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Abstract— In this paper, a simple variation of classical Slotted a slot are supposed to be available. The different observa-
Aloha is introduced and analyzed. The enhancement relies on tions are associated t& relays, and, for each of them,
adding multiple receivers that gather different observations of the transmitted packets are subject to independent fading

the packets transmitted by a user population in one slot. For each - s .
observation, the packets transmitted in one slot are assumed to coefficients. Collisions are regarded as destructive, ded t

be subject to independent on-off fading, so that each of them is System is complemented by having relays deliver what they
either completely faded, and then does not bring any power or have decoded to a centralized gateway.

interference at the receiver, or it arrives unfaded, and then nay SA with space (antenna) diversity was analyzed in [13]
or may not, collide with other unfaded transmissions. With this under the assumption of Rayleigh fading and shadowing

model, a novel type of diversity is introduced to the conventional . . .
SA scheme, leading to relevant throughput gains already for with emphasis on the two-antenna case. With respect to [13],

moderate number of receivers. The analytical framework that We introduce in our analysis a simplified channel model.
we introduce allows to derive closed-form expression of both In particular, the uplink wireless link connecting useand

throughput and packet loss rate an arbitrary number of receiva's,  relay j is described by a packet erasure channel with erasure
providing interesting hints on the key trade-offs that characteiize probability ; ;, following the on-off fading model [14]. The
2,7 .

the system. We then focus on the problem of having receivers1E ding i d to be ind d f h pair of |
forward the full set of collected packets to a final gateway 'adiNg Isassumed to be independent for each pair of usay-re

using the minimum possible amount of resources, i.e., avoiding pair. Despite its simplicity, the model is accurate enough f
delivery of duplicate packets, without allowing any exchange some cases of interest. As an example, it captures the main
of information among them. We derive what is the minimum features of an interactive satellite network with satellitcated
amount of resources needed and propose a scheme based of, gifferent orbits, and where the line-of-sight link beeme
random linear network coding that achieves asymptotically this ' .
bound without the need for the receivers to coordinate among YS€rS and relays may be b.IOCked whenever gn obstacle lies
them. between a user and a satellite (here, the satellites plagptae
of relays).

Under this fading model, elegant exact expressions for the

|. INTRODUCTION system throughput as a function of the number of relays

A renewed interest for Aloha-like random access (RAgre derived, yielding deep insights in the gains provided by
protocols led recently to the development of new hightiversity in SA protocols. We further provide an analysis on
throughput uncoordinated multiple-access schemes [@]—{1how the link between the relays and the centralized gateways
These schemes share the feature of cancelling the inteckere(also referred to adownlink) shall be dimensioned, assuming
caused by a packet whenever (a portion of) it is successfulhe relays to be uncoordinated. A bound on the downlink
decoded. Among the aforementioned works, a specific claggpacity is derived, which is achieved by a random linear
is based on the diversity slotted Aloha (DSA) protocol intracoding approach based on Slepian-Wolf coding.
duced in [11] enhanced by successive interference caimelat The rest of the paper is organized as follows. We start in
(SIC). In [4], [9] it was shown that the SIC process can bgection Il by defining the system model that is used to develop
well modeled by means of a bipartite graph. By exploitingur framework. Section Ill provides a thorough analysis of
the graph model, a remarkably-high capacity (e.g., up {Re system uplink, characterizing it in terms of throughput
0.8 [packets/slot]) can be achieved in practical implementaand delivery reliability, whereas in Section IV we study how
tions, whereas for large medium access control (MAC) frames effectively deliver collected packets to a common gatewa
it was demonstrated that fully efficiency [packets/slot]) can  without resorting to coordination and information exchang
be substantially attained [8], [10], [12]. A further key iegli- among relays. In Appendix, we also investigate, for the two-
ent to attain large throughput gains deals with the exdloita receiver case, an extension of the considered scheme kieat ta

of diversity. As an example, the approaches proposed in [Hdvantage of successive interference cancellation tqobsi
[41-[6], [9]-[11] take advantage of time diversity to regel
collisions.

