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Abstract—We consider a multipacket reception channel shared compared to the signal of statioA. Client a, on the other
by several communication applications. This is the case, fo hand, is approximately at equal distance fretrand B and
example, in a single radio mesh network where neighboring ;5 the interference is very strong with respect to theaign

cells use the same radio channel. In such scenarios, unlikeIf however the clients ofd and B area’ andb respectivel
the common multiple access model, several transmissions gna " Wever, ! a pecuvely,

succeed simultaneously, depending on the actual locations the then both simultaneous transmissions will succeed, simeg t
sending and receiving stations, and thus channel utilizabn may do not collide at either of the receiving ends.
be greater than 1.

Our goal is to derive a decentralized access control mecham =
that maximizes the channel utilization, while taking into account S
fairness among the different users. We focus on a simple case PR —
where each user can adjust a single parameter that determirse 1 o
its transmission probability in any time slot, and develop sich :
a protocol for the general problem, where users are distribted
arbitrarily, based on strong motivation which is derived from
analytical bounds for homogeneous interferences. We furtr
show, using extensive simulations, that this protocol achies a Fig. 1. Outline of two stationsA, B and their transmissions ranges.
high utilization of radio resources compared to any other potocol
(not necessarily based on a simple parameter), while mainitaing Indeed, the above observations may seem trivial in the sense
fairess between all users. that there is no reason to refrain from having both stations
|. INTRODUCTION trans_mit in the Ia'Fter case. H_owever, if we assume that_the

. . . locations of the clients are being drawn from some (possibly

W|rele§s r_1etworks often_mvolve a joint usage of (_Jommoﬂ‘nknown) distribution, then the stations haxeknowl edge of
communication channels, in a multiple access e_nwronmewhere exactly their target resides, and therefore theosisti
In mos_t Of the models describing sugh settings, _S'mUItas!epé’hnnot know which of the scenarios is the situation at hand.
trar_1$m|53|0n by more thgn.one station feS“'ts In a CO”'?'?H spite of this lack of knowledge, stations must still decid
which causes all transmissions at that time to fail. Med'uWhether or not to transmit at any given time slot. This is the

access control (MAC) protocols based on carrier SENSIRLhin difficulty we try to address in this work. Our approach

with collision detection (CSMA/CD) or collision avoidanceIa based on incorporating any available prior knowledge of

(C"S.MA/CA)’ are used in such ?C?na”ﬁs n orde’r t% dethW'E e interferences between the various stations into theeinod
cotlisions, In an attempt to ma}X|m|zet e system's throudhp 5, the goal is to develop a theory as well as protocols for
However, in many current wireless networks, such as me alyzing and solving this difficulty

WiFi networks, or 802.15 clusters, simultaneous usage ef t One can consider different approaches for this problem. One

same wireless channel is possible, i.e., there could bealevg .y is 1 assume a powerful centralized unit that has full
successful simultaneous transmissions using the sameaeha nowledge and control over all stations. At each time st t

at the same ge_zographic_al proximity. Consider fqr examr&e_t entralized unit decides which of the stations should réns
settings described in I_:|gure 1,.Where we outline two Wi,y \hich should remain silent. While powerful, it is very
stat!ons,A,B, _and th?'r transmission ranges. Assume €afrd to implement such protocols and a distributed approach
station has a c_Ilent which is _supposed to receive a tranBmissig i, ch more scalable and useful in practice. In this paper we
from th_at station. If. the clients of a”O! B_ are a _and b concentrate on a family of simple distributed protocolsereh
respe_ctlvely, f[hen 5|ml_JItaneous transmissions will ‘caaseq . station chooses a single parametey and at each time
CO"'S;?H at dcllenta, hwh;le b (r:]an .rece|verz] thle messagi oMyt it transmits with probability;. We show that this simple
B. This Ids hue t?] t N aclt ft e is muc .coserthB than approach can achieve a very good utilization of the charinel i
to A, and thus the signal from statioff is much stronger right parameter is chosen.

* Research supported in part by ISF Grant 1366/07 and USHBgE  ON€ problem that arises n such a d|str|but§d setting Is
Grant 2002276. fairness. There may be different ways to consider fairness.




