest coding gain.

Replacing (23) in (12) shows that the average queue length

where — 0 for (iy,1 S while the steady-state . . .
"lsta (h,12) ¢ y assumes the following asymptotic expression:

probabilities of the states ifi tend to the following asymptotic

values: LASYm = Tih,1,lth 2 (lth,l + lth,2) + T, 1,lth,2+1 (lth,l + lth72 + 1)
17
T 1 e = — 52 _ Tl +1,lns = 2 (23) + Ty 41,02 (lh1 + 2 + 1)
1— ; :
T, 1,k 2+1 = sz T, 1 +1,0n2+1 = %2 + 7Tlm,1+1-,l1h,2+1(lth71 + lth,? + 2)
= (lthy + lth,2) + 0.5+ qa. (26)

Proof: The proof revolves around ignoring the product
of two or more terms if{py, p2, q1,q2}. The detailed proofis  Replacing (26) in (11) results in:

provided in Appendix A. |
Following from (23), the OP in (10) assumes the following APDpasym =1+ 2(ln1 + lthg;+ 14 2q2
asymptotic expression: 1 = OPasym
lh,1+1 lih2+1 - 2(1 T lth’l + lth’2)’ (27)
OPasym = Z Z 711,01 (1)p2(12)q1 (1) g2 (12).  (24)  sinceO Pasym < 1 andqe — 0 for asymptotically large values
Li=ln1 lo=ln2 of the SNR.

. Equation (27) shows that increasing the threshold levdls wi
Consequently, the choice of the threshold levigls and result in an inconvenient increase in the APD. In this contex

lin2 will affect the value of OP as well as the diversitythe smallest APD value of 2 can be achieved by fixing —
order following from the dependence of the unavailabilityh —0
th,2 = U.

probabilities{p. (I ), pr (ltn.k +1), @k (lin k), g (e +1) Yo,
in (3)-(4) on the threshold levels. Following from (3) and:(4 . ] .
C. Conclusions regarding the System Design
(be, 1), I =03 i Following from Table | and (27), the following conclusions
(e ai) = Prodr)s B =1,..., L= 1 (25) " can be reached regarding the selection of the thresholdsleve
VRS lin,1 andly 2 as well as the selection of the buffer size
As such, the asymptotic OP and diversity order depend onRegarding the buffer size, the OP values in Table | show
whetherl, = 0,1, € {1,...,L—2}orl, = L—1fork=1,2 that there is no interest in increasing beyond 3 in the
resulting in the nine possible values OfPasym summarized asymptotic SNR regime. In fact, the smallest possible Obeval



TABLE |
ASYMPTOTIC OUTAGE PROBABILITIES FORK = 2.

o lin.2 0 {1,...,L -2} L—1
0 pip2/2 P1P2q2 p192/2
{1,....L -2} p1p2q1/2 P1p29142 P19192/2
L-1 p2aq1(pr +p2)/2 | peqrga(pr + 2 + 82) | qra2(pr +42)/2

of p1p2q1q2 can be achieved with = 3 and the choicd. > 3 For any state of the MC, a self transition occurs when all
does not reduce this minimum OP any further. On the othimks are unavailable:
hand, the choicé = 2 is feasible but it penalizes the diversity K
order rendering the full diversity order of 4 unachieval#is. ty = Hpqu. (28)
such, the buffer sizé. = 3 is recommended when the SNR i)

is large enough.

Regarding the threshold levels, Table | and (27) show thatAt e_zach t'm? slot, the relay_s W'.” be classified ac_cordmg
g ' . i : to their operation modes resulting in the three followingesa
there is no interest in selecting values (& 1, /i 2) outside

the sety = {(0,0),(0,1),(1,0),(1,1)}. In fact, increasing 1) Case 1: Ry = A andT, = ¢ (all relays are in the Rx

lin,1 and/orly 2 beyond the value of 1 will increase the APDmO_d_e) resuliing in _the two following poss_|b|||t|61_5. .
following from (27) whereas this increase does not present(')' A relay R’“ W'I! be selected for Rx if the link S-Ris
any advantage in terms of the OP performance followi ailable and ifAy s thesmalle_ﬂ among all{A;} of the
from Table I. In fact, from Table |, increasing,; and/or lays whose S-R links are available:

lin,2 beyond entails one of the following implications that are

not beneficial. (i): decreasing the diversity order (forregde, ¢, = (1 — p;) Z [H(l _ pi)] H i | Pr,
increasing, » from L—2 to L —1), (ii): maintaining the same KcA\{k} Liek jeA\{kIUK

diversity order but increasing the OP (for example, inareas (29)

lin,1 from L — 2 to L — 1) or (iii): keeping the same diversity where P, x denotes the probability thah; is smaller than
order and same OP (for example, increading or /2 from Ay for all ¥ € K. The notion ofsmaller or larger A;
1 to L — 2). Among the choices within the setwith L > 3: must take into consideration the tie breaking rule accagyttn