In this paper, we develop and analyze a simple yet powerful
relay-aided slotted Aloha (SA) scheme which enjoys space Throughout this paper, we focus on the topology depicted
diversity. More specifically,/X independent observations ofin Fig. 1, where an infinite population of users want to delive

o - _ information in the form of data packets to a collecting gatgw
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Il. SYSTEM MODEL AND PRELIMINARIES



Gateway

be triggered when the relays are considered jointly, since
independent channel realizations may lead them to retrieve
different information units over the same time slot. In arde
downlink to quantify this beneficial effect, we label a packetalbected
when it has been received by at least one of the relays, and
K relays we introduce theuplink throughput 7., x as the average
| number of collected packets per slot. Despite its simplicit
such a definition offers an effective characterization & th
beneficial effects of diversity, by properly accounting bath
the possibility of retrieving up tmin{u, K’} distinct data units
or multiple times the same data unit over a slot, as will be
. discussed in details in Section IlI-A. On the other hahg, x
also quantifies the actual amount of information that can be
retrieved by the set of receivers, providing an upper bownd f
the overall achievable end-to-end performance, and gettie
target for the design of any relay-to-GW delivery strategy.
Fig. 1. Reference topology for the system under considerati For the downlink phase, we focus ondacode and for-
ward (D&F) approach, so that each receiver re-encodes and
laansmits only packets it has correctly retrieved during th

As to the uplink, time is divided in successive slots, an link oh il i binati h f Adi
transmission parameters in terms of packet length, codidg a!Plink pnase, or possibly finéar comoinalions thereol. A€in

modulation are fixed such that one packet can be sent witr‘ﬂﬂwn"nk bcapc?c!:jythli assumed: atn dt r?:]aysévr:/at\)/e o sharef a
one time unit. Users are assumed to be slot-synchronized, mmon bandwi 0 communicate to the y means ot a

Slotted Aloha (SA) [15] is employed as medium access p0|ngDtl\r/1|A sc?eme. In rc:.rderbtlo get tan |n3|gfhtful characterization
Furthermore, the number of users accessing the channe T € optimum achievable syslem periormance, we assume

a generic slot is modelled as a Poisson-distributedf.of "¢ ay-to-GW links to be error free, and let resource allmrat
intensity p, with: for the D&F phase be performed ideally and without additiona

cost by the central collecting unit.

. 1 We then complement our study in Appendix | by consid-
ul ering, for the simplifiedX’ = 2 scenario, anamplify and

The uplink wireless link connecting uséand receiverj is  forward (A&F) approach. In this case, relays simply deliver
described by a packet erasure channel with erasure prapabién amplified version of the analog waveform (possibly the
€7, Where independent realizations for agj) pair as outcome of a collision) they received, whereas the GW per-
well as for a specific user-receiver couple across time slgtgms decoding relying on successive interference caatiefl
are assumed. For the sake of mathematical tractability, \&C) techniques. The goal of such an investigation is tiveler
sete;; = ¢, Vi, j. Following the on-off fading description a characterization of the gains that are achievable bylyoint
[14], we assume that a packet is either completely shadowgggcessing signals incoming at different receivers. Altig
not bringing any power or interference contribution at fne of reasoning, we will focus on an idealized downlinkglsu
receiver, or it arrives unfaded. While, on the one hand, suchtat information can be reliably delivered to the collegtimit
model is especially useful to develop mathematically &#alet at no cost in terms of bandwidth.
approaches to the aim of highlighting the key tradeoffs ef th
considered scenario, it also effectively captures effdikts )
fading and short-term receiver unavailability due, fotamee, A Notation
to the presence of obstacles. Throughout our investigation  Prior to delving into the details of our mathematical frame-
multi-user detection capabilities are considered at theyse work, we introduce in the following some useful notation| Al
so that collisions among non-erased data units are regasiethe variables will be properly introduced when needed in the
destructive and prevent decoding at a receiver. discussion, and the present section is simply meant to affer

Within this framework, the number of non-erased packetfuick reference point throughout the reading.
that arrive at a relay whem concurrent transmissions take K relays are available, and, within time stothe countably
place follows a binomial distribution of parametefs, 1 — infinite set of possible outcomes at each of them is labeled as
g) over one slot. Therefore, a successful reception occuds := {wh, wt,wh, ... wt } for eacht = 1,2,... n. Here,
with probability u(1 — ¢)e“~*, and the average throughput. denotes the erasure event (given either by a collision or
experienced at each of th€ receivers, in terms of decodedby an idle slot), whilew! indicates the event that the packet
packets per slot, can be computed as: of the j-th user arriving in slott was received. According

X pie=p o e to this notation, we def_irje a¥/! the random vgriables with
Tea = Z ] u(l —¢e)e" " =p(l —¢e)e™” , (2) alphabefN, whereX! = j if wj was the observation at reldy
u=0 When needed for mathematical discussion, we let the uplink

corresponding to the performance of a SA system withperate forn time slots. In this case, letl} be the set of
erasures. On the other hand, a spatial diversity gain cemilected packets after time slots at receivek, where A7 C

uplink

ple

PH{U =u} =




Ui {2 \w{}. That is, we do not add the erasure events -

Aj:. The number of received packets at refayfter n time E
slots is thus|.A7|. 0.7y e K205

In general, the complement of a sdtis indicated asA.
We write vectors as lowercase underlined variables, e:g.,
while matrices and their transposes are labeled by upperc
letters, e.g.G and G™.

