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Abstract—We investigate the benefits of channel-aware (oppor- function of qualification and carrier sense threshold and
tunistic) scheduling of transmissions in ad-hoc networksThe key evaluate the spatial reuse performance of O/Q-CSMA.
challenge in optimizing the performance of such systems isrfiling a 3) We quantify spatial unfairess arising from the inteica

good compromise among three interdependent quantities, thdensity , .
and channel quality of the scheduled transmitters, and the esulting between random nodes’ locations and MAC protocols as the

interference at receivers. We propose two new channel-awerslotted function of mean number of contending nodes. We show
CSMA protocols: opportunistic CSMA (O-CSMA) and quantile- that, quantile-based opportunistic MACs can improve the
based CSMA (Q-CSMA) and develop stochastic geometric modgl fairness characteristics of CSMA networks.

allowing us to quantify their performance in terms of spatia reuse 4) We study the tradeoff between spatial faimess and reude a

and spatial fairness. When properly optimized these protoals offer .
substantial improvements in terms of both of these metrics elative compare the Pareto-frontier of O-CSMA and Q-CSMA. We

to CSMA — particularly when the density of nodes is moderate show that the overall performance of Q-CSMA without the
to high. Moreover, we show that a simple version of Q-CSMA qualification step is as good as Q-CSMA and better than
can achieve robust performance gains without requiring caeful O-CSMA.

parameter optimization. The paper supports the case that ta benefits o, \yqrk js can be contrasted with previous work in following
associated with channel-aware scheduling in ad hoc netwosk as in

centralized base station scenarios, might far outweigh thessociated @SPECts. To our knowledge, this is the first attempt to cemsid
overhead, and this can be done robustly using a Q-CSMA like the CSMA-based opportunistic MAC protocols in stochaste g
protocol. ometric framework. Second, this paper is the first to intaedu
fairness in the context of a stochastic network model, whsch
|. INTRODUCTION analytically tractable while capturing the impact of badtle MAC
The efficiency and fairness of a wireless ad-hoc network dgnd nodes’ random placements. Most previous work([6], [I5]],
pends critically on how its associated Medium Access Contrgonsider fairness for ad-hoc networks fofieed graph which is
(MAC) protocol allocates shared resources, e.g., frequespace, quite revealing the impact of the underlying topology, boesl
time, or codes. Starting with very simple protocols like AH8[1] not give a sense of the overall problem over an ensemble & nod
used in the context of satellite-based communications,trelast  topologies.
decades, numerous approaches and protocols have beeopieliel The remainder of this paper is structured as follows. IniSect
to enhance the operation of ad-hoc networks, culminatintpén || and Ill, we provide our models and metrics respectively. |
CSMA protocols used today. While there has been substantiction IV, the performance of a typical node is analyzed as
research and development work on opportunistically eplpi the function of system parameters. Based on that, spatisere
channel variations for infrastructure-based, only a fewksdn and fairness are evaluated in Section V and VI respectividy.
the literature have specifically looked at this in contextadf conclude in Section VII.
hoc networks — see [2], [12] and references therein, where an
opportunistic variation of ALOHA is proposed and analyzed. Il. SYSTEM MODEL
In this paper, we evaluatghannel-aware slotted CSMA proto-A. Node Distribution and Channel Model
colsfor ad-hoc networks in terms of botipatial reuseandspatial ~ We model the ad-hoc wireless network as a set of transmitters
fairness We propose two MAC protocols, namely Opportunisticand their corresponding receivers. Transmitters are mahdo
CSMA (O-CSMA) and Quantile-basé€CSMA (Q-CSMA) that distributed on the Euclidean plane as a homogeneous Marked
include two phases: channel-based qualification followeddn- pPoisson Point Process (ppé) = {X;, E;, T;,F;, Fi}, where
tention resolution. O-CSMA is only opportunistic in the fuap = {X:},~, is a PPP with density\ denoting the set of
ification phase where only the nodes having good channelsttgnsmitters or their locations iR? ande; is an indicator function
their receivers are qualified to contend. By contrast in Q4BS which is equal to 1 if a nod&; transmits and 0 otherwise, which
opportunism also plays a role in the contention processhi tis governed by the medium access protocol and surrounditesno
paper we propose spatial stochastic geometric models faories  ( x;1 ;- We assume that the receiver of each transmitter is
with randomly distributed nodes, that allow us to charazter meters away from the transmitter in random direction. Fynal
the overall average performance of the network. We make tpe — (F; : j) denotes a vector of random variablEs denoting
following key contributions. the fast fading channel gain betweéth transmitter and the
1) We show that channel-aware CSMA protocols can improveceiver associated withth transmitter We assume thaf;s
both spatial reuse and fairness of ad-hoc networks ovare symmetric, i.e.F;; = Fj; and independent and identically
regular CSMA. distributed with meanu™!, i.e., F;; ~ F, with cumulative
2) We characterize the subtle tradeoff between the densitydistribution function (cdf)G (z) = 1 — e=#* with = > 0, which
active transmitters and the quality of transmissions as tberresponds to the Rayleigh fading case.
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This work is supported by NSF grant NSF CNS-0917067. We let]|z|| be the norm of the vectar € R* andl(|jz —y|) =
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1Similar approach for downlinks in cellular networks wasauluced and studied HI —y[|” be the pf’:lth loss (or slow fading) between two loca-
in [10], [9] and for a wireless LAN setting in [7]. tions z,y € R? with a pathloss exponent > 2. Then, the