- The choice(l1,ln2) = (0,0) achieves the smallestnumbering the relays according to their distances from S. As

asymptotic APD value of 2 at the expense of the smalle$ich. Py = [ [ cx Pr.r WhereP, .- denotes the probability
diversity order of 2. that Ay, is smaller than A

- The choice(lin,1,ln2) = (1,1) achieves the highest di- ,
versity orde(r of 4 at t)he e(xpezlse of the highest asymptotic Prg = O <k0ar<an +0k>rng<n, 3 K #k (30)
APD value of 6. since, forA, = A, the preference is to transmit to the relay

- The choiceg(i,1, lin2) = (0,1) and (in,1,ln2) = (1,0)  that is farther from S; i.e, to the relay with higher index.
achieve a tradeoff between the APD and diverSity OrderTherefore, (29) can be written as equation (31) on the top of
with an asymptotic APD value of 4 and a diversitthe next page. This equation can be can be written in a more
order of 3. Compared tdim,,ln2) = (0,0), these convenient form as shown in (32) on the top of the next page
choices increase the diversity order from 2 to 3 whilgyhere this relation can be implemented recursively resyilti

compared to(lm,1,lin2) = (1,1), these choices reducejn the following expression of the transition probability:
the asymptotic APD from 6 to 4. From Table I, the choice

(0,1) is preferable over the choidg,0) if q2 < 4. K
e, =(1—p) | [ pi| L+ fr(AK0) (33
V. PERFORMANCEANALYSIS: K RELAYS i=1,i#k

After considering the special case of two relays, we newhere the functiory,(-,-,-) can be determined in a recursive
consider the general case of an arbitrary number of relayganner according to algorithm 2.
As will be hlgh'lghtEd later, the evaluation of the tranmiti (||) A re|ay R (|n the Rx mode) is selected to transmit if
probabilities will entail implementing involved recursifunc- gj| S-R links are unavailable, the link,RD is available and

tions while the asymptotic OP and APD expressions will bg, is the largest among all{A;} of the relays whose R-D
comparable to those obtained in Section IV. links are available:

A. Transition Probabilities

In what follows, py ({) and g (1) will be expressed ag
and ¢, respectively, for simplicity. The state will be denoted
byl = (l3,...,lx), the set of all relays will be denoted by
A = {1,...,K} and thek-th row of the K x K identity Z H(1 - i) H qj | Qrx, (34)
matrix will be denoted byey,. KcA\{k} Liek jeA{kIUK

K
e, = | [[pi| (1= ar)x
j=1



K K
tite, = (1 — p&) H i + Z (1 —pr,) H Dj

K

Pk,
i=1,i#k ki=1,k1#k Jj=1,j#k,j#k1
K K K
+ Y > (l=pe)A - pr) 11 Pj | PrgyPegs +---| - (31)
ki=1,k1#k ka=k1+1,ka#k J=1,j#k,j#k1,j#k2
K K K
1-— 1-—
tiite, = (1 — pr) H pil |1+ Z wpk,kl 1+ Z ( pk2)Pk_,k2
i=1,i%k k1=1,k1#k Pk, ko=k1+1,ko#k Pk
K
1—
14+... |1+ 3 Q=P p . (32)
kx=krx_1+1,kx#k Phic
Function: fi,, (X, k, c) for m = " orm = “t” K = 2, the functionsf,(-) and f,(-) in (33) and (36) need
ggglt-xs-c A kedl,....K}andee{0,..., K}; to be evaluated recursively in the general case of an anpitra
initializatié)n: S =0; number of relays.
if c+ 1> |X| then 2) Case 22 Ry = ¢ and T, = A (all relays are in the
! dretum 0 Tx mode). Similar to the analysis provided in the previous
]?n - ) subsection, a relay jRis chosen to transmit a packet with the
orn=c+1:|X|do . o
k' = X, (n-th element ofY) following probability:
if k' # k then
if m = “" then K
(1=py)
| $=5+ 58Pl + fr (X k)] e, = —ax) | J] @|[0+fi(AE0)] (37
end i=1,i%k
if m = “t" then
C) . . . .
‘ S=8+ - Quwl+ fi(X, k0] while a relay R is chosen to receive a packet with the
end following probability:
end
end
Algorithm 2:  Recursive functions f,.(X, k,c) and K K
ft(X,k7C) tl,1+ek = HQJ (1 _pk) H Di [1+fT(A7kaO)]a
7j=1 i=1,i#k