Tup

IIl. A CHARACTERIZATION OF SYSTEM UPLINK

With reference to the topology of Fig. 1, we first conside
the uplink phase. In order to gather a comprehensive desci
tion of the improvements enabled by receiver diversity, w
characterize the system by means of two somewhat comg
mentary metrics: uplink throughput (Section IlI-A) and ket
loss rate (Section 1lI-B).

Fig. 2. Average uplink throughput vs channel load underedéiit erasure
. probabilities. Black markers indicate the performance ingresence of two
A. Uplink Throughput receivers, whereas white markers report the behavior of $ie

Let us focus on the random access channel, and, following
the definition introduced in Section I, l&t' be the number
of packets collected by the relays over one stis a r.v. Plugging these results into (3) we get, after some calasiafi
with outcomes in the s€i, 1,2, ..., K}, where the maximum a closed-form expression for the throughput in the upliné an
value occurs when th& receivers decode distinct packets duthus, as discussed, also for the end-to-end D&F case with
to different erasure patterns. The average uplink throughgnfinite downlink capacity:
can thus be expressed by conditioning on the number of

_ _ _ _ .2
concurrent transmissions as: Tupz = 2p(1 =) e 7179 —p(1—e)? e ?=5) (6)
B B 2 ple P B B The trend of7,, 2 is reported in Fig. 2 against the channel
Tup.x¢ *EU[E[OWH*;J ul Z_%cPr{O =clU=u}5aq p for different values of the erasure probability, and

(3) compared to the performance in the presence of a single

While Eqg. (3) formula holds for ang, the computation of the receiver, i.e.,75,. Eq. (6) conveniently expresseg,, . as
collection probabilities intrinsically depends on the rhenof twice the throughput of SA in the presence of erasures,
available relays. In this perspective, we articulate owlysis reduced by a loss factor which accounts for the possibility
by first considering the two-receiver case, to then exteed tAf having both relays decode the same information unit. In
results for an arbitrary topology. this perspective, it is interesting to evaluate the maximum
1) The Two-Receiver Case: Let us first then focus on throughput7; ,(c) as well as the optimal working poipt (¢)
the case in which only two relays are available. Such aghieving it for the system uplink. The transcendental reatu
scenario allows a compact mathematical derivation of tifé (6) does not allow to obtain a closed formulation of these
uplink throughput, as the events leading to packet cobiacti quantities, which, on the other hand, can easily be estinate
at the relays set can easily be expressed. On the other hdtimeans of numerical optimization techniques. The restits
it also represents a case of practical relevance, as it cantiie analysis are reported in Fig. 3, where the peak throughp
instantiated by simply adding a receiver to an existing SAL,, is depicted by the black curve as a function -ofand
based system. Wheli = 2, the situation folC' = 1 can easily compared to the performance of SA, which clearly collects
be accounted for, since a single packet can be collectecbas s@n average at most 0.36 pkt/slot regardless of the erasure
as at least one of the relays does not undergo an erasuye, fig@€. In ideal channel conditions, i.e.,= 0, no benefits can
with overall probabilityl —s2. On the other hand, by virtue of be obtained by resorting to multiple relays, as all of them
the binomial distribution of/, the event of collecting a singlewould see the same reception set across slots. Conversely,
information unit over one slot occurs with probability higher values ofe favour a decorrelation of the pattern of
w1 w1 packets that can be correctly retrieved, and consequently
PH{C =1|U = u} =2u(l — )" " [I —u(l —e)e" "] improve the achievable throughput at the expense of higher
+ u(l — )22, (4) loss rates. The result is a monotonically increasing bemnavi

. . for 7. ,(¢), prior to plummeting with a singularity to a null
where the former addend accounts for the case in which one Tup2(€). P P 9 ng Y
. : throughput for the degenerate case- 1. Fig. 3 also reports
relay decodes a packet while the other does not (either due 1o . i
. circled-white markers) the average throughput obtairmd f
erasures or to a collision), whereas the latter tracks tise c 1/(1 — <), i.e., when the uplink of the system under
of having the two relays decoding the same information unt o P y

Conversely, a reward of two packets is obtained only when t@%nsl"ed_?éigigr%p:rzthejwﬁt t:: ﬁf;n;?ghwl%rg;? f\g:}gigr a
receivers successfully retrieve distinct units, with oitity 9 ' gatg : !