One way is to require that all stations have an equal share of d) Cellular networks: Medium access in cellular net-
the radio resources. Clearly, such a requirement may regsultvorks usually does not use CSMA-type protocols due to
a very low utilization of the network, especially for arlitily  their inefficiencies when using licensed band. In suchregti
deployed networks. We therefore require a weaker notion @$pecially for initial uplink access, random access ptgc
fairness, namely, making sure that no station is starved. e.g., variants of slotted Aloha, are used and were shown
The model we consider is general, and can be appliedtto provide good performance. These results have also been
many wireless environments, such as the ones emergingekiended to random channel selection in OFDMA wireless
wireless mesh networks, ultra wideband (UWB) environmentetworks [4]. Our work provides a general framework for
such as the ones appearing in wireless personal area netwoldsigning random access protocols in such settings.
(WPAN), and other ad-hoc networking environments, where In the remainder of this section we give a formal definition
carrier sensing approaches such as CSMA/CD and CSMA/@A our network model, present a summary of our results, and
may not be applicable. Our results show that taking spatiiscuss related work. In subsequent sections we present a
considerations into account, even if these consideratimas high-level motivation for our protocol, followed by a forina
somewhat noisy, may significantly increase the networkgesentation of the protocol. We then present a simulation
throughput and efficiency. We now elaborate a little on sonstudy of its performance, and the performance of several
of the environments that might benefit from our approach: other simple protocols for non-homogenous interferenoes f

a) Wireless mesh networks: Wireless mesh networks environments which cannot support carrier-sensing. We-com
are among the most promising access techniques, allowjplgte our simulation study by discussing some of the praltic
robust connectivity at a relatively low cost. Such networkaspects of implementation, and evaluating the robustness o
consist of access points which both provide connectivity tur approach to inaccurate parameters estimation. Fjrially
wireless clients, as well as acting as mesh routers and fdrw&ection V we present some conclusions and open questions.
traffic to and from the wired network. Single radio wireles
mesh networks are currently the most commonly deploy Model
commercial solution [1]. In these networks, a single radio We consider a network consisting of > 2 stations
channel is used for the communications between the backheging a common wireless medium. It is assumed that time
nodes, as well as the communications between the wireléggdivided into fixed length slots, and transmission of one
clients, such as laptops, or handheld devices, and the sacddacket takes a single slot. We further focus on the decisions
points. By contrast, in dual-radio (or multi-radio) netksr made by the stations in each time slot, as well as on the
different radio channels are used for each of the latterstypeverall system performance in every time slot. We focus
of communication. In such settings, our model captures, four attention orrandom access disciplines employed by the
example, high load downstream traffic to the various cliefts various stations. For every stationwe let R; € [0, 1] denote
the access points, in a single-radio environment. In repesuts the probability that station: transmits. Due to interferences,

a lot of research was done on various methods of improvitige probability of asuccessful transmission also depends upon
MAC protocols for such networks. Our model provides aHie transmission of other stations. Given a probabilitiestor
alternative view of medium access control in wireless medh= (I1,..., RR,) € [0, 1]", we define thesuccess probability
environments, and we note that our results may also B&stationi’s transmission as:

applied to multi-radio wireless mesh ne_ztworks, by applying ri(R) = Ri-Ti(1 — aiyRy),

our proposed protocol to each channel independently.

b) Ultra wideband networks: There has been extensivewhere for everyl <i,j <n, a; ; € [0,1] is a fixed network-
research in recent years trying to design good MAC protocalependent parameter denoting the interference inflicted on
for UWB networks. Our suggested approach is especially agpon simultaneous transmission of baetand j.
pealing for UWB environments, which pose a major difficulty One way to think about they; ;s is considering them as
in utilizing CSMA-based protocols for channel access. Thiee probability that a transmission by will interfere with
difficulty is based primarily on the fact that channel assesg a transmission ofi. Then, in order fori’s transmission to
is difficult due to low power emissions, as well as due tsucceed, transmissions of other stations should not erterf
the fact that UWB uses pulse position modulation, which Slearly, if for all i, j, a; ; = 0, i.e., there are no interferences,
practically carrierless [2]. then the best protocol would simply have all stations trans-

c) Wireless personal area networks: In the case of the mitting with probability 1, which implies an optimal use of
relatively new IEEE 802.15.4 standard (Zigbee) for WPANgsources, both per-station and globally. On the other hand
the system’s performance depends heavily upon maintainifidor all 7, j, «; ; = 1, then our model coincides with the
synchronization in the network using beacon frames. Tltassic collision channel used for analyzing multiple asce
behavior of the proposed synchronization scheme is irf igsselenvironments, where in any case of simultaneous transmissi
multiple access environment. However, as of yet, the standa collision occurs, resulting in the failure of all the trams-
does not fully specify the protocols to be used in this resions. For some more concrete intuition as to the interfezgn
spect [3]. We believe that the protocol we suggest in Sedtion represented by the values of ;, consider for example the
can be used to address these challenges, due to its simplisituation depicted in Figure 1. Assume statichand B each
and robustness. has a client chosen in its transmission range uniformly at