where Q. x denotes the probability thah; is larger than
Ay for all ¥ € K. Considering the tie-breaking rule, this
probability can be written a@x i = [ [, cxc @r.x» Where

!
Qkk' = Ok <kOn,>A,, T 0k>k0a,>A,, 5 K #k,

(38)
where (37) and (38) can be obtained by interchanging the
unavailability probabilitesp, = ¢, and the functions
+(-y, ) = fr(-,+,-) in (33) and (36), respectively. As in case
1, (37) and (38) simplify to (20) and (21), respectively, fire t
(35) special case oK = 2.
3) Case 3. Ry # ¢ and T, # ¢. The four following cases

since, forA, = Ay, the preference is to transmit from theneed to be considered.

relay that is closest to S; i.e, to the relay with lower index.
Given the similarity between (29) and (34), this Iatte{h
equation can be written in terms of the recursive functio'g

fi(-,-,+) (defined in algorithm 2) as follows:

K

K
e, = |[Ips] (1 —an)
J=1 i=1,i#k

For K = 2, it can be easily proven that (33) simplifies
to the expressions provided in (14) and (15) foe= 1 and
k = 2, respectively. Similarly, (16) and (17) follow from (36).
While (14)-(17) explicitly relate the transition probahés to

H g | [1+ fi(A k,0)].

(i): Following from step 1 of the proposed relaying protqcol
e highest priority is given for the transmission from te&y

r With & € 7, having thelargest Ay. This transmission
incurs the following transition probability:

e, =0 —a) | [ @|0+A(Tk0)];: keT,

(36) i€Ty ik
(39)
in a way similar to (37).
(ii): The second priority is given to relay;Rwith k£ € R, to
receive. This occurs if all RD links for j € 7, are unavailable

the parameter$py, gx, Ax }3_, in the simple special case of(step 1 did not yield a valid relay), the link S;Rs available



and Ay, is the smallest among all{A;} of the relays inR, Replacing (44) in (10) results in the following expression
whose S-R links are available. Therefore, similar to (38): of the asymptotic OP:

K—2
U1te, = [H QJ] (1—pr) H pi] X O Pasymp = [H pk(lth=k)qk(lthvk)] X

J€Ty i€Ry itk Pt
1+ fr(Rp, k,0)] 5 k€ERy (40) Ik —1+1 o+
T by vy ) b- Z Z Tl 1o lin g2 bic— 1,0 X
(iii): If none of the relays can operate in its corresponding I —1=lnx 1 Lx=lnx
Tx or Rx mode, the third priority is given for a relay;Rot pr-1(lk-1)ax-1(lk-1)pK (I )ax (Ix).  (45)

in the Tx mode § ¢ T;) to transmit. Sincél, UR;, = A, then

k € Ry. The corresponding transition probability is given byA Similarto (27), from (11), (12) and (44), the asymptotic

PD can be determined:

K
K
tl-e, = H 45 H P | (1 —qr) H gi| % AP Dpsymp = 2 (1 + ];lthvk> : (46)
JETy J ERy I€Ry,i#k =

(14 fe(Re, k,0)] 5 k€Rp, (41) C. Observations and Conclusion

since for step 3 to occur, (1): step 1 must yield an invalid The following observations follow from inspecting the ex-

relay (all R-D links are unavailable foj € 7;), (2): step 2 pressions in (45) and (46).