the abscissa of maximum*(e) may differ from this value
PH{C =2|U =u} = u(u—1)(1 —e)?c2@=1. (5) (they coincide only for the ideal case= 0), the error which



reference to a single sletlet Q; := {wf, wi, i, ... Wi } for
eacht = 1,2,...,n be the countably infinite set of possible
outcomes at each relay, whez§ denotes the erasure event
while w§ indicates the event that the packet of th¢éh user
arriving in slot¢ was received. Let us furthermore define as
X} the random variables with alphab&t= {0,1,2,..., 00},
where X} = j if w! was the observation at reldy, so that

0.8

0.75r

0.7f

0.651

0.6r

0.551

Maximum achievable throughput

. X}, X2, ..., X is an i.i.d. sequence for each relayWe let
05 ——K=2, numerical the uplink operate for. time slots, and indicate a4} the set
0.45 © K=2, approximation of packets collected at receivérover this time-span, where
K=2 w/ A&F, numerical n t .
0.4l K=2 W/ A&F, approximation L C U1 {9 \wp} (i.e., we do not add the erasure events

i Hatotek telelote eleulfnfttebebetet lolotef ol to A}). The number of received packets at relayafter n
‘ time slots is thug.A}| and, with reference to this notation, we
e prove the following result:
Proposition 1: For an arbitrary number of< relays, the

Fig. 3. Maximum uplink throughput vs erasure rate. The blasktiouous throughput7,, x is given by
line reports the performancg,;, , of a two-receiver scheme, while white

. L ; . K
circled markers indicat€f,, 2(1/(1 — ¢€)), and the dotted line shows the K K
behavior of pure SA. Gray curves and markers are to be refesrébamplify Tup. Kk = z:(—l)k_1 p(l — €)k6_p(1_8 ) (8)
and forward case, that will be treated in Appendix I. 1 k
Proof: We have|A}| = 377, (xiz0, Where (g

. . . . . denotes the indicator random variable that takes on thevalu
is committed when approximatirfy’, , with 7., 2(1/(1—¢))

iv be sh icall 1;72 d 0.6% dif the eventF is true and) otherwise. The throughput seen by
can easily be shown numerically to never exceed 0.6%, esingle relay can then be written @,., = E| (y: 0] =
to the very small slope of the function in the neighborho "t ’ k7 .

N . . : r{X; # 0}, and does not depend on the specific receiver
of p*(¢). We can thus provide a very precise estimate of tfbe

: 0 ) eing considered. By the weak law of large numbers,
peak uplink performance for a specific erasure rate as:
~him MAE

2 7;1,,1 = lim (9)
G(e) = —(1—g)e '8, 0<e<1. 7) n—oo n

€ or, more formally,
which once again compactly captures the behavior of a two- | A7
receiver scenario by quantifying the loss with respect ticgw ~ lim PY{ "
the performance of SA. In this perspective, two remarkslshal. .
be made. First of all, in order to approach the upper boured, tRimilary;
system has to be operated at very high loadp’as: 1/(1 — ) |U,€K:1 A
£)). These working points are typically not of interest, since Tupxc = lim_ - . 11)
very low levels of reliability can be provided by a congestefy the inclusion-exclusion principle (see, e.g., [16]), have
channel with high erasure rates. Nevertheless, the presdiac

7—*

up,

- %p,l

> e} = 0 for somee > 0. (10)

for K relays we have

K

isoescsond receiver triggers remarkablt_a improvements alré&ady U Al = Z (—1)IS-1 |7 (12)

probabilities that are of practical relevance, e.gden e SCL K} .50
harsh fading conditions or for satellite networks. Indeith S
e = 0.1 a~ 15% raise can be spotted, whereas a loss rate with 73 = (] Ay (13)
of 20% already leads to a 50% throughput gain. Secondly, kes
the proposed framework highlights how no modifications iHere,Zg denotes the set of packets that all the relay nodes
terms of system load are needed with respect to plain SA fepecified byS = {k1, k2, ..., ks/} have in common:
a two-receiver system to be very efficiently operated. Such n
a result is particularly interesting,. as it suggests thaglayr |72| = ﬂ AP = Z (04X} =Xt X!} (14)
node can be seamlessly and efficiently added to an already keS =1 oo |51

operating SA uplink when available, triggering the maximurB e to symmetry in the setup, the value|®&| only depends

achievable beqefit W.ithOUt the n.eed to undergq a _re—tuning the cardinality ofS but not the explicit choice, so that
the system which might be particularly expensive in terms n| = a7 for k = |S|, and
S| — k - 3 L]

resources.
K K K
n| _ -1 k—1 n
Ut =2 (k)ak

2) The General Case, K > 2: Let us now focus on the
general topology reported in Fig. 1, whekerelays are avail-

able. While conceptually applicable, the approach predente - k_:_l
to compute the uplink throughput in the two-receiver case b8S Xz, X, ..., X} are iid., by the weak law of large
comes cumbersome @ grows, due to the rapidly increasinghumbers we have:
number of events that have to be accounted for. In order to ..  |Zg| t t t

