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Abstract—In this paper, we investigate the problem of buffer-
aided relaying in multi-hop systems that comprise a sourcejesti-
nation and K relays equipped with buffers of sizeL.. We propose
three relaying strategies and compare their performancesThe
three strategies account for the channel and buffer statestavery
time slot. The first strategy considers only the state of the ggvious
relay buffer, the second accounts for the next relay whereathe
third scheme accounts for the previous and next relays’ stas. We
evaluate the asymptotic performance of the three schemes dnve
derive closed-form expressions of the diversity order (DO)xnd
average packet delay (APD) for all values ofK" and L. Results
show the ability of the three schemes to achieve multiple lels
of tradeoff between the performance metrics.

Index Terms—Serial relaying, multi-hop, buffer, performance
analysis, outage probability, queuing delay, diversity oder.

|. INTRODUCTION

link selection scheme based on integrating thex-link and
network-coding approaches was proposed in [11].

In BA networks, an inherent tradeoff exists between the
diversity order (DO) and average packet delay (APD) where
the reliability can be compromised for reducing the deldye T
BA multi-hop strategy in [10] achieves two extreme cases of
this tradeoff. (i): An APD-prioritizing scheme that guatees
the smallest possible APD at the expense of no gains in the DO
that remains unimproved compared to buffer-free networks.
(ii): A DO-prioritizing scheme that focuses on achieving th
full DO with no regard to the APD that increases rapidly with
the number of relays. Novel BA solutions must cope with the
exigency of 5G applications that manifest a broad range of
reliability and latency requirements. This paper focusethis
goal by suggesting tunable relaying schemes that can achiev
a broad range of tradeoff levels between DO and APD thus

User cooperation is a promising solution to increase thffering an improved flexibility for 5G networks. The progas

efficiency and reliability of wireless systems [1]. EQuipgi schemes differ by the weights they assign to the first, last
relays with buffers proved to increase the degrees of f®ed@ng intermediate hops where these weights are optimized for

of systems but at the expense of an increased delay [2]-[4heeting any target DO level with the minimal APD.
Dual-hop buffer-aided (BA) cooperative networks with half

duplex (HD) relays were studied in [2]—[4] where the informa Il. SYSTEM MODEL

tion is relayed through a single relay selected from a chsfte  consider a decode-and-forward HD serial relaying network
relays in the vicinity of the source and destination nodés Tcomprising a source S, a destination D afidrelays R,.. .,
scheme in [2] activates the strongest available link whéirga Rx. A packet is transmitted from S to D ik + 1 hops

is available if the buffer at the transmitting node is not Qmpthrough the relays Rto Rx. We denote S and D by Rand
and the buffer at the receiving node is not full. Unlike [2hth Rx1, respectively. A Rayleigh block fading channel model
only examines whether the puffers are full or empty, th.eaﬂctqs assumed and we denote By, the variance of the channel
numbers of packets stored in the relays’ buffers were irefudgain of thek-th link. At a target rate, the outage probability

in the relay selection policies in [3], [4]. The rationalets along thek-th link between R_; and R, is given by [10]:
increase the departure and arrival rates at congested aled-un
)

filled buffers, respectively, resulting in improved perfance
levels at the expense of an additional signaling overhead.

BA multi-hop relaying was tackled in [5] for mm-wave com-Wherey = P/o? is the average transmit signal-to-noise ratio
munications, in [6] for free-space optical communicatiang (SNR) whereP is the fixed transmit power and” is the
in [7]-[11] for radio-frequency (RF) HD communications& h variance of the zero-mean additive white Gaussian noise.
max-link relaying protocol was proposed and analyzed in [7]- We assume that the relays are equipped with buffers of size
[9] where the available link with the maximum path gain id- @hd we denote by, € {0, ..., L} the number of packets
activated as in [2]. The Markov chain (MC) analysis in [gftorelg in the b_uffer B at R.. The unavailability probabilities
concluded that thenax-link scheme achieves the full diversity{‘lk}k:JE1 are given bygi(l1,.. ., lx) = pr+ (1 —pi)¢ Where:

_2(K4+Drg 4
[

pp=1—e€

order only with infinite-size buffers along with a delay that 51 -1 k=1
increases with the buffer size. The multi-hop scheme in [10]. " )
improved on themax-link scheme and achieved delays that% =4 Oner=0 + 0= = Oy =00=1 , 2S k< K5, (2)
are independent of the buffer siZefor L > 5. This scheme Olx=0 v k=K+1.