random, such that the choices of the clients of the two statio We also consider practical aspects of implementing our pro-
are independent. It follows that the probability of a staBo tocol in a fully distributed manner. We conducted a simolati
client being in the marked area of the intersection of the twaiudy investigating the effect of errors in the estimatidn o
transmission areas is proportional to the quotient of thea arthe interference parameters between the various statizuns.
of the intersection and the station’s overall transmissicga. results show that our protocol is robust with respect toghes
By letting a;; ; be this quotient, the above network scenario isrrors, as long as the errors are not larger tha#0%. From
captured precisely by our model. an implementation point of view, the fact that our protocol
Interferences are calleldomogeneous if there exists some is independent of the protocols applied in other levels ef th
a € (0,1) such that for alli, j, a; ; = o.! If this is not the network, facilitates the seamless operation of varied lese
case, then we refer to the interferencesas-homogeneous.  devices connected to a unified wireless network, thus rémgler
Note that in most practical cases, interferences are eggedt useful in various other multiple access environments.
to be non-homogeneous. Given a statiornts neighbors are _
defined to be the set of all statiogissuch that; ; > 0. C. Previous Work
Given a probabilities-vectorR = (Ry,...,R,), the There has been extensive work over the past decades, con-
throughput of the systemp(R) is considered to be the overallsidering various approaches to medium access control.eThes
use of resources in the system given probabilities-veBtor approaches include random access protocols (e.g., Alotha an
" " its variants), multipacket reception (MPR) models extagdi
=N "1 (R = TT(1 = o R, basic random access models, and game theoretical models for
olF) Z «(8) ZRl H( wf%5) medium access in wireless networks, to name but a few.
- Random access protocols, starting with the celebratedaAloh
¢(R) should be interpreted as the expected number of succgsstocol and its variants, have been the foundation for de-
ful transmissions in a given time slot. Note that a-prigfi/?) ~ signing cutting edge medium access protocols in a multitude
can take any value between 0 andwhere the former is its of settings. Much of the work in recent years considered
value e.g. in case whewe; ; = 1 for all 4,5, andR; = 1 for protocols which are based on carrier sensing, where the two
all 7, and the latter is its value whetg ; = 0 for all 7, j, and most predominant paradigms are based on collision detectio
R; = 1 for all i. In what follows we refer to a probabilities- (CSMA/CD) and collision avoidance (CSMA/CA). In our

i=1 i=1  j#£i

vector R asuniform, if R, = R; for all i, j. work we consider non-carrier-sensing environments. These
We refer to the above setting as theatial interferences approaches are prevalent in designing MAC protocols for
multiple access (SMA) environment. UWB environments, which are receiving much interest in
recent years (see [2] for a survey, and specifically the dif-
B. Our Results ficulties of using CS-based approaches). Furthermore, ieven

We present a model that enables capturing the effect mbre commonly deployed wireless networks (e.g., based on
interferences in shared wireless networks. Motivated kg arlEEE 802.11) carrier sensing might actually cause throughp
lytical results for homogeneous interferences (which ass | degradation, especially in extreme high-load conditiorigre
probable to appear in real life scenarios, see [5]), we @eais performing carrier sensing is too time consuming [6]. Senso
new, simple distributed random-access protocol for theeggn networks are another fundamental networking environment
settings of non-homogeneous interferences. which benefits immensely from avoiding the use of carrier

As a test case to exhibit the benefits of our protocol, wgensing. In such networks one of the most scarce resources
consider the setting arising in single-radio mesh network§ power, and designing good medium access protocols which
focusing on the client downlink level, in traffic-intensiveavoid the need to be constantly alert in performing carrier
scenarios, without resorting to carrier-sensing. We perfan  sensing (e.g., during backoff periods) might help provietdy
extensive simulation study of the new protocol’s perforaggn performance in such settings [7].
as well as the performance of several other protocols for thelssues involving selfish behavior of agents in multiple asce
problem, on random architectures of wireless mesh netwodvironments have received much attention in recent yé&ars.
of various magnitudes. particular there has been a lot of work done on understanding

Our new protocol is shown to obtain higher throughpuystems’ stability, throughput, and convergence to eoyiiiim,
than all other protocols for the problem. This is despite tHéder stochastic assumptions on packet generation at the
fact that, as explained above, it only uses a single variapfarious stations [8]-[11]. Some of these works also comsitie
to determine each station’s transmission probability isheamodels for interferences, rate control, and multipackeepe
slot, and thus it is very simple, and its operation is fulljion [12]-[17]. Our work differs substantially from the akeo
distributed. Moreover, it turns out that our proposed proto body of research due to the fact that we assume that stations
is very robust; it performs well both under low load and higare always backlogged, thus modeling high-load conditions
load conditions, and it obtains high throughput regardifss which might be well beyond the stability region of classical
the number of stations, which in particular renders it thstbeProtocols. Our main focus is on modeling and exploiting

choice for networks with a varying number of stations.  the spatial diversity in such environments, and providing a
unified model as well as protocols which aim at maximizing