must yield an invalid relay (all S-Rlinks are unavailable for ~ Observation 1. Selecting the threshold levels

j' € Ry), (3): the link R,-D is available and (4)A, is the (ln1,....lnx) from the set{l,...,L — 2}* allows to

largest among the relays iR, whose R-D links are available. achieve the smallest possible asymptouc OP value of:
(iv): Finally, a relay R with k£ € T, is selected to receive OPasymp = Hk 1 PEGk-

if all R-D links are unavailable and all S;Rinks for j € R;, Proof: For Iy € {1,...,L — 2}, (3)-(4) imply that
are unavailable. Rwill be chosen based on the comparisonk (k) = Pr(line + 1) = py and ak(lnk) = (.]k(ltr.],.lc +
of A;, with the corresponding values of the relays7in 1) = qi for k = 1,..., K. In this case, (45) simplifies to

OPpsymp = [HkK:1 Prar][Xies ml = Hszl prdr- Any value
of I 1, outside the designated set will either incregs@in i)
tl4e, = H qj H pi| (1 —pk) H pi| X or pi(lin, - +1) from p, to 1 or increasey, (I, k) Or g (Ithx +1)
j JERY i€y ik from q; to 1, thus, incurring an increase in the OP. ]
[+ f(T5 k,0)] ; keTy (42)  Observatior: There is no interest in increasing any of the
threshold levels beyond 1.
) . Proof: Since all elements ofy,, € {1,...,L — 2}
B. Asymptotic Analysis contribute equally to the OP following from observation 1,
The cumbersomeness of the transition probabilities in-(33fe choiceln, = 1 is the most adequate among all elements
(42) and the large number of stated. (+ 1)%) that grows of the designated set since it results in the smallest APDeval
exponentially with the number of relays motivate the ned@llowing from (46). n
for an asymptotic analysis that sheds more light on the desig Observatior8: Following from observation 1 and observa-
parameters of the relaying system. The key observatiombehtion 2, the threshold levels must be confined to the{8et } .
this type of analysis is formulated in the following proptasi. ~ Observatior: For (I, 1, . . ., ln.x) € {0,1}, the proposed
Proposition2: For asymptotically large values of the SNRBA relaying scheme allows to the achieve the following
the following closed subset of 4 states can be identified lfor gliversity order {) and asymptotic APD:

values of i d=K+N ; APDagmp=2(N+1),  (47)
where N is the number of threshold levels that are equal to
S={(l1,...\lg) | lp =lpg fork=1,..., K —2 LN =0 Sty et
andly € {lpng g + 1} for k=K —1,K}, (43) Proof: Let K = {k | l.th,k =1 for & = 1,..., K —2}.
’ For the threshold levels i40, 1}, following from (3)-(4),
wheren;, . ;. — 0for (lh,...,lx) ¢ S and: pr(ling) = pr(ling +1) =pi for k € {1,..., K}, qp(lni) =
| qr(lini + 1) = qi for k € K andg;(0) = 1. Consequently,
{”lm,l-,lm-,---vlm,x1vlm,z< T2 , (45) can be written as:

Thin, 1,00, 255 lth, K — 15l k +1 = 17% K

7Tllh,1-,l1h,2-,---7lxh,K71+1,lm,K = pTK 44 OPAsymp = [H pk] lH Clk} Sa (48)
T, 1,0, 255l Kk —1+ 1l k +1 = 5

where the asymptotic values of the summatiofi
Proof: The proof is provided in Appendix B. Settifg = and its diversity orderds are equal to (S,ds) =
2 in (44) results in (23). B (1/2,0),(9x,1), (9qx-1/2,1) and (qx-19x,2) for
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Fig. 2. OP for the asymmetrical case with= 8. Solid lines with hollow Fig. 3. APD for the asymmetrical case wilh= 8. Solid lines with hollow
marker, dashed pink lines and solid red lines correspondheothieoretical, marker, dashed pink lines and solid red lines correspondhéotheoretical,
simulation and asymptotic values, respectively. simulation and asymptotic values, respectively.