amount of interference power that thiéh receiver at location 1) Opportunistic CSMA :Under O-CSMA, a qualified node
y experiences from théth transmitter at locatiorr is given as X;'s timer value T; is simply a random variable uniformly
F;;/1(Jlx — y||). The performance of theth receiver is governed distributed on|0, 1] at each slot and the node will transmit only
by its signal to noise ratio given as SINR %, where if T; = minj.x cnugx,y 75 1-€., it had the lowest timer value in

P\{X; . . i

L ts neighborhood.

Io\(x,y = Sx,cavx,y BiFyi/l(1Xi — X;) is the aggregate ' . .
interference power %rom interferers, or so-called shosepand X?) Quant|le—lbas;d C_:SI\?AUnder. Q'.CiMA’ ahquahfl((jad node
W is thermal noise power. In interference limited networkes t iS t_|mer value £; = 1 - Qi. IS te _to the fancomness
impact of thermal noise is negligible as compared to interfee, assqmated with c_hannel gain variations to its receweecSpaIIy
s in this paper it is ignored by letting” — 0. Our assumption the t|mer’s_ value is related to thuantileQ; of_the char_me_l gain.
is that thei-th receiver getdog (1 + ¢) bits per second (bps) perMathematlcally at each slot the channel gain quantile asteut

transmission if SINR> ¢ and gets zero otherwise. with a qualifi_ed .nOO.Ier is Qj = Gy (Fj5) WhereG”.(') is the
cumulative distribution function for the channel gain of ade

given it qualified, e.g., oF;; givenF;; > ~. The quantile and thus
B. Slotted Carrier Sense Multiple Access Protocols the timer value of a qualified node are still uniformly distried
The two MAC protocols we propose to study, O-CSMA and @n [0,1]. Yet the coupling between the timer and the channel
CSAM, share two phases in the process of resolving whichsodgtroduces the announced opportunism. Under this meamanis

will transmit. nodeX; transmits only if it has the lowest timer bighestquantile
Qualification process We consider aslotted network, where amongst the nodes in its neighborhood, i.e., widggn= Q;"*
only qualified nodes contend with their neighbors to acches tWhereQ;"** = max;.x; caru(x,) @5