assigned weights based on the buffers’ lengths to the linkls ayheress = 1 if the statemens is true whileds =0 otherwise.
selected the available link with the largest weight. To ewea |n fact, link R._1-Ry is available only if the three following
the transmission throughput of BA multi-hop networks, gonditions are satisfied. (i): The channel betwegn Rand
Ry is not in outage (with probability — py). (ii): The buffer
Bi_1 (if any) at the transmitting node is not empty. (iii): The
buffer B, (if any) at the receiving node is not full.
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I1l. GENERALITIES AND RELAYING STRATEGIES Scheme 3 is based on the buffer lengths, and/; at the

A. Markov Chain and Performance Metrics transmitting and receiving nodes, respectively, as fadtow
The MC framework constitutes the appropriate mathemat- a—ly, k=1;

ical tool for analyzing queues [9], [10]. The MC comprises Ap=2 lg1—1lx, k=2,....K; (8)

the (L + 1) states(ly,la,...,lx) € {0,..., L}, The MC Ik — B, k=K+1.

formulation directly yields the outage probability (OP}:[9 ) _ _
wherea andj are parameters associated with the first and last

K1 hops, respectively. For a finite buffer siZe the parameters,
opP = > Tt [ ax(ls--- ). ) gand(a, ) in (6), (7) and (8) should not exceeld
(I, i) E{0,..., L} K k=1
wherem;, ;. stands for the steady-state probability of being IV. ASYMPTOTIC PERFORMANCEANALYSIS
in the state(ls,...,lx) when the MC reaches equilibrium.

Equation (3) allows for the derivation of the DO defined as Even though an analysis that holds across the entire SNR
the negative slope afP(7) on a log-log scale as — oc. range is desirable, such analysis is highly challenging and
The queuing at the buffers incurs delays. Denotingthe Might be out of reach for all values ok and L for the

average queue length, the APD is given by [9]: following reasons. (i): The MC comprises a total (df+ 1)

_ states where this number gets prohibitively large for large
K+0OP+(K+1)L

APD — ) (4) Vvalues ofK and/orL. (ii): The MC is highly connected where
1-0P each state can be reached from up&o+ 1 neighboring
states. Moreover, the added value of the low-to-average-SN
B. Weight-Based BA Multi-hop Relaying analysis as compared to simulations is questionable shee t
The considered relaying strategies are based on assignirgxact steady-state probabilities of tfie+ 1) states might be
weight A, to link k for £ = 1,..., K + 1 and activating the cumbersome and, hence, not useful for shedding more light on
link & (between R_, and R, ) with the largest weight: the system performance. In this context, a high-SNR arslysi
. is more tractable, useful and better tailored to relayirgieans
k:arg}ggz{Ak}v ()  that reap the highest performance gains at high SNRs. In
. ~ fact, the asymptotic analysis focuses on a subset of dominan
whereL, C {1,..., K +1} denotes the set of available links giztes containing onlys + 1 states each connected to one

If more than one link share the highest weight, the link alos@eighporing state where the improbable transitions at high
to D will be selected to reduce the packet delay. The weight\R are ignored. This approach significantly simplifies the

{Ax};Z! in (5) depend on the buffer lengthi#; } /. derivations without sacrificing the accuracy at high SNR,and
as such, it yields simple closed-form expressions of the DO
C. Related Works and asymptotic APD which allow us to study the impact of

The work in [10] proposed a weight-based multi-hop ret-he parameters, d and(«, §) on the system performance.

laying strategy applying (5). This scheme, referred to as
scheme 1 in what follows, privileges the transmission froly cjosed Subset
congested buffers by assigning the following values to the

weights { A } K+ The asymptotic analysis is based on the following obser-

vation. For the three considered schemes, we observe and
Ap=1 % k=1, () Prove the existence of a set &f + 1 statesS £ {s;}X1' C
lger, k=2,...,K+1. "~ {0,...,L}X such that the transitions; — sy, so — s,

-+, Sg — Sk+1 andsigy1 — sp occur with a probability

The work in [10] advised a recursive algorithm for derivinéhalt tend_s to one asymptotica_\ll.y. The_ implications of this t_h
the transition probabilities between the + 1)* states of the observqtlon are as follows. (i): At high SNR’, the M(,:,W'”
MC (refer to eq. (7) in [10]). Once the transition probakst be confined in the subset where the probability of exiting

are derived, the steady-state probabilities used in (3)bzan tNiS Subset tends to zero asymptotically. As sg{ch, instdad o
readily obtained by applying standard MC techniques. deriving _th_e steqd_y—state pr(_)babllmes for@,IJ_r_l_) states of
the MC, it is sufficient to derive these probabilities only foe

K+1 elements of5. (ii): Since elements of are connected to

where the parameteris the weight associated with link 1.