(lthx—1, I x) equal to (0,0),(0,1),(1,0) and (1,1), determine the values of the OP and APD. Assuming a path
respectively. Therefore, from (48),= K +|K|+ds = K+N loss exponent of and a loss of 30 dB at a reference distance

sinceds is equal to the number of terms amofiig, 1,/ x) of 1 km, the average channel gains can be related to the
that are equal to 1. Finally, the asymptotic value of the APfhk distances by10log;(€2x) = 30 — 20log;,(d) and

in (47) follows directly from (46). B 10log;o(Q%) = 30 — 20log;((d'x) whered andd’) stand
Following from the above observations, the following corfor the lengths of the links SsRand R,-D, respectively.
clusions can be reached: We assume that the middle relay B is aligned with S

- All buffer sizes . > 3 achieve the same OP, APD ancand D so that the distance between these nodes is equal to
diversity order (this follows fromL — 2 > 1 so that drx/21 +d'[x/21- In the simulations, we distinguish between

{1,...,L — 2} is not empty following from observation (i): asymmetrical networks withily, ..., dx| = [d'k, ..., d'1],
1). Therefore, for practical systems, the buffer size of @): quasi-symmetrical networks witd; = --- = dx and
is sufficient for reaping the totality of the performanc€’s = --- = d'x and (iii): symmetrical networks with
gains in the asymptotic regime. = =dg=d1==dg.

- Setting all threshold levels to 0 constitutes the most Fig. 2 and Fig. 3 show the OP and APD, respectively, for
adequate choice when the delay is considered the mastelay and 4-relay networks with = 8. Asymmetrical net-
critical performance metric. This allows to achieve thworks are considered witf2 = [4,2.5,1] andQ’ = [1, 2.5, 4]
smallest asymptotic APD value of 2 at the expense &r K = 3 whereasQ = [4,3,2,1] and Q' = [1,2,3,4] for
the lowest diversity order of. K = 4. In Fig. 2 and Fig. 3, even though the asymptotic

- Setting all threshold levels to 1 constitutes the mosurves are not plotted over the entire SNR range for the skke o
adequate choice when the outage is considered the mesrity, yet results show that (45) and (46) yield very aeter
critical performance metric. This allows to achieve theesults for average-to-large values of the SNR. In factréepe
highest diversity order dIK at the expense of the largestnatch is observed between the exact and asymptotic OP and
asymptotic APD value 02(K + 1). APD curves for average-to-large values of the SNR for all

- Other values of the threshold levels {0, 1}% allow to values of the vectoly. Results also demonstrate the validity
achieve different levels of tradeoff between outage ard the performed theoretical analysis where the theoretica
delay. From (47), each threshold level of 0 will favor £P and APD curves, from (10) and (11) respectively, match
lower delay at the expense of a higher outage. their numerical counterparts that were obtained throught&lo

Carlo simulations. The following observations can be made b

comparing the different OP and APD curves corresponding to

the same number of relays. (i): The choicely, = [0, ..., 0]

In what follows, rq is fixed to 1 BPCU in (1). We define results in the highest OP, lowest diversity order and lowest
ly 2 [lin1,--.,lnx]. We also define theK-dimensional APD. In this case, once a relay receives a packet, it will
vectors @ and Q" as @ = [Q,...,Qk] and @' = give preference for transmission in the next time slot which
[Q4,...,Q k], respectively. From (1)-(2), it can be observetkads to small queuing delays. (ii): Selecting all compadsen
that the knowledge of the parameterg, Q, and Q'y is of 1y, to be different from zero results in the lowest OP
sufficient for determining the outage probabilitigs and q,,  and highest diversity order regardless of the specific walue
(for k = 1,..., K). These outage probabilities will furtherof these nonzero components (as long as they are different

VI. NUMERICAL RESULTS
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Fig. 4. OP for the quasi-symmetrical case. Solid and dashed torrespond Fig. 5. APD for the quasi-symmetrical case. Solid and dadimes corre-
to the SNR values of 3 dB and 15 dB, respectively. spond to the SNR values of 3 dB and 15 dB, respectively.