1The case where interferences are all zero, or all one, igltsee [5]). the overall throughput, while guaranteeing fairness imcieh



access (taking into account neighboring interfering atefj.  of successfully transmitting a packet. However, when igstr
Our work is greatly motivated by the results appearinigg our attention to the case of homogeneous interferences,

in [5], which considers a simplified game theoretical vamnsidfairness can be characterized by a much stronger necessary

of our model where all interferences are homogeneous, atwhdition, namely, maintaining that for every two stationg

the stations contend for channel access. They show thatwy haveR; = R;. This implies that all stations havihe

using a penalization scheme, the selfish stations can beezbersame probabilities of both channel access, and successfully

into employing a randomized access control strategy whasansmitting a packet. This condition is implied by the fact

throughput is very close to the optimal throughput obtaindbtat in the case of homogeneous interferences, all stations

by a centralized scheduler. are symmetric. Using the terms defined earlier, we focus our
Recent work has considered the impact of standard backaffention on uniform probabilities-vectors.

mechanisms (such as CSMA/CA) in networks with spatially The following theorem provides a characterization of the

distributed nodes [18]. In this work it is shown that the elasoptimal uniform probabilities-vector in this case.

sical protocols lead to substantial unfairness in chancetss Theorem 2.1: For the case of homogeneous interferences,

(due to the capture effect), and eventually lead to sigmificawhere there is amy € (0,1) such thato; ; = « for every

throughput reduction. The authors propose improved béckef; | the uniform probabilities-vectaR which maximizes the

mechanisms, in a multipacket reception (MPR) setting. Ouverall throughput is defined bi; = min {%, 1} for all i.

work provides an appealing alternative to such backoff mech  proof: Let & be any uniform probabilities-vector. Denote

anisms, while maintaining both fairness in channel accessy; 1 the probability of transmission of every stationfh By

as well as improved throughput. Another recent advocatigie definition of the system’s throughput, we have
of the importance of MPR appears in [19]. The authors

consider the problem of scalability in ad-hoc networks, and _ o n i
show that MPR combined with many-to-many communicatiof(F) = Z ri(R) = Z R H(l_amRﬂ’) = na(l—ax)" "
eventually leads to better capacity. Our work provides an =1 =l g#

alternative view and model for MPR, and we show that th

vi_ew is useful in designing good protocols which prOVid%ptimal value ofz is o — -, thus completing our proofm

higher throughput. . L We refer to the probability-vector implied by Theorem 2.1
There has been much interest recently in distributed Pro

. . 2 . s theoptimal uniform protocol. It might be interesting to try
tocols enabling high throughput by avoiding collisions ]j20 . .
[21]. We believe however that collisions are an inherentif and evaluate the performance of the optimal uniform prdtoco

: . L compared to an optimal (possibly non-uniform) probalgiti
of the wireless medium, and good distributed protocols fc\)/'éf:tor, which maximizes the overall throughput, and need no

dealing with t_hgse ISSUEs should cqn3|der the .fundame.nr%cessarily maintain fairness. Although this task is diffito
cause for collisions, which we consider to be |nter—stat|o(§1O for the general case, in the special case of homogeneous
interferences. Better understanding the role of interfees on interferences some results obtained in [5] provide tightria

collisions, lies in the core of designing good medium acce P the performance of an optimal probabilities-vector fue t
protocols, and the solutions we propose in this paper peovi ase where interferences are homogeneous

an alternative view of such a quest, as well as some first step o .
along the path suggested by our model. ﬁ'heorem 2.2 ([9]): Given n stations, and anyk €

@y taking derivatives with respect to, we obtain that the

{1,...,n—1}, if for all stationsi,j, o;; = o anda €
Il. THE SCENARIO OF HOMOGENEOUSINTERFERENCES k—il,%) then any probabilities-vectoR, where exactly
In this section we consider a special case of our modél,stations choose to transmit (i.e., choose to transmit with

where interferences are homogeneous, i.e., there existe s@robability 1), and exactly: — & stations choose to remain
network parameter € (0,1) such that for all stations, j, idle (i.e., choose to transmit with probability 0), attaoytimal
a;j = a. Although this case does not seem to naturally ari¢eroughputp(Ry,) = k(1 — a)*~*.
in real life scenarios, it serves as a starting pointin otemapt ~ Figure 2 depicts the throughput obtained by the
to design good protocols for the general case. probabilities-vectorsk,, as a flﬂw*ction ofy, fork =1,...,5.