medium. As in [2], [12], a node qualifies if its channel gain to Under Q-CSMA the channel gain of an active transmitter, i.e.
its associated receiver exceeds a threshol@his requires that @ nodeX; which qualified and won the contention resolution
channel feedback from each receiver be available to it<caed Process resulting inf; = 1, can be modeled as follows. The
transmitter at each slot. Our model for this process is devisl channel gain distribution for such a nodeAg:™ = G* (Q*™)
We let®” = {X, € ®|F; > v} denote the set of qualified nodesvhereG_ ' (-) is the inverse function of, (-). Letting N}’ = [N |

or contendersBecause channel gains are assumed to be i.i.d., fRé simplicity, then Fj2*< is a N;' + 1th order statistic, i.e.,

point process of qualifiec_zl nqdes isa ho_m_ogenous P_PP co_r_mspo F = max{F1 , Fary- -+ Faogrn by 1)
ing to an independent thinning of the original PPP with piolits P
py = P(F > v). Two transmittersX; and X; contendwith each with  distribution P (F/2* < z|N] = n) = 1 -

other if the received interference power they see from etfodrdas e~#(*=7))"+11,, -, conditioned onN; = n.

exceeds aarrier sense threshold, i.e., if F; /I(||[ X; — X;|) > v Remark 2:Unlike O-CSMA, a Q-CSMA takes advantage of

and by symmetryr”, /(|| X; — X,||) > v, whereF]; = I/, ~ FF channel-awareness in both steps. Also one might expect/QACS

is the channel gain between tvw@nsmittersX,; and X ;. The set might work even better without a qualification phase since th

of nodes contending with nod¥; will be called itsneighborhood quantile-based contention resolution can take advantagppmr-

and denotedV; = {X; € ®: F/,/I(| X; — X;||) > v,j #i}. tunistic gain across a larger number of nodes in the neigtduat.

Clearly contending nodes should not be allowed to transniife will see in the sequel that this insight is true only whee th

simultaneously, which requires a contention resolutioacpss carrier sensing threshold is properly chosen. Yet the special

amongst nodes in each neighborhood. case Q-CSMA without a qualification requirement, i+ 0 is
Remark 1:The qualification process is a mechanism to oppoof interest, and will be denoted,CSMA.

tunistically select nodes currently experiencing highrotel gains

to their associated receivers. The posterior channeillision for C. Further Notation

a node that has qualified is thus a shifted exponential ddnote |, 4e sequel we let; (s) = E [e—sl} denote the Laplace

Gy(2) =P(F <a|F >7) = (1—e """ )15y, wherelry  yansform of the random variablé and |z|| be the norm of
is an indicator function. Note that the qualification precemt . € R2. We let|C| denote the cardinality of sef and letR.,
only improves the transmit channel strength blsto reduces the yanote the set of non-negative real numbers. For a poinepsoc
amount of interference. Unfortunately, we will see thatapagter g, living in a setN and a sef C N, following four probabilities
v needs to be chosen judiciously as it operationalizes a dffideyanote the same quantity so-called Palm probabilttge\ {0} €
between having a low density of contenders with very higHityua V|0 € &) = PO(®\{0} € V) = Pd € V) = P(®°\{0} € V)
channels but limiting the achievable spatial reuse versagh
density of nodes with lower quality channels possibly lingtthe  \y(ational simplicity we will mainly use the second and fbur
likelihood of successful transmissions. representations.

Contention Resolution The second phase resolves contention
amongst contending nodes. A node contends with its neighbor I1l. PERFORMANCEMEASURES
based on a timer value which is uniformly distributed [0n1].
At the start of each time slot, a qualified nodg in ®” starts
its own timer and senses carrier. If it does not hear any node
its neighborhood) prior to the expiration of its timer, iftiates
transmission, otherwise it defers. O-CSMA and Q-CSMA diiife
the way nodes generate their timer values. Note that timrlaesan
practice need to be quantized, which in turn limits the pankmnce
of these protocols. Due to space constraints we will intoedine
analysis of these effects but we refer the reader to [8]. dsuec = APtaDsuc, (2)

where we defined® as a point proces® given 0 € ®. For

The two key performance metrics of interest are spatialeeus

hich measures howfficientlyresources are reused by a given

AC protocol and spatial fairness which measures fiawly the
space is used across nodes sharing the same space.