) impact of the buffer sizd. on the performance for different

from L — 1). For example, for the cas& = 3, the choices numper of relaysk and for different values ofy, € {0, 1}%.
n = [1,1,1] and ly, = [3,2,6] result in exactly the same Regylts in Fig. 4 and Fig. 5 show that the OP and APD do
OP performance for large SNR values while the latter choigg) practically vary withL for . > 3. Such observation
suffers from excessively large values of the APD in cohegenggids not only for large SNR values as predicted by (45)
with (46). (iii): Selecting one or more componentsl@fto be 504 (46), but it also holds for small SNR values in the order
zero will penalize the OP and diversity order. For examplgf 3 dB. Therefore, increasing the buffer size beyond three
from Fig. 2 for K = 4, the choiceln = [1,2,0,2] results in - goes not improve the system performance in coherence with
a higher OP compared to the choike = [1,1,1,1] where the conclusion reached in Section V-C. This demonstrates
the corresponding diversity orders are 7 and 8, respegiivehe capability of the proposed scheme in extracting the full
Unlike all APD curves in Fig. 3 that are decreasing, the AP@apabiIities of the network with small buffer sizes.
in the scenaridn = [3,2,6] is decreasing for SNRs below Figyres 6-9 present a comparison between the proposed
2 dB and increasing for SNRs above 2 dB. This behavior é&nheme and the schemes in [8], [9], [14] and [15] denoted by
justified by the large valuén 3 = 6 at the third relay and by “Max-Link’, “ Pref Tx", “ Buffer state’ and “Largest weight”,
the fact that the link S-Ris the weakest among all S-R ””ks-respectively. In Fig. 6 and Fig. 7, we consider a symmetrical
As such, for low SNRs, the link S{qRis highly unavailable 4-relay network withL = 5 and Q, = Q') = 1 for k =
and the number of stored packets gt\Rll rarely exceed the 1,...,K. In Fig. 8 and Fig. 9, we consider an asymmetrical
hight threshold level of 6 where, for examplg, = 1.92 at 6-relay network withL = 3, = [4,3.4,2.8,2.2,1.6, 1]
2 dB. Consequently, in this low SNR regime; B almost g9/ — [1,1.6,2.2,2.8,3.4,4]. As in (47), we denote by
excluded from the relaying effort where almost all of they the number of components df, that are equal to one.
traffic is flowing through R and R,. As such, increasing the Figures 7 and 9 show thatMax-Link’ and “Largest weight”
SNR in this regime will improve the data flow through R achieve the same asymptotic APD value as well as comparable
and R thus reducing the APD. On the other hand, for SNRpp yalues for small SNRs. However, from figures 6 and 8,
values exceeding 2 dB, the link SsRecomes more available« Largest weight” outperforms ‘Max-Link” in terms of the OP
implying that more packets will reachs;Rsince the link S- performance for all SNR values. From figures 6 and 8, it can
Rs is given preference over the other S-R links where, f¢fe opserved that the best OP performance is shared by the
example,l3 = 5.91 at 4 dB. However, sincéy s is large, «pyffer state”, * Largest weight” and the proposed scheme for
transmissions from Rare less frequent (compared to the othegy _ j
relays) implying that the incoming packets will be queued in The OP results in Fig. 6 and Fig. 8 show that, by controlling
the buffer of R for a longer time thus increasing the APDihe values of the threshold levels, the proposed scheme is
While threshold values exceeding two were considered in FEhpabIe of achieving a broad range of OP levels ranging from
2 and Fig. 3 for the sake of demonstrating the accuracy @fe pest OP performance faF = K and the worst OP
the theoretical analysis for any value I, threshold values performance forv = 0. This constitutes a distinctive feature
below two will be considered in the next simulation setupat differentiates the proposed scheme from the benchmark
following from the conclusions reached in Section V-C.  gchemes. The best OP performance is shared withBhiiet

Fig. 4 and Fig. 5 show the theoretical OP and APDifate” and “Largest weight” schemes while the worst OP
respectively, for a quasi-symmetrical network with, = 1 performance is the same as that of thdak-Link” scheme.
and Q' = 2 for k = 1,..., K. These figures target theThe APD results in Fig. 7 and Fig. 9 show that, by controlling
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Fig. 6. OP for the symmetrical case wifki = 4 and L = 5. Fig. 8. OP for the asymmetrical case with = 6 and L = 3.
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Fig. 7. APD for the symmetrical case witi = 4 and L = 5. Fig. 9. APD for the asymmetrical case wifi = 6 and L = 3.

the values of the threshold levels, the proposed schemefy example, from Fig. 6, the proposed scheme outperforms
unique in its capability of achieving a broad range of APhe “Max-Link” scheme in terms of both outage and delay for
levels ranging from the best APD performance #or= 0 and N = 2,3, 4. (iii): Compared to the Buffer state” and “Largest

the worst APD performance faN = K. In this context, the Weight” schemes, the proposed scheme with= K allowsto
proposed scheme achieves smaller APD levels compared todgBieve thlg same minimal OP performance (whose asymptotic
“Max-Link”, “ Buffer state” and “Largest weight” schemes for value is] [, pxqx) while profiting from reduced APD levels.