. . . — =Pr{0#£ X, =X; =...=X . (15
characterizell,,, x, then, we follow a different strategy. With  n—00 n {0 # X, = X, b 3 (15)
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Fig. 4. Average uplink throughput vs channel load for défgrnumber of Fig. 5. Maximum achievable throughpﬂ[gp x as a function of the number
relays K. The erasure probability has been sette: 0.5. of relays K for an erasure rate = 0.5. The gray curve reports the load on

the channepy needed to reacfl;’ ..

We can compute the latter probability as linear and that exhibits a logarithmic-like trend k.

2 A = Ju — Ju —
Pr{0# X}, =...= X} } Tup 7}‘(,,,1( Tup. K1
= ZPr{O £Xj =...= X};S‘ |U = u} Pr{U = u} = Z(_l)k—l <I]:__11) p(1 — E)k'ep(l—ek) (17)
u k=1
Nt (u w18l
=3 <1> (1= )" )

B. Packet loss probability

The aggregate throughput derived in Section IlI-A repre-
. sents a metric of interest towards understanding the patent
Aslim,, o % = (1—¢)*pe=P(1-"), the proposition follows. of SA with diversity when aiming at reaping the most out

m  of uplink bandwidth. On the other hand, operating an Aloha-

The performance achievable by increasing the number RAsed system at the optimal loaf} exposes each transmitted
relays is reported against the channel load in Fig. 4 for a rdfacket to a loss probability that may not be negligible. le th
erence erasure rate= 0.2. As expectedy,, x benefits from classical single-receiver case without fading, for ins&rthe
a higher degree of spatial diversity, showing how the systepfobability for a data unit not to be collected evaluates to
can collect more than one packet per uplink slot as soon @s = 0.63. From this standpoint, in fact, several applications
more than four receivers are available, for the parametateru May resort to a lightly loaded random access uplink, aiming
consideration. Such a result stems from two main factors. @ha higher level of delivery reliability rather than at a tnig
the one hand, increasing' enables |arger peak throughputhroughput. This is the case, for example, of channels used
over a single slot, as up t& different data units can be simul-for logon and control signalling in many practical wireless
taneously retrieved. On the other hand, broader receietss $1€tworks. In order to investigate how diversity can improve
improve the probabi"ty of decoding packets in the presmfce performance in this direction, we extend our framework by
collisions even when less thak users accessed the channefomputing the probability i that a user accessing the channel
by virtue of the different erasure patterns they experienc@Xperiences a data loss, i.e., that the information ungntls
The uplink throughput characterization is complemented l§ not collected, either due to fading or to collisions, by an
Fig. 5, which reports the peak value faF;, , (solid black Of the K" relays. .
curve), obtained by properly setting the channel loag}o To this aim, letO describe the event that the packet of the
(whose values are shown by the gray dashed curve), for @pserved user sent over time slotis not received by any
increasing relay populatiohThe plot clearly highlights how of the receivers. Conditioning on the number of interfergrs
the benefit brought by introducing an additional receivehto i.€., of data units that were concurrently present on thenkipl
scheme, quantified by Eq. (17), progressively reducesirigadchannel at, the sought probability can be written as:
to a growth rate for the achievable throughput that is leas th

=(1- E)I">’|pe—P(1—5'S') (16)

oo
(k=Y _Pr[O|I =i Pr[I =1i]. (18)
i=0
1As discussed for thek = 2 case, a mathematical derivation of theH h diti | babili iiv be d ined
optimal working point loadpy, is not straightforward, and simple numerical ere, the conditional probability can easily be determine

maximization techniques were employed to obtain the resul&ig5. recalling that each of th& relays experiences an independent



collected to a central GW. In doing so, we aim at employing
the minimum number of resources in terms of transmissions
that have to be performed by the relays, while not allowing an
information exchange among them. In particular, we comside
a finite-capacity downlink, where th& receivers share a
common bandwidth to communicate with the GW by means
of a time division multiple access scheme, and we assume that
each of them can reliably deliver exactly one packet, pdssib
composed of a linear combination of what has been collected,

——K=1

107k oK=2 over one time unit. We once again focus on a horizom of
D slots to operate the uplink, after which the downlink phase
—4—K=5 starts.