As a spatial reuse measure, we use deasity of successful
transmissionsvhich is defined as the mean number of nodes that
successfully transmit per square meter. This is given by



where X is the density of transmittergy, is the transmission  Note that the set of active transmittebs, is a point process
probability of a typical transmitter, ang,,. is the transmission induced by the qualification process followed by CSMAs con-
success probability of a typical receiver. Note that thistrime tention resolution, which is known as the modified Matérn @SM
not only measures thkevel of spatial packinghrough Ap.,, but process [3]. Due to the interdependencies amongst nodeédosa
also measures thquality of transmissionshrough ps,., which it is hard to characterize this process. However, followBigone
captures the interactions (through interference) amoragiadly can apprommateﬁpwo\{o} by an aggregate mterferendgw \{0}
packed nodes. in non- homogeneous PPP interferers with dengity, (7, /\7) for

As a spatial fairness measure, we introduce a spatial versio> 0, where\” = p, A andh(r, A7) is the conditional probability
of Jain’s fairness index which measures fairness based g lothat a CSMA transmitter at distaneefrom origin is active given
term (ortime-averagedperformance seen by nodes. Specificallyn active CSMA transmitter at the origin and a density of ijeal
let f;(N;,F;,F;) be a performance metric of interest associatatbdes)\”, see [8]. Sinceh is a function which converges to 0
with node X;, where N; is the number of other nodes in itsas+ — 0, and top;? asT — oo, it captures the ‘inhibiting’
neighborhood. Consider the random variablgf; (N;, F;, F;)|N;]  of transmitters realized by the CSMA MAC o)) from the
which captures variability in the mean performance seen byparspective of an active transmitter at the origin.
typical node, conditioned on having neighborhoods of vagyi For simplicity, letF, is a random variable with the distribution
sizes. The spatial fairness measure proposed below isysifapl's  function G,. Then, (5) can be approximated as follows by
fairness index for this random variable, i.e., capturesihgree to conditioning on the value of’, and applying Plancherel-Parseval
which the mean performance of nodes varies across nodesghavtheorem, see e.g., [4], [3]:
neighborhoods of different sizes:

/oo ; (2 (1) ) s exp {2imsy} — ld )
o vl (r) ts - S.
Fl - (E° [E° [fo (No, Fo,F{) |NOH)2 3 o oo 2irs
E° [(EO [fo (No, Fo, Fy) |N0])2}7 A detailed derivation can be found in [8]. The next step is to
compute the Laplace transforﬁy }(s), which is given as

whereE° denotes Palm expectation which is conditional expecta-

tion conditioned on a node at origin. 2 (7, ) rdfdr
Remark 3:As explained in more detail in [8], this metric of Efq-yo\{o} (s) = exp{ /\7/ / 15 1f (ror 0) /S} (7)
fairness captures fairness in the mean performance seessacr

different classes of nodes, i.e., those which have difteneigh- where f (7,7,60) = 1 (\/72 + 72 — 277 cos 9). Substituting (7)
borhood sizes. This makes the metric analytically traetabhd into (6), we can numerically compute the approximate siueces
still telling of the degree to which the protocol is able tetiy probability p22 (¢, v, v).

inherent network topology variations in the number of neigis

nodes will see. B. Quantile-based CSMA

IV. TRANSMISSION PERFORMANCEANALYSIS 1) Access Probability of a Typical Transmittetnder Q-
CSMA we haveE; = 1{F; > v,Q; > max;.y ey Q;} Of

CSMA nodeX; € ®. Then, using similar techniques as before,
one can compute the access probability of a typical ndgleSince
the random variablé), are independent and uniformly distributed,
A. Opportunistic CSMA we have thap{; (v,v) = pit (v, ).