As described in the introduction, we focus our attentiohhe value of probability-vectaR,, is denoted by, = v («).
on single-parameter protocols, where every stationerely The optimal throughput as a function of is given by the
chooses its transmission probabilil;. Our goal is to design maximal curve among all plots.
a protocol, or assign a transmission probability to eveatih, We note that the above theorem implies a simple centralized
attempting at obtaining two objectives simultaneouslye Thalgorithm for scheduling the transmissions of the parétiifg
first objective is maximizing the overall system’s throughp stations in the case where interferences are homogeneigs. T
©(R), given the probabilities-vectak. The second objective algorithm, which uses a greedy approach, works as follows:
is obtaining fairness in channel access among the variads dhitially, no stations are chosen. Assume the algorithmdhas
tions. Clearly, a necessary condition for fairness is nagitg sen somé < m < n stations to transmit. This implies that the
that for every station, R; > 0, which implies that every current system’s performance has valug«). If m < n, and
station has some non-zero probability of accessing thergian v,,, 11 () > v, (), then the algorithm picks some unchosen
and therefore it also has a non-zero probability (albeitlgmastation and adds it to the schedule. Otherwise, it termsnate



5 v o e ] provides fairness to the various stations, for the moretjwalc
ash \% ] scenario where interferences are non-homogeneous.
. ]
MIAN | I11. PRACTICAL PROTOCOLS FORNON-HOMOGENEOUS
£l INTERFERENCES
%“’ ] In this section, we build upon the results provided in the
8 ap ] previous section, and present a simple distributed prbfoco
15} ] the more realistic setting of SIMA where interferences are
S non-homogeneous, i.e., for every two stationg we have
0sl ] an interference parametey ;, reflecting the interference gf
, ‘ ‘ ‘ ‘ ‘ ‘ with respect ta. We first discuss the intuition underlying our
‘ o o Y™ . protocol, and then turn to present the details of the prdtoco

and discuss some implementation issues.
One may first consider the characteristics of a centralized

Theorem 2.2 proves that this simple centralized strategy 38Proach to maximizing the throughput in an environment
guaranteed to obtain the optimal throughput possible. where _mterferences. are non-homogg_neous. This pr.c_)bllem IS
Although the above algorithm is optimal, it has sever%ssem'aIIy that of finding a probablhtles—vectpr maximg
drawbacks. The first obvious drawback is the fact that iegeli 1€ 0\_/erall system t_hrc_)ughput. We note that_|f we fimit our
on a central entity to manage transmissions, thus renderﬁfﬁm'on to merely finding a subset of the stations to s_dle_edu
such an approach inapplicable in a distributed environmefi u_Itaneou_st,_ then the problem reduces_ to that of fmdmg a
A second drawback is the fact that the above algorithm faflsaximum size independent set in an undirected graph, which

to satisfy even the our weakest concept of fairness, sin'éeNP'hard even to approximate. It thus follows that uniite t
some stations are assigned zero transmission probabléy. case where interferences are homogenous, we do not expect to

note that in the very restrictive settings of homogeneof]8d @ centralized algorithm obtaining the optimal throughp

interferences, this can be overcome by keeping counters'%ghe more gener.al case. S ) )
to the number of times a station participates in the schedule e therefore build upon the intuition underlying the anslys

The above results enable us to provide an explicit quantiiféSented in the previous section for homogenous interfer-

cation of how far is the throughput obtained by an optim&nces. We consider algorithms that aim at both providing
uniform protocol, which guarantees faimess, from theropti fair channel access to the various stations, as well as gimin

throughput possible by a centralized scheduler. The fofigw at maximizing the overall system’s throughput. We note that

simple lemma shows that the ratio between these two vallilike the strong necessary condition for fairness whicls wa
is at moste ~ 2.718 described for the case of homogeneous interferences, dor th

Lemma 2.3: Given homogeneous interference paramater general case fairness shou_ld _take into accm_mt the amount of
let R denote the optimal uniform protocol fer, and letR" mterferences ser!sed, and inflicted, by a station. We. t@‘“ef
denote an optimal probabilities-vector far It follows that restrict our attention to th_e weaker necessary cond|t|dfrncl_uy
w(ﬁ*) <e-o(R). ma|nta|_n_s that every station has some non-zero probabﬂny

transmitting. This ensures that every station has someip®osi
probability of transmitting a packet, and no station is\gdr

As might be evident, the goals of both maximizing through-
put as well as maintaining fairness, or merely non-staowati

- are somewhat conflicting goals. Consider, for example, one
for o € [k_+1’ %) On the other hand, by Theorem 2.1 Wetations which interferes with a sett of n stations, such that

Fig. 2. Different values oby, = vy (a), up tok = 5.