all values of N. Fig. 7 shows that the proposed scheme with this context, the achievable APD levels are much smaller
N = 0 slightly outperforms Pref TX" in terms of APD for than those of the l‘argest weight” scheme as highlighted

all values of the SNR. Fig. 9 shows that the APD gains with Fig. 7 and Fig. 9 for all values of the SNR. Moreover,
respect to thePref Tx” scheme are more pronounced but onljhe achievable asymptotic APD values are the same as those
for average-to-large values of the SNR. As such the follgwirPf the “Buffer state” scheme while the APD gains are more
conclusions can be reached. (i): Compared to tResf Tx’ prominent for smaller values of the SNR especially with ¢éarg
scheme, the proposed scheme with= 0 achieves the same Number of relays. On the other hand, settiig< K allows

OP performance with slightly smaller asymptotic APD valueéhe proposed scheme to further reduce the delay compared to
On the other hand, the proposed scheme with- 0 allows the “Buffer state” and “Largest weight” schemes at the expense

to decrease the OP at the expense of increasing the APDPh#creasing the OP.

expected from (47). (ii): Compared to th®lax-Link” scheme,

the proposed scheme allows to achieve smaller APD values VII. CONCLUSION

for all values of N ranging from0 to K. These APD gains We proposed a novel threshold based BA relaying scheme
are associated with OP gains for large enough valued' of for cooperative networks with an arbitrary number of relays
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Through an asymptotic Markov chain analysis, we highlighte Equations (50)-(53) imply that the transitions from anytesta
how the selection of the threshold levels impacts the aahiev of S are always confined within the same set Therefore,
outage probability, queuing delay and diversity order. THAC cannot exit the setS implying that this set is closed
analysis highlighted on the different levels of tradeoffilbeen asymptotically.

outage and delay that can be achieved by adjusting the threshiThe balance equations are given by, , i,

old levels. The simulation results supported the theaabtidl  —  qu)m,4+10m. + (1 —  02)T, lnot1s
analysis and demonstrated the high performance gainsahat ¢, , 1,41 = (1 — P2)Ti,m + (1 — 90) T, 41,0004+ 15
be reaped from the proposed relaying scheme with relativety, , 11,1, = P2l 1 e T+ G171 4+1,0me+1 AN
small buffer sizes not exceeding three. M+ Lol = DTl 410ne T 92Tl lnot1-  S0IVING

any three of these equations along with (49) results in the

APPENDIXA steady-state probabilities provided in (23).
We first prove that the s& given in (22) is asymptotically
closed witht;, 1,) ;1) — 0 for all (I1,12) € S and(11,15) ¢ APPENDIXB

S. As such, after a certain number of transitions, the MC As in A, the asymptotic analysis revolves around
will move to a state insideS and remains confined to thisneglecting the product of two or more terms{ipy, qi }5_;.
subset since the probability of leaving this subset tendsto. From (7), (pr(lx),qx(lx)) = (pg,qr) for & = 1,... K.
As such, in the asymptotic regime, instead of considerihg &or simplicity, the four states of the sef in (43)
(L 4+ 1)¥ states of the MC, the analysis can be simplified byill be denoted by:1i £ (ln1,ln2,- .. lnk—1,linK),

focusing only on the four states insidewith: 1o £ (hhasltn2s - -l k-1, + 1), I3 £
_ lin1,lthoy - slihk—1  + 1 link) and 14 £
— 1 for 1. a9) Umnlnz,...ln >,
Z hata v> (49) (lin1s linzs - ling—1 + 1, ln g + 1).

(i l2)€s Consider the stath . This state belongs to case 1 in Section
From (1), the outage probabilitigs, andq, scale asymp- \.A1 where all relays are in the Rx mode with, = 0
totically asy~'. Therefore, the product of. terms among for 1 — 1,..., K. Following from (33), and since all\,,
{p1.p2,d1,92} scales asymptotically as~" implying that zre equal, then the farthest relay from S will be chosen
such products can be neglected compare®oqx, 1—pr, 1= to receive a packet. Therefore, whenever the ;SHRIK is
Ak}t for n >2 at high SNR. _ ~available (with probabilityl — px), Rx is chosen to receive
We consider the four states ifi separately. (i): Consider 5 packet. If the link S-R is not available, then the previous
the state(ln 1, lin2) Where the transitions from this state arfelay R_; will be chosen to receive a packet if the link S-
given in (13)-(17). Sincén,, # L andlnz # L from (7), R, _, is available with a probability of x (1 —px_1) ~ px.