2) Transmission Success Probability of a Typical Receiver:
To determine the transmission success probability, we rneed
characterize the fading gaifg™* in (1) and the interference

oweerwo\ (0} that a typical receiver sees. By contrast with the

-CSMA" case Fy'+* depends oV + 1; in the sequel we make
%IS explicit by writingFmdx(N” 1). The transmission success
probability to a typical receiver is thus given by

In this section, we derive the transmission and successaproB
bility of a typical node for our two opportunistic protocols

1) Access Probability of a Typical Transmittetnder O-
CSMA, we letE;, = 1{F; > v,M; < ming, y, €NvM} be
the transmission indicator ak; and @}, = {X; € <I>|E =1}
be the set of active transmitters. Under Rayleigh fading, t
transmission probability of a typical transmittéf, at origin is
given by the probability that the node qualifies and gets t
minimum timer value in its neighborhood, i.ep;? (v,v)
EOV[EO]. Using the _fact that the two events are independent and p% (v, t,v) = PO(F(;?;X(NJ +1) > tl(T)Lp},\{o})- (8)
Ny = |NJ| ~ Poisson(p,Ny) wherep, = P(F > ~) and . _ .
N — O {Z 1{F, >ul(|X-|)}} we get Unlike (5), the channel gainFmax(N” 1) is no longer

0 Xje@\{o} = 1750 ey independent of the aggregate mterferenl;l@o\{o} To see this

_ N consider the following extreme cases. First, sup (Ny +
piy (v,v) = E L fVNW] ! exp]i pWNO}~ (4) 1) has a very small value close to 0, saythen, thgqffplies that
0 0 the timer values ofXy's neighbors are concentrated within the
Note that the case witlh = 0 (or p, = 1) corresponds to the puresmall interval[l — ¢, 1]. Then, the neighbors aoky's neighbors
CSMA scheme. are not likely to defer their transmissions t&,'s neighbors.

2) Transmission Success Probability of a Typical ReceiverThis meansXy's receiver would experience a higher interference.
Next we compute the transmission success probability opedy While if Fg{lj"(NJ + 1) has a large value close to 1, say
receiver conditioned on its associated transmilfigrbeing at the then, the timer values akK,'s neighbors would be distributed in
origin, i.e., [1—w, 1], potentially resulting in deferrals of their own neighhors

In this case one might expect the interference level to becedl
P, (t,7,v) =P° (F > U(r)tler \qoy | > 7) : (3)  Thus both the channel gaifg"**(Ny + 1) to, and interference




level at the receiver depend d¥,. By conditioning onNj and increases, the size of neighborhood is reduced and a highaver
Fg{lj"(Ng +1), and approximatingﬂ?\{o} for a givenN; =n of active transmitters are allowed, which accordingly gates
and Fg{’jx(Ng + 1) = z with an Interferencely; from non- stronger aggregate interference, so both the received SINR
homogeneous Poisson interferers with density.(n, z, 7, A, ), Success probability decrease.

which is basically the conditional probability that a noge

transmits conditioned on following facts: 1) bafhandy; belong . Success Probability of Q-CSMA

to ®7, 2) y; is a distancer away fromyg, 3) Fgf’j"(Ng +1)==x
or equivalentlyy,’s timer valueTy is given asty = 1 — G, (x),
4) NJ = n, and 5)y, transmits, i.e..Fy = 1. It is written as

Fig. 1c exhibits the success probability’,. as the function
of A for variousy and v values. The general behavior pf!,
is as follows. If A increasesp? . decreases first due to the

suc

u(n,z, 7,\,7y) =P(E1 =1|Ey = 1,N] =n increased interference but soon converges 1 due to inogeasi
EMSX(NY 41 = g, {y, C . |yo — 1| = 1), opportunistic gain. Ify increases, th.e mterference level decr_ea_ses
o (Vg ) (0,91} lvo = 41| ) due to the reduced density of active transmitters. Howelvées i
and given as (10), see [8] for the detailed derivation. not clear if signal strength would show monotonically irasiag
Then, applying the Plancherel-Parseval Theorem, (8) can lihavior as was the case for O-CSMA, although it eventually
approximated as increases ag increases. This is because by increasjnghe pdf