—>—K=10

I I
-3 -2 -1 0

We structure our analysis in two parts. First, in Section IV-
10 10 0 10 10 A, we derive lower bounds for the rates (in terms of downlink
slots allocated per uplink slot) that have to assigned to re-
Fig. 6. Probability¢ - that a packet sent by a user is not received by any @eivers in order to deliver the whole set of data units codléc
the relays. Different curves indicate different valuestof while the erasure 1 the uplink over the slots. Then, Section IV-B shows how
probability has been set to= 0.2. . . ) ’ .
a simple forwarding strategy based on random linear network
coding suffices to achieve optimality, completing the damkl
erasure pattern, obtainimgr[O|I = i] = (1— (1—¢)e?)X for Phase inT, r slots for asymptotically large values of
an individual packet ands relays with independent erasures Prior to delving into the details, let us introduce some uisef
on all individual links. By resorting to the binomial thearg Notation. We denote thé-bit data part of packet of thg-th

such an expression can be conveniently reformulated as: USer arriving in time slot as Wy € W, with W = Fp. U
e, wheree is added as the erasure symbol. We furthermore

K <K> ((1 B E)Ei)k (19) assume that the receiver can determine the correspondéng us

PriO| =i =Y (1)

Pt k through a packet head_er, i.e., the rec_e-iver knows bczthdt
. after successful reception. As the uplink operates avéme
On the other hand, the number'of mterferers seen _by a USRis, relayk observes the vectom, = WL,..., W) In
that_acgesses_the c_hannel at timestill fo_IIows a Pmss_on each time slot, the tupl@W?, W, ”” W) is drawn from a
dlStr!butIOh of intensityp, so that, after simple calculat|0nsjoim probability distributionPy, . which is governed by
we finally get: the uplink, and different relays might receive the same pack
K K "
. /;(_1)k<k)<1 —e)te e (20) A. Bounds for Downlink Rates

Each relayk transmits a packet in each of itdz;, downlink
Fig. 6 reports the behavior gf as a function op when the sjots. We are interested in the set of raté ), such that
erasure rate over a single link is setete= 0.2. Different lines the gateway can recover all packets (with high probability)
indicate the trend when ianeaSing the number of receiversrhis is essentia”y the prob]em of distributed source cod-
from 1 to 10. As expected, when— 0, a user accessing theing (SW-Coding [17]), with the following modification: SW-
channel is not likely to experience any interference, st thgoding ensures that the gateway can recoverkaibbserved
failures can only be induced by erasures, leading to an U’Vefﬁrings%w k=1,2,...,K perfectly. In this setup, the gate-
loss probability of=*. In this perspective, the availability of way should be able to recover every packet that was received
multiple receivers triggers a dramatic improvement, enabl at any relay. However, neither is the gateway interested in
levels of rellablllty that would otherwise not be pOSSib'%rasureS Symb0|s at the re|ays, ie. Whené{/%r: e for any
irrespective of the channel configuration. On the other hang ¢ nor in reconstructing each relay sequence perfectly. The
Eq. (20) turns out to be useful for system design, as it allovggithors in [18] overcame this problem by assuming that the
to determine the load that can be supported on the upligcoder knows all the erasure positions of the whole network
channel while guaranteeing a target loss rate. Also in thikis assumption applies in our case as packet numbers are
case diversity can significantly ameliorate the perforreads supposed to be known via a packet header. Let all erasure
shown in Flg 6, for example, a target loss rét& 5-1072 positions be represented ﬂjy
is achieved by a three- and four-receiver scheme under 6- anc¢the rates(Ry, ..., Rx) are achievable [17] if
10-fold larger loads compared to tlié& = 2 case, respectively.
> R, >HWs|Ws,T), VSC,2,...,K] (21)

IV. DOWNLINK STRATEGIES kes
The analysis carried out in Section Ill has characterizedhere Ws = (W,ﬁl,W,gz,...,W,ﬁ|S|), denotes the observa-
the average number of packets that can be decoded attibas at some time at the subset of receivers specified by
relay set when SA is used in the uplink. We now insteall = {ki,ks,...,ks}. ' has the effect of removing the

consider the complementary task of delivering what has beifluence of the erasure symbols on the conditional entsopie