Proof: By Theorem 2.2 we have

*

e(R) =k(l—a) ! <

)

QIr

have ] ] no two stations in4 interfere with each other. I > 2 then
o(R)=—(1—1/n)"t > —, any policy aiming at maximizing the overall throughput waul
o ea always schedule the stations.af and never schedule This
which completes the proof. B serves as a simple example motivating our focus on protocols

We emphasize that although this guarantee is the sawmleere every station has a non-zero probability of tranamgitt
as the guarantee given by the slotted-Aloha protocol and itsIn the following subsection we present our random access
variants, the model considered here is inherently differBime protocol, which is based upon the above intuitions and desig
assumption in the model underlying Aloha-like protocols ieriteria. We later present a simulation study of our protoco
that any two simultaneous transmissions result in the |éss applied to the setting of single-radio downlink mesh neksor
all transmissions in that time slot, while in our model it isvhere transmitting stations are access points which transm
perfectly likely to have non-zero throughput even in theecaso clients in their area, and must do so by sharing a single
of multiple simultaneous transmissions. channel. We present several other prominent protocols for
The above results will serve as a starting point in our attemihe problem, neither of which resorts to carrier-sensimgl a
to design a single-parameter random access protocol whadmpare these protocols with our newly suggested protocol.



A. Protocol INTERFERENCERAND

B. Additional Protocols

For the purpose of illustration, consider a wireless nekwor |n order to evaluate the performance of our new protocol
where multiple stations use a single radio channel. A trangsTERFERENCERAND, we compare its performance with the
mission of some statiom will fail due to a simultaneous performance of several broadly used protocols for multiple

transmission of another statids, if A’s message is sent to aaccess environments. Specifically, we consider the fotigwi
client that is also affected bg’s transmission (see Figure 1).additional protocols:

Note that this reasoning applies also if one of the receiversl)
is itself a transmitting station; in this case if this statidoes
not transmit it receives the transmission if it is not in rarj
another station that transmits, and if it does transmig well
within its own range so it will not receive the transmission.

In order to present our protocol and the intuition undegyin
it, it is convenient to consider the area covered by a stat®n
a planar disc, and consider clients as distributed unifpral
random in this area. We note that this is not a necessity, and
we use this terminology only for the sake of illustration. In
such settings a transmission of statidrto a clienta will fail
due to stationB’s transmission with probability proportional
to the area of the intersection of the discs (the lined area in
Figure 1), divided by the area of the disc of statidrf

2
Our new protocol NTERFERENCERAND is motivated by )

CLUSTERIZE: This is a clustering protocol, whose vari-
ant is used, e.g., in IEEE 802.15.4 (Zigbee). Stations are
divided into clusters, and in every cluster, a TDM dis-
cipline is used to determine the transmission schedule.
The division into clusters is done by greedily assigning
stations to clusters. A yet-unassigned statias chosen

at random and is defined to be the cluster-head. Its
cluster is defined by all yet-unassigned statignsuch
thatc; ; > 0, which are then assigned is cluster. This
generates &ocal clustering scheme, and note that it is
possible for two stations, j corresponding to different
clusters to haver; ; > 0. In each cluster stations
transmit one after the other, in a Round-Robin fashion.
SQRTRAND: Every station transmits with probability
proportional to the square root of the number of its

the results appearing in the previous section; if the ieterf
ences were homogeneous, then by Theorem 2.1 the optimal
uniform protocol is having every station transmit with paeb
bility L= ﬁ In the case of non-homogeneous interfer- 3) IN _ _ _
ences, the above protocol suggests employing the following  Pility proportional to the number of its neighbors. l.e.,
strategy: Every station transmits with probability stationi transmits with probabilityr; = <77
1 4) GREEDY: All stations transmit simultaneously.

= 5) HALFRAND: Each station transmits with probabiliy5.