- 2ims FIo% (N7 11) of F'** shifts to the right hand side (increasing the likelihood of
0,vy 0 — . . . -

/ L n7 pmaxny 1) (207l (1)t s) ds] ., success) but at the same time it decreases the size of neigiuab

7 070,y 0

— 00

E° .
2ims thus the opportunistic gain coming from multiple contersder

@4 \{0}

wherel; is a random variable with cumulative distributiondetCreases (decreasing the_ I'ke“hOOd_ of success). ificreases,

0 POy A ATy pZ. . decreases due to the increased interference. Note that unde
t]P (LI}Z\{O}E< z|Ng = ”’F(O) (Vg +1)b: x). Then, the Laplace ihe same parameter set, the success probability of Q-CSMA is
ransformzZ o gmax v+ (s) is given by

always larger than O-CSMA, i.en? .(t,y,v, \) > p%.(t,v,v, \)
@\ {0}

simply due to the stochastic ordering relatiof’"* >st .
, oo 2T (NG, Forf’,?x(Ng +1),7,\)7dOdr
A ¥ pf ()]s |
0 0 [ (9)

D. Performance Comparison

Fig. 2a exhibits the density of successful transmission®pf
CSMA and O-CSMA as the function of for various values ofy
with v = ¢ = p = 1. As X increasesd? (v, A) curves increase
In this section, we first explore hol,,, andp... behave as the gue to the increasing density of active transmitters, hewévey

functions of the qualification threshotd and the carrier sensing converge to some values since boi{” and p2,. converge. For
€T suc N
thresholdv, and then we compare the performance of O'CSM&rgey p% is close to 1, so, ad gets larged’ . gets closer
) 1 1 S

suc uc

V. SPATIAL REUSE

and Q-CSMA. The results were numerically computed. to the maximum performance that O-CSMA can achieve. When
A is small,d?? . decreases ag increases because the loss coming
A. Density of Active Transmittersp,, from decreased density of active transmitters is largen tite

Fig. 1a exhibits the density of active transmittexs,, as a gain resulting from the increased quality of transmissions

function X\. As X\ increases, the space is packed with a higher\éng':‘A?te thalt the ?}gn;ny %f sucr(]:essfu]! t(r)agssnlc/ll;smr_]s of
number of active transmitters, but it saturates to a valuehvh qut IS a\;\l/iys \gher ft aﬂ that - o - ’ |(.je.,
we refer to a the asymptotic density of active transmittezs d Guc(t; 71, 0) thsuc(tao;]v’/a A) or the same pazameter set due
fined asAcsma(v) = limy oo ApZ? = limy_yoo Ap2. It is easy [© the fact thabi, = pj; andpf (t,7,1,0) = plie(t, 7,7, A).

to show that\.gma(v) = 1/No, where Ny = Nj/\

_What is more interesting here, is that the density of sudgkess
E[fn. 1{F > vi(|z])} da] is interpreted as the mean neighbog_rangmlssmns of QCSMA is better than that of O—CSM.A, which
hood size of a typical transmitter. Note that since each/acti'mpl'e_s‘ the robustness of_|ts_ performance to the densn_yodbs, .
transmitter occupy the area of si?g, intuitively, we can have at see Fig. 2a_. However, this is true 0r_1|y when the carrier sensi
mostNgl active transmitters per unit space in the asymptotical reshold_u IS prpperly c_hosen._ln this case, asr?creases_, the
dense networks. Ify increases, the density of qualified trans: pportunistic gain f.rom Increasing numbgr of nelghbquilgér
mitters \p, reduces, which accordingly decreases., but the than the Iqss from mcreasmg_aggregate interference.isflarge
converging value\....(v) is not affected. While ifv increases, (|r_1appropr|atg value), then this is not the case. ThepCIMA
the neighborhood size gets smaller, which allows a highasitie will not be _unlformly better than O-CSMA. For example, see th
of active transmitters, and accordingly highex,,.(v). casev = 5 in [8].