Computing the entropies however requires the full proligbil system of linear equations

distribution Py, _w, which is a difficult task in general. By o a0 0 o7
different means, we can obtain the equivalent conditions: =L ! =1
[&5) 0 Go... 0 ws
Proposition 2: The rates(R;)X_, have to satisfy =1, . : (25)
K—|S]| s ck 0 0 ...Gxg wh
k
Z Ry > Tup,x + Z ( > p(1 — g)ke=r(—<"), Hr—’gT G HQ/—/T

kes ny , RpxnK
VS C{1,..., K} WhereG cF,~* "7"" . Note that some elements of can

’(22) be identical because they were received by more than ong rela

] . and thus are elements of somg , wy,,.... One can merge
. Proof. Consider a subset of rele;&g iL..., K} and these entries inv that appear more than once. Additionally,
their buffer contents J, . s A7 aftern time slots. In order to

satisfy successful recovery at the gateway, at least akgiac we drop 6.1” erasure-eymbolsm and delete the corresponding
2 columns inG to obtain the reduced system of equations
that have been collected only by nodes in the $&ind not
by anyone else have to be communicated to the gateway. That ' =GuT (26)
S wherew € IE‘ ' contains only distinct received packets and
no erasure symbols Clearly, there &r¢, s A7| elements in

n- Ry > AR\ Arl, (23) w.
,;9 kLeJS kgg We partition the entries i@ into 2% —1 vectorsw 5 for each
nonempty subset C {1,2,..., K}: Each vectorws contains
with S = {1,..., K}\S. Note that all packets that have been received only by all relays specifi
T by S and not by anyone else. That i85 corresponds to the
setPe = Npes A\ Ureg A, its length is|PZ|.
A? AP = A" A7 S keS 7tk \ YkeS ke T S
kLeJS £\ u \ u k The columns inGG and rows in@” can be permuted such
hes hes that one can write
so by the inclusion-exclusion principle and duel® = K — ¢} =Griv:= > Grs-tg, YVhk=1,... K
S| SC{l2...K}

(27)
K—|S| K- |S| _
U AP\ U Ar| = A% + Z (_1)k< )aZ Each of the matnce@'ks ey contaln.s only ele—
heS oS 1 k ments fromF;, if k € S and is an all-zero matrix otherwise.
(24) A compact representation fdk' = 3 is shown in (28) at the
bottom of next page.
with [Z2| = a} for k = |S| as before. By plugging in the The variables that are involved only in}_, s 1) equa-
value forlim,,_,., %, the proposition follows. tions are those inw;, £ C S, for each subses C
" {1,2,..., K}. Fordecoding, the number of equations has to be
larger or equal to the number of variables, so a necessary con
dition for decoding is that 3, c s Rr > >, s [PZ]. This is
satisfied by (23), sinc®_ .5 P2 = |Ures A\ Ures Ar ],
By means of Proposition 2, we have derived a characterizs we show in Appendix Il y
tion of the rates that have to be assigned to relays in order toA sufficient condition is that the matribGy, k£ € S
deliver the whole set of collected packets to the GW. In thiepresenting: >, . s I equations has rank_ . s [P7| for
section, we complete the discussion by proposing a strateggch subses C {1,2,..., K}. Denote the set of indices of
that is capable of matching such conditions, thus achievingnzero columns of matrixs;, as the support ofy;. Note
optimality. The solution that we employ is based on a straigtthat a row of matrixG, has a different support than a row of
forward application of the well-known random linear codingnatrix G, for k& # I. These rows are thus linearly independent.
scheme in [19], and will therefore only briefly sketched ie thlt thus suffices to check that all rows of matri¥, are
following. linearly independent. As all nonzero elements are randomly
Each relayk generates a matri&, € ]F"kan and obtains drawn from 7, , the probability of linear dependence goes
the data part of its2R;, transmit packets b,‘ék ka to zero asL grows large, completing our proof, and showing
Whenever an element ofy, was an erasure symbol, thethat the presented forwarding scheme achieves the bounds of
corresponding column off;, is an all-zero column. ErasureProposition 2.
symbols thus have no contributions to the transmit packets
All other elements of7;, are drawn uniformly at random from V. CONCLUSIONS
3., whereF;,, denotes the multiplicative group @ . In this paper, a simple and practical extension of Slotted
The gateway collects all incoming packets and obtains tiédoha in the presence of multiple receivers, or relays, has

nRy les‘

B. Random Linear Coding



been presented and thoroughly discussed. By means ofreports a collision given by the superposition ;ofand one
analytical framework, closed-form expression for the nipli other packet. In this condition, the set of relays would ble ab
throughput (defined as the average number of packets peicollect only one information unit, whereas, with A&F, the
slot collected by the set of K relays), as well as for the gateway can subtract the interference contributiorr dfom
probability that a data unit is not retrieved by any of théhe collision-corrupted waveform and successfully caltbe
receivers, have been derived for an arbitrary valueof second packet as well. Details on the accuracy of this model
under the assumption of on-off fading. Remarkable gaing hawn noisy channels with actual signal processing techniqaes
been shown and discussed already for a moderate numberfound in [1], [4].