then (pi(lx), qx(lr)) = (px,qx) for & = 1,2. Replacing The selection of any of the remaining relays to receive will
these probabilities along witi\; = A, = 0 in (13), require the unavailability of both links S;Rand S-R_; with
(14), (15), (16) and (17) results iny, , i,2),(n1.m2) =  probabilitypxpx_1 that tends to zero asymptotically. On the
p1p2did2 = 0 Ly lne) (ma+10n2) = (1= P1)P2 = P2, other hand, the selection of a relay to transmit a packet will
Bl 1 ,n2), (i linz+1) = L = P20 Eln s lne) (g —Llnz) = reg(uire the unavailability of all S-R links with probabylipf

pipa(l = a1) = 0 and ity , 1), (11 dno-1) = P1P201(1 = 15 p, — 0 as shown in (36). Therefore, for large SNR, the
q2) — 0, respectively. As such, the possible transitions froyssiple transitions frory, are given by:
the state((iwn 1,lin2) are limited asymptotically to:

th =1—pr ; b1, =Pk, (54)

F520) while the probabilities of the remaining transitions w#nid

(i): Consider the statélw 1,2 + 1). The corresponding to zero. . . _
transition probabilities are given in (18) where the nomeze Consider the statk. This state belongs to case 3 in Section

t(llh,l-,llh,2)-,(llh,1+1-,llh,2) =Pp2; t(llh,l-,llh,2)7(llh,17llh,2+1) =1-

asymptotic probabilities are given by: V-A3 where only R is in Tx mode {;, = {K}) while all
remaining relays are in Rx mod&( = {1,..., K — 1}). In
s o +1),(tn 1+ Ll +1) = 92 this case, the first priority is given for Rto transmit when

S et 1) (e dne) = 1 — G2, (51) the link Rx-D is available with probabilityl — qx. Since
B R - 1 = - = Ag_1 = 0, the second priority is given for

(iii): For the state(ln,1 + 1,ln2), the non-zero transition g 15 receive (relay iMR, that is the farthest from S) with
probabilities in (19) are given by: probability gz (1 — pr_1) ~ qx. Therefore:

Ul +1,0n.2), (i + 1l a+1) = O1 t, =1—qr 3 L = 9K, (55)

P b+ 10 2) () = L — 41 (52)  while the probability of selecting any other transition Iwil
(iv): Finally, for the state(lin,1 + 1, l2 + 1), the transition include the termyxpx 1 — 0 following from (41) and (42).
probabilities are given in (20)-(21). Replacidy = A, = 1 Consider the statd; where 7, = {K — 1} and R}, =

in these equations results in: {1,..., K — 2, K}. Interchanging the roles of relaysxRand
Rx_1 in the analysis of statd, results in the following
b1+ 1,lm,2 1), (1 +1,ln2) = 91 possible transitions:

; t(lth,l+1,lth,2+1)a(lth,17lth,2+1) =1-q. (53) tis, =1 —qr—1 ; tig1, = 9Kx-1- (56)
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Consider the stath. This state belongs to case 3 in Sectiof16] W. Raza, N. Javaid, H. Nasir, N. Alrajeh and N. GuizarBuffer-

V-A3 with 7, =

{K-1,K} and Ry, = {1,...,K — 2}.

Following from (39), the highest probability is given for
transmission from R_; followed by the transmission from [17]

Rg:
tl, =1 —qr-1 5ty =qr-1(1 —qr) =~ qr-1.

On the other hand, the probabilities in (40), (41) and (4

will

(57)

tend to zero since the producly ., 9; and[[;.%, p;

involve two or more terms and, hence can be neglected.

Equations (54)-(57) show that the staths 15, 13 and
I, form a closed subset. Therefore, the MC analysis can
be limited asymptotically to this subset that encompasses

the

self-contained transitions with the highest probaédi

Solving the obtained balance equations along with theioslat

i

(1]

(2]

(31

(4

(5]

(6]

(7]

(8]

El

[10]

[11]

[12]

(13]

[14]

[15]

1 m, = 1 results in the solution provided in (44).
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