VI. SPATIAL FAIRNESS
B. Success Probability of O-CSMA

Fig. 1b plots the success probabilipf?. as a function of
A for various~y and v values. The general behavior pff_ is
as follows. As\ increasesp? converges to a value between ) ]

0 and 1, since interference saturates. See [8] for detdils. | A- Unfairess in CSMA Networks

increases, the signal quality at receivers increases anitheat It has been reported that (unslotted) CSMA networks areiunfa
same time it reduces the density of active transmitterdtiegun [5], [11] due irregular network topologies and a combinatiuf
reduced interference power. Thus, increasingoosts the SINR the carrier sense mechanism and binary exponential badkuf

at receivers, and thus increases success probability.eWhil can be partially mitigated bglotting since all nodes’ contention

In this section, we evaluate our spatial fairness metric and
characterize the tradeoff between spatial reuse and f&rne
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(a) The density of active transmitters for O/Q-CSMA  (b) The success probability of O-CSMA decreases (c) As \ increases, the success probability of Q-
increases and saturates asincreases due to the  as\ increases, but converges to a value between 0 CSMA decreases at first, but bounces and converges
carrier sensing in CSMA protocol. and 1. to 1 due to the increasing opportunistic gain.

Figure 1

windows are reset every slot. However, unfairness regufiom across randomly distributed nodes is given as follows:
network topology irregularity remains. We will use (3) toamu

tify the fairness of O/Q-CSMA networks under the assumption E|-Pxr ? N _f
. . . .~ _ NY +1 e 's0 + e 5,0 — 9
that the fading between any two transmitters is averaged, iFl,.(y, N],) = 5.0 = — _ _

‘ -~ : : - actly Hs,0 2| N, (Ei(N]g) —log N, —n)’
F/; = E[F] = p~'. Under this assumption, the channel gains E {(%) } 5,0 5,0 g&Ns0 =1
from potential neighbors to a typical transmitter only dege a0t (13)
on their pathloss, so the size of neighborhood does not ehan - y SN 00,1 g
over time. This assumption is introduced to estimate theamee V\%ereNS,O = E[N/o], Ei(z) = — J_; ¢ e "dt is an exponen-

fraction of time a node access the medium (access frequené'?' integral function, and = 0.5772...... is the Euler-Mascheroni

Let N/, be a random variable denoting the number of neighbo _lr:tant. ding fai ind he f ¢ sebat
under this fading assumption with meai . e corresponding fairess index on the frequency of sebdes
’ transmission is given by

2
_ - gt _ (EO [ﬁﬁ%e(% N;O):|)
B. Fairness for access frequency and the Frequency of Sgfotes Flyye (v, NJ) = 5 R
Transmissions EO [(ﬁpggc(%]v;o)) ]

Next we show that channel aware CSMA protocols has the . N ) ) o
potential to mitigate topological unfairness. We shallisspatial ~Of O-CSMADT (7, N,.) can be approximated in a similar way
fairness for access frequency and the frequency of suctes@ndFl,. can be defined accordingly. Using the fact that, ~

transmissions. PoissoiiN] ), one can numerically compulélgtuc(%N;O) and
For both O/Q-CSMA, we IetE’[f(N] o, Fo,Fy)|NJo] = Flou.(v,NJo).

ﬁ be the access frequencydenoting the fraction of In Fig. 2b we plotted thél,. and Fqgfw and quzc for v = 0.

time a node with NJ, neighbors can access medium. Wehe dotted curveFl,. denotes the fairness on access frequency
let EO[f(N o, Fo, Fp)|NTo] = NW1+1]5§55:qt)(%N;0) be the for O/Q-CSMA versusN/, (v). If N;Q is small, almost every
fre(?uency of successful transmissioné a receiver, where nNode which contends gets to send, in fact all transmitteve ha

ﬁ?ﬁcqt)(%N;O) is the conditional success probability condi&CcCcess frequency close to,, so fairness index is close to 1.