D. Novel Relaying Protocols each other in a loop-like structure, then the asymptotiadste
The proposed schemes differ by their choices of the weiglsate probability of each element &fis equal toKLH.
and they will be referred to as scheme 2 and scheme 3. We denote bys;(k) € {0,...,L} the k-th element ofs;
Scheme 2 privileges the reception at under-filled buffers lwhich stands for the number of packets stored jraBsteady-
assigning the following weights: state. The ordered sequences of states of the closed stibset
b k=1 K for schemes 1 and 2 are presented in (9) and (10), respgctivel
Ak:{ oL )
—d, k=K+1.

: 9)

s—14+0—; 1<i<K;
s—1 1=K+ 1.

whered is a parameter associated with lidk + 1.



TABLE |
CLOSED SUBSET OFSCHEME 3 FOR~y > 0

| si (k) I 1<k<~y | k=7 | ~<kE<K |
1=1 a—k a—y a—
1<i<y oa—k—0p—y_it1 | a—7+1 a—y
i=v+1 a—k a—~v+1 a—y
Yy+1<i<K+1 a—k a—y a—v+0k—i_1
TABLE II
CLOSED SUBSET OFSCHEME 3 FOR~y < 0
| si(k) [ ISk<K-N [k=K—-y[+1] K-+1<k<K |
1<i< K-l A= O |y —it1 a+1 ath[-(K-k+1)
— Y <i<K+1 «a a+ 0p—; at+ ]y —(K—k+1)+dp—;
i=K+1 « « at+ - (K—k+1)
d— Op=r—i 1<i<K, M(g):
Si(k):{d k=K —it1 '__K_l . (10) For scheme 1 denoted ' (s):
=R APDW (s) = 2K + (s — ) K(K + 1), (13)
Defines = [s7-- sﬂ]T as the K x K matrix obtained L, s=1;
by stacking the state§s;} X, vertically. From (9),sx11 = DO(l)(s) ={K+1, 1<s<lL;. (14)
(s—1,...,s = 1) Wh|Ies = (s — 1)1x + Ix wherelg K s—1,

is theK x K matrix whose elements are all equal taand
Ix is the identity matrix. From (10%x41 = (d,...,d) and  For scheme 2 denoted tc? (d):

s = dlx — I whereI, is the anti-diagonal matrix whose APD®(d) = dK (K +1), (15)
nonzero elements are equal to 1.

For scheme 3, the closed subset depends on the parameter 1, d=1;
v £ a— . Fory = 0, elements ofS are provided in (11). For DO (d) ={ K, d=1; _ (16)
v > 0 and~ < 0, the values o, (k) are reported in Table | K+1, 1<d<L.

and Table 11, respectively.
For scheme 3, denoted I8(*) (, 3), the asymptotic APD

— Ok—K—i 1<i<K; is gi :
si(k) = {a k=K—i+1 L (S ' (11) is given by:
oY i=K+1. oK (K +1) 7 =0;
In Appendix A, we prove that the transitiosy — s;; 2K + BK(K + 1)+
occurs with probability 1 for scheme 1 with< i < K — 1. K+1 vy >0
o . (v=1)——7-1
Similar proofs hold for all schemes and for all valuesiaf APD® (o, ) = 2
{1,..., K41} thus justifying the results in (9)-(11) and Tables ’ A2y
I-1l. These proofs are omitted for the sake of brevity. aK(K +1)+ 5+
K(72+7+2> 7 <0.
B. DO and Asymptotic APD 2 a7
Limiting the analysis to elements & that are the most  The DO depends on whether= 0, v > 0 or v < 0:
probable states in the MC, the asymptotic OP can be written K _1
as:OP = - S Hf*ll qx(s;) following from (3). Since " ’ @=5
the unavallablhty probabilityy, can be equal either tp;, or DO (a,f) = K+1, 1<a<lL; ; y=0, (18)
1, then the DO can be determined from: 1, a=L.
K+1
DO = min {Z (SQk(Si):pk}’ (12) K, (a,7) = (L, 1);
=heo kT DO (a,B) = K+1, a>n; . v >0, (19)
since (1) behaves asymptotically @s'. The DO constitutes e a =7,
an important metric for capturing the performance of the K ae{1,L+7);
fading-mitigation relaying techniques that achieve thghest DO® (a, ) = {K’ 1 el h’ ) ;v <0.(20)
performance gains at high SNRs [2]-[4], [7]-[10]. + elsewhere,