1+ Zj;éi ;g

The above choice implies, for example, that an isolatedbstat V. SIMULATION STUDY
(i.e., a station such thaty; ; = 0 for all j # 4) transmits with A gmulation Description

probability 1. On the other end we might have a standard ] ] ] ) ]
collision channel where we have; ; = 1 for everyi # j In this section we present a simulation study comparing the

in which case the above protocol reduces to the basic casd®gfformance of the various protocols presented in the pusvi
slotted Aloha. ProtocolNTERFERENCERAND described in S€ctions in the setting of a synchronous single radio veeele

Protocol 1 gives a formal definition of our protocol for thdn€Sh network, where access points are always backlogged,
general (non-homogeneous) setting. for the scenario of downlink traffic from the access points to

randomly chosen clients in their coverage area. Our siionat
study of the performance of the above protocols consists of
several components. We consider access points as uniform
devices, with uniform unit-size discs transmission rarogs-
tered at the access point’s location. For any two accesgoin

i and j, we let the interference parameter; be the ratio

neighbors. l.e., stationtransmits with probabilityr;
1

VIl ;>0

INTERSECTRAND: Every station transmits with proba-

R;

Protocol 1 INTERFERENCE®RAND(station?)
Initial Setup:
1: for all stationsj that are neighbors af do
2: estimatex; ;

3: end for . . X
After Setup: between the intersection of both access points’ coveraggsar
4 setr — ' 1 and the overall coverage area of statioAs mentioned before,
) LY o since in our settings the coverage area of all stations is the

B J . . oy
5: at each time slot, transmit with probability same, this implies that the interferences matrix defined by

these parameters is symmetric (see Figure 1).

There are several implementation issues and other prhcticawe choose a mesh network configuration by randomly and
aspects, which arise in the context of the above protocol. imiformly placing access points in a bounded 2-dimensional
particular, one of the most important aspects to considergkne. Such a configuration fully defines the interferences
the estimation of the values of; ;. We discuss these issuesmatrix between all stations. For every access podgfined by
in Section IV-C. its unit disc location, we choose a client’s location urrifidy
at random within the access point’s transmission range, and
designate this location as the target of the transmission.
Figure 3 shows the outline of 2 different configurations with

2|f all stations have identical transmission ranges (elgstations use the
same devices and power levels), then the interferences/amaetric, i.e., for
everysi, j, Q5 = Q.



n = 8 access points, each with a transmission target (client) in | [ e
its range. Every access point decides whether or not tortrians \ o e |
to its designated client, according to the protocol used. A o8 e
transmission of access pointo its target client is considered

successful if and only if access poihtndeed transmits, and

every other access point such thati's target client is in

j's range, does not transmit. Reconsidering Figure 3, if a
transmission target lays in the intersection of the trassion
ranges of its access point and another access point, then
simultaneous transmission by both of these access poitits wi
cause the transmission to fail at the target client.

throughput

1 L
0 500 1000 1500
number of stations

Fig. 4. Comparison of the throughput of all 6 protocols.
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Fig. 3. Examples of different stations configurations, eaith a transmission
target @ = 8).
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We measure thehroughput of a specific protocol for a oq
specific choice of targets by the various access points,es th oa
ratio between the number of successful transmissions,tend t “’
overall number of access points. N
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Our simulations consist of checking 10 different configura- umber of saions
tions for values ofn - the number of access points - ranging
from 25 to 1500, over 40x40 domain. For each configuration

we conducted 20 rounds of choosing a transmission target, dhplemented by our new protocolNTERFERENCERAND,
verifying the successful transmissions. of being aggressive in proportion with the actual amount of
interference one suffers from one’s neighbors, is the best
strategy. Combining this with the previous observation;, ou
Figure 4 shows the average throughput results for protsimulation shows that if we are to design a wireless mesh
col INTERFERENCERAND, as well as for the additional 5 network which completely covers a given area, our new
protocols considered in our study. Figure 5 supplies a higprotocol, NTERFERENCE®RAND, yields the best performance.
resolution view of our results for the case where the number©n the other hand, for a relatively small number of stations,
stations is over 500, which appear in the marked rectangleiinappears that being greedy and constantly transmitting is
Figure 4. Note that a large number of stations represents hipe best strategy. This is probably due to the relativelylsma
load and high interference since the portion of intersectiraverage value ofy; ;, when the domain area is much larger
areas increases. Figure 6 shows the average standardatevighan the number of stations (which is proportional to theaare
of the various protocols. covered by them). Unlike the other protocols, which either
As can be seen, our new protocolTERFERENCERAND, exhibit good performance for a small number of stations, or
and the REEDY protocol, demonstrate the best performander a large number of stations, thes1lERFERENCE&RAND
for moderate values oh. In this range, the overall areaprotocol performs well for both high and low load conditions
covered by the access points is less than the overall aredrothis sense the protocol is very robust, and is clearly the
the domain. In particular, the mesh does not provide netwdokest choice in cases where the system load, and coverage
access to the overall area. For higher loads, the perforenacapabilities, varies. More specifically, our protocol ab$al0-
of INTERFERENCERAND is better than the performance 0f20% better throughput than all protocols save thee€py
all other protocols. This transition has been noted in sdveprotocol for the case where the load is relatively low, ane 10
other smaller scale simulations we have conducted. It appe20% better throughput than theR&EDY protocol for high
that the transition point is roughly the number of statiooss f levels of load. As can be seen in Figure 6, all protocols
which the overall area of the discs {imes) equals the area (except HALFRAND for small values ofn) have very small
of the domain. In other words, as the sum of transmissi@andard deviation, which provides some confidence as o the
areas increases beyond the area of the domain, the pofieyformance for varying number of stations.