. . . . Yo i \ Y i i
tioned on that its associated transmitter h&g, contenders. It Nj, is relatively small, asN/, (which is mean and the

(14)

f’gzc(%N;o) is given as (11) and approximated as (12): variability of the numl_)er (;f contenders) incre_ases, théatdity _

of access frequency, i.eg+"7, across nodes increases resulting
5,0 _ i A
PO(FSI?X(NSWO +1)> tI<I>M\{o}Z(7°)|Ngo = n) (11) na decr_ease in fa|rness._ HoweverNﬂo_B r_elatlv_ely If'_;lrge, the
' ’ ’ fairness index eventually increases again since, in tlgisme, the
o0 . o P

~ |0 / L oy gy on (20 (r)ts) (12) varlab|I|ty_ of gccess frequencx,zgj decreases and converges
oo Iyl T to 0, which in turn increases fairness. Note that the fasnes

2imS RN (NT o +1) _ curve has its minimum valu@.73019 ... , which corresponds to

1ds’N;0 = n] the minimum fairness index of slotted system. Specificdtig
minimizer n* = argmin,~o Fl,.(n) ~ 2.9736657 can be found
by numerically solving%Flac(n) = 0. Based on this, we make

The corresponding spatial fairness index on access freguefollowing argrumentThe spatial fairness for access frequency of

2ims
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(a) Properly chosewr both increases opportunistic (b) Nodes with many neighbors have small fraction  (c) The dominated set of QCSMA is as large as
gain of Q-CSMA and suppress the amount of of access time. Q-CSMA compensates it with high  that of Q-CSMA and dominates the most of O-
aggregate interference for wide range)of success probability, accordingly fairness increases. CSMA's dominated set.

Figure 2

slotted O/Q-CSMA is worst, roughly 0.73 when the mean numbeiFig. 2c, plotsQ?? (¢, \), Q4 (t, \) andQ¥* (¢, ). As can be seen,

of contenders of a typ|cal transm|tter is roughly 3. the dominated set of QCSMA is very close to that of Q-CSMA,
The figure also showEl.., and Flsuc the fairness on the fre- which makes @CSMA, with one less parametgan attractive

guency of successful transmissions for O-CSMA and@3MA choice from an engineering point of view. There exists a subs

respecuvely Note that thEIZﬁcq is improved overFl,., and Of 2°7(¢,A) which is not dominated by FD-pairs of (@CSMA,

Flsuc is improved oveF1” .. The gain is significant in the reglmehowever this region is relatively small compared to théaegf

where N, < 10. In this regime, the performance heterogenen% (t, A) which is not dominated by O-CSMA.

from different access frequency (due to random nodes plectn

is high, but the increase of the success probability redtices VII. CONCLUSION

performance differences across nodes. In other words, itffe h In this paper, we showed that spatial reuse and fairness of
success probability compensates the low access frequehish CSMA ad-hoc networks can be significantly improved by using
decreases the variability of performance. While, in theimeg simple channel-aware CSMA protocols. In doing so, the ogtim
where N/, is large (orv is small), the density of concurrentcompromise between the density of active transmitters aed t
transmitters become small, which generates weak intertere resulting aggregate interference needs to be made by dorgro
Thus, most nodes succeed in transmission with high prdbabikwo system parameters : qualification and carrier sensiresih
irrespective of the number of neighbors, so in this reginereh olds. We found that a simple version of Q-CSMA, with one less

is not much difference in performance. Thus,-QSMA and O- parameters, shows robust performance in both spatial rande
CSMA have similar performance. fairness.

So far, it has been shown that Q-CSMA can improve spatial fair
ness characteristics. However, with this result only, mas$ clear
how the density of successful transmissions and fairndasiyjo
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