Since the asymptotic OP is several orders of magnitudeThe asymptotic APD expressions in (13), (15) and (17)
smaller thanK and L, then (4) can be approxmated byfollow directly from (9)-(11) and Tables I-1I. In Appendix,B
APD = K + (K + 1)L with L = K+1 ZK+1 Zk 1si(k).  we provide highlights on how the DO of scheme 2 in (16)

Therefore, the asymptotic APD and DO of the three pra@an be derived. Similar derivations hold for the two remaini
posed schemes are as follows. schemes and are not provided here for conciseness.



C. Conclusions about the design of the BA relaying schemes
For scheme 3, (18) and (20) show that the diversity orders

90

K and K 41 can be achieved by = 0 and~ < 0. However, .. i zca‘)l()-(l_]i?kDO—l
from (17), it can be observed that for the same value dfie B V2 Do—K+1
APD is always smaller in the former case sireg~ > 0 and 701 e~ sc@(1), DO=K M /_':
224942 - ) when~ is a nonzero negative integer. Therefore  so- e Zizgg; o S
the choicey < 0 presents no advantage compared to the choi 50 - ScO(4.0), DO = 4 B ;,.4"0
~v = 0 and the former option can be omitted. g B ~ 9,/

The proposed schemes are capable of achieving differ 401 A e ~4
levels of tradeoff between DO and APD as highlighted beloy 30 A

1) DO = 1: (14) and (19) show thatS¢(M)(1) and = g
Sc®)(1,0) are capable of achieving this DO with an APC ] o i |
value of2K following from (13) and (17). Similarly, (16) and 101 Y : e =
(18) show thatSc¢®) (L) andSc®) (L, L) can achieveDO = 1 o= | | | |
but with an increased APD af K (K + 1). ! 2 3 el 6 ’ 8

Therefore, Sc (1) and Sc®)(1,0) are the best delay-
prioritizing schemes that achieve the smallest pOSSiblaydeFig. 1. APD for different scenarios with L=5. Solid lines addshed lines
of 2K at the expense of a reducéD = 1. represent the analytical and simulation values, respytiv
2) DO = K + 1: ScM(2), Sc?)(2), Sc®)(2,2) and
Sc)(2,1) are all capable of achieving this maximum DO
where the corresponding delays a& + 3K, 2K2 + 2K,
2K? + 2K and K2 + 3K, respectively. Note that, from (19),
other values ofr andy (with a > ) canresultinDO = K+1 € = [3,...,3]. Results show that the APD values in (13),
when~ > 0. However, the choice = 2 and~y = 1 (implying (15) and (17) match the simulation results thus demonstati
that 3 = 1) is the best option since the APD in (17) increasdfe accuracy of the closed-form asymptotic expressiorgs. Fi
with o« and~ when~ > 0. 1 shows that the proposed schemes can achieve a wide range
Therefore, Sc(V)(2) and Sc¢®)(2,1) are the best outage-of tradeoffs between DO and APD for any number of relays.
prioritizing schemes that achieve the highest possible DO Gompared withSc(?)(1), Sc¢(®)(3,0) compromises the DO for
K + 1 with an APD value ofK? + 3K. the sake of achieving reduced APD values for> 5. For
3) DO = K: This DO can be achieved byc(!)(L), K =5, the former scheme is better since it achieves a larger
Sc@ (1), Sc®)(1,1) andScB®) (L, L—1) with the smallest de- DO and a smaller APD. Fig. 1 highlights on the increased
lay of APD = K?+ K achieved bySc(®)(1) andSc(®)(1,1). delays of themax-link scheme in [9] where these delays
4) DO €{2,...,K —1}: (19) shows that only scheme 3significantly exceed those achieved by all three proposed
with v > 0 can achieve such diversity orders when= v = schemes. While thenax-link scheme achieves full diversity
DO. Therefore Sc® (DO, 0) must be applied wititDO < K. only with infinite-size buffers, the proposed schemes can
The corresponding APD i8K + (DO — 1)(52 DO — 1) achieve such diversity order with practical finite-sizefbrs.
that increases wittDO. Note that this delay must not exceedMoreover, the implementations of the proposed schemes are
K? + K since, otherwiseSc(? (1) and Sc(® (1,1) will be  simpler compared tanax-link since the exact values of the
better options since they achieve a smaller delay while ipath gains are not included in the relay selection process.
creasing the DO tds. Therefore,Sc(®) (DO, 0) is particularly
appealing with large values df where the achievable APD Fig. 2 and Fig. 3 show the OP and APD, respectively,
that increases linearly withk will fall below K2 + K. for K =5 L =5 andQ = [2,3,2.5,2,3,3.5]. Results
Based on the above discussion and on the observation thigihlight the close match between the theoretical and numer
scheme 1 and scheme 2 are easier to implement compare{$ab results thus demonstrating the accuracy of the pregent
scheme 3 (since the weights assume simpler expressioas),afrformance analysis. Results show the adjustability ef th
following conclusions can be drawn. (i): Scheme 1 is a gogioposed schemes and on the impact of the control parameters
option capable of covering the extreme caéB¥), APD) = s, d and (a,3) on the OP-APD tradeoffs. ADO = 1,
(1,2K) and (DO, APD) = (K +1, K2+ 3K) giving the full Sc(1) and S¢®)(1,0) manifest exactly the same OP and
priority to the APD and DO, respectively. (ii): Scheme 2 i&PD performances. ADO = K + 1, ScM(2) achieves
a suitable choice for achieving)O, APD) = (K, K2 + K) smaller OP levels compared wist(®)(2, 1) at the expense of
where, compared to the full-diversity case, DO is reduced byhigher APD levels for small-to-average values of the SNR. At
with the advantage of reducing the APD ¥ . (iii): Scheme large SNRs, both schemes achieve the same asymptotic APD
3 demonstrates the highest flexibility and can achieve adiige value of40 as demonstrated in Section IV-C. &0 = K,
of tradeoffs between DO and APD. Sc@ (1) and Sc®)(1,1) manifest comparable performances
with a slight OP advantage and APD disadvantage of the
former scheme. Finally, all eight variants of the proposed
schemes in Fig. 2 and Fig. 3 result in significant APD
reductions compared to [9].