Fig. 5. High resolution view of results for high-loads.

B. Smulation Results
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Fig. 6. Average standard deviation percentage of the potedor different Fig. 7. The performance of protocoNtERFERENCERAND for varying
number of stations. estimation-errors upper bounds.

C. Practical Aspects and Implementation Issues errs in estimating the distance to each of its neighbors byeso

An important aspect in the implementation of our newercentage between 0 andchosen uniformly at random, and
protocol is the issue of synchronization (or lack of synehrdndependently for each neighbor. Errors were allowed to be
nization), between the stations and the ability to have enifi €ither overestimates or underestimates of the distaneecket
time slots. Throughout our study, we assume global tinige two stations, with equal probabilities. This implieattthe
slots, which leads to a more tractable analysis. In practidgterference matrix estimated by the stations in such a case
however, guaranteeing global synchronization is a compléged not be symmetric, unlike in Section IV-A.
and expensive task. Thus, in practical scenarios, the tiote s  Figure 7 shows the results comparing several upper bounds
of the different stations are not synchronized. This shoufh the allowed estimation error, for various network sizes.
not have a big impact on the performance of the systefys mentioned in the previous section, the main parameter
since we did not assume collision detection and the averag@verning the performance of all protocols was the system’s
transmission time of all stations is similar. load, captured by the ratio between the sum of the coverage

Another major issue in implementingvtERFERENCES — areas of all stations, and the area of the domain. Motivaged b
RAND is the estimation of interferences, namely, estimatiri§jis observation, Figure 7 shows the different performance
the values ofv; ;. It should be noted however that devices i®f our protocol with the different estimation errors upper
many wireless environments, such as access points in sdreleounds, as a function of this ratio. Note that for values
mesh networks, are stationary. It follows that this estimahere the sum of the coverage areas of all stations is larger
tion can be done using common range estimation methdhgn the area of the domain, this ratio is greater than 1. As
widely used in wireless networks for localization purpose8light be expected, our results indeed show that a potentiall
For example, we may use information obtained from tHarger estimation error generally implies a degradatiothi
physical layer and estimate the distance between the mssatifrotocol’s performance. However, our simulation studyvesio
using methods like received signal strength (RSS), time #fat if the estimation errors do not go beyordl0%, the
arrival (TOA) and time difference of arrivals (TDOA) (seedegradation suffered by the protocol is relatively minor.

e.g., [22], [23] and references therefin order to evaluate the
tolerance of our protocol to estimation errors, we condiiete
additional simulation study, where we allowed the protdool We present a generalization of classic multiple access
err by some percentage in the estimation of its distancesto hodels (such as the one underlying Aloha) by defining a
neighbors (which is therefore reflected in its estimatiothaf rigorous model for spatial interferences in multiple asces
interference parameters). Such estimation errors are comnenvironments. Our model takes into account the possibility
in wireless environments, and in particular in dynamicallthat several transmissions will succeed simultaneoustys T
changing environments. We conducted a simulation studgw model captures the fact that collisions are a phenomenon
in similar settings as the study presented in Section |V-@xperienced by the receiving ends of the transmissions, and
above. We considered several upper bounds on the allovibdt such collisions depend on the interference level sense
error of the estimation of the values of the interferencdy a receiver from the various simultaneous transmissions.
parameters, encompassed by the error in the estimation ofVe use analytical results for the non-realistic case of
the distance between a station and its neighbors. For edcimogeneous interferences, in order to present a simple dis
upper boundr, we considered the case where every statidributed protocol for the case where interferences are non-

o o _ o . _ ‘ homogeneous. We perform an extensive simulation study in

Distance estimation suffices for the scenario investigateslir simulation  the setting of wireless mesh networks, and compare theperfo
study. In more involved scenarios, additional informatioay be taken into .

mance of our new protocol to several natural and widely used

account in estimating the interference parameters, et gnowledge of ) ’
client distribution, geographic data, etc. protocols for the problem. Our simulation study shows that

V. CONCLUSIONS ANDOPEN QUESTIONS
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