of receivers. The study is complemented by considering theThe gain offered by SIC can thus be computed for khe-
problem of delivering the set of collected packets to a comma@ case by simply adding to the uplink throughput derived in
gateway without allowing any information exchange amongection IlI-A one additional collected data unit each tirhe t
receivers. Theoretical bounds for the amount of resouttas tdescribed collision condition is met. Hence, we can write:

have to be allocated to achieve this task have been derived, © o _p
and a simple scheme based on random linear network codingg;~ = Z e| 2u(u — 1) 6u-1(1 —¢) -5“_2(1 . 5)2
has been shown to match such bounds. u—
=2p%(1 —¢)? 679(1*52), (29)
APPENDIX I o .
AMPL”:Y AND FORWARD WITH SICAT THE GATEWAY Where, W|th|n the Summatlons“_l(l — E) aCCOUI’ltS fOI’ the

. N 5
The framework developed in this paper has focused gﬁrr_e_ct reception at one relay whik¢™=(1 — £)* enforces a
. . collision of exactly two packets at the other relay, for atot
characterizing the performance achievable by a SA syst€ . . ;
, , S o 2u(u — 1) configurations that can be solved with SIC. The
with receiver diversity when a D&F scheme is implemente

at intermediate nodes. On the other hand, restricting $ela31\§r?/\§/’§icr;uvrc:?;f2]; tc()olLegtzted plzctﬁtss ;:ntr}e (S(V\ieggre dup;llsnk
to simply forward what they have successfully retrieved i~ AL Ply exp

I .
the uplink prevents the GW from performing joint decodinjA&F = Tup2 +Gsic:
on possibly uncorrelated signals. In order to go beyond this Tacer =2p(1 —¢) e—P(l—e) _ p(1 —¢)? e P(1=¢)
limitation, we consider in this appendix the possibilityr fo 9 3 —p(1—c?)
receivers to send in the downlink, on a slot-basis, an araglifi +2p%e(l—¢)%e : (30)
version of the analog waveform they perceive even in theThe obtained trend is plotted in Fig. 7 against the channel
presence of a collision, following aamplify and forward__ load p for an erasure probability of = 0.2, showing a
(A&F) approach. For the sake of mathematical trqctabnltgo% and 66% improvement in peak throughput compared to
we focus on thel” = 2 case, and we model relays to instantlyhe performance achieved under the same conditions in the
and reliably deliver information to the GW. The advantage @fp|ink (i.e., without SIC) and by a SA scheme with single
such an assumption is twofold. On the one hand, it will allowceijver, respectively. As discussed in Section I11-A, @seld-
us once more to identify elegant closed-form expressions #@ym evaluation of the maximum throughp(t: , is not
the throughput of A&F with spatial diversity, highlightirtge strajghtforward, due to the transcendental nature of thmaste
fundamental tradeoffs that arise in the presence of maltighat define the metric. Nevertheless, in the two-receiveeca

under consideration is representative for several saafi at , — 1/(1 — <), obtaining, after some calculations:

practical interest, in which the bandwidth available in the

downlink is much larger than the one of the uplink. Satellite Tior(e) ~ 2_ eI (1 — 3e + 2¢2), (31)

networks, as well as topologies where multiple base station €

or access points are connected to a coordinating unit viavaere a loss factor af "1 7¢(1—¢)(1—2¢) < e 17¢(1—¢) is

wideband backbone may be examples in this direction.  exhibited with respect to the upper bound provided by twice
At the gateway side, successive interference cancellatithre throughput of SA. The behavior @i}, -(¢) is reported in

(SIC) is applied to the collected signals. This approackrsff Fig. 3, where the dashed-gray curve indicates the actud pea

an improvement whenever the waveform forwarded by one thiroughput values computed numerically, whereas the white

the relays allows decoding of a packet, sgywhile the other squared markers report the proposed approximation. Tte plo

@;1}

) ) ) ) ) Do)

Q{ Cfl Gl,{l} ~ 0 0 (21,{1,2} Gl,{1,3} B 0 q1,{1,2,3} @%3}
¢ | = G @' = 0 Gaoppp 0 Gopioy 0 Gapogy Goiogy @%172} (28)

3 G3 0 0 Gsqy 0 Gaqizy Gsqo3y G31,2,3) @%3}

w -

Li2,3)

Wi1,2,3}



Then, eitherb & (o, By or b € U, Bs- The elemenb

oW : ; :
DR is thus only included i, » Bi\ U,cs\ ¢ Bs- [
0.6 ——sA By choosing B, = AR\ U,cs Ax, the result follows by
elementary set operations.
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