V. NUMERICAL RESULTS

We fix rp = 1 and we letQ 2 [Qy,...,Qx1]. Fig. 1
plots the APD as a function ok for L =5, ¥ = 30 dB and



increase by one reflecting the flow of a packet fromdrR; 1
along link:+ 1 assuming that all links are not in outage in the

10°

asymptotic regime. Therefore;(i) — s;(i) — 1 = s — 1 and
si(i+1) — s;(i+1)+1 = s. The new state has the structure
- of s;11 following from (21) implying a transition of the MC
from states; to states; .
-©- Max-Link APPENDIX B
& 107ty F sehh) Full and empty buffers contribute to decreasing the DO
= sch@) . . .
e sc2(1) since they reduce the number of available links. From (2) and
5¢9(1,0) (12),Sz(l€) =L= qk (Sz) =1 andSi(k}) =0= qk+1(si) =1.
R I g ey From (10), fori = 1,...,K, one element of; is equal
g 52(3):2:0; to d — 1 while the remainingk’ — 1 elements are equal @
& 5¢93,0) : and all elements o§x 41 are equal tod. (i): For 1 < d <
N e D5 130 s 200 25 30 275 300 L, none of the elements dfs;}/*; andsx 1 is equal to 0

SNR (dB) or L. As such, assuming that, — 0 asymptotically for all
values ofk, all links in the network are available amdO =

Fig. 2. OP for K=5 and L=5. Solid and dashed lines correspandhe - | | (ii): For d = 1, each state ir‘{s‘}K has one zero

theoretical and numerical results, respectively. ' ) ! . +Ji=1 .
element corresponding to a single empty buffer while none
of the elements o0&y, is equal to0 or L. Consequently,
for each state i{s;}X ,, one link out of theK + 1 links is

100 1p S o unavailable resulting ilO = K. (iii): For d = L, all buffers
- sev are full except for the buffer at R ;. that containsl, — 1
80 | E ziijg; packets fori = 1,..., K from (10). Therefore, for each state
5c(1,0) in {s;}%,, two links are available; namely, link ;RD and
> sez.1) Rx_i-Ri ;11 implying that the corresponding summation in
601 g o) (12) is equal to 2. Fosy 1, all buffers are full and only link
g & 53,0 Rg-D is available implying that the corresponding summation

in (12) is equal to 1. As a conclusiohO = min{1,2} = 1.

40 1
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