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Abstract— Recently, the issue of achieving MAC layer fairness  In the literature, the fairness issue in wireless ad-hoe net
in wireless ad-hoc networks has been extensively addressed. Moswworks has been addressed in two different manners. One is to
of the published schemes are sender-based, meaning that a se"dedesign a scheduler (e.g., [17]), which is overlaid on thedbp

(of a flow) contends for the shared medium based on its own the MAC | t hi lobal fai . lti-h
understanding of the contention on the medium. However, as € ayer, 10 achieve a giobal tairness innaufti-hop

clearly shown in this paper, in a wireless ad-hoc network, a Wireless ad-hoc network. Obviously, this approach reguire
sender may not have precise information of the contention on some global information of the network (e.g., topology)eTh

the medium, and thus a purely sender-based approach cannot gther manner is to address the fairness issue at the MAC
always achieve fairness and sometimes it may even degrade|ayer itself (e.g., [19]), which operates in a distributedmmer

the performance due to the incorrect understanding. On the but | hi local fai . iahborhood. |
other hand, the receiver side (of a flow) may have some crucial ut may only achieve a local fainess Iin a neignbornood. In

information that is unknown to the sender. With this observation, fact, the fair scheduling in a multi-hop network and the fair
we propose a noveFair MAC protocol, called FMAC/CSR, which medium access in a neighborhood are somewhat orthogonal
achieves fairess using the€Cooperation between theSender and  jssues and may need to be addressed separately. In this paper
Receiver. Extensive simulation results show that the proposed \ e aqdress the issue of fairess at the MAC layer. Most of the
FMAC/CSR substantially improves the MAC fairness without . . . .
unduly degrading the throughput. published schemes in this category are sender—base_d,mgeanl
Compared to the published works on MAC faimess, our thata sender (of a flow) contends for the shared medium based
FMACI/CSR is unique in the following senses: (1) it exploits the on its own understanding of the contention on the medium.
information available both at the sender and the receiver, (2) it However, as clearly shown in this paper, the senders that
e e et o -t e, ot 1 s CCTI fr the same el eyt e n the halin range
when the sens?ng range is greate?r than the transmissioﬁprange. of each other, and thus the |nformat|qn obtalngd atthe $end§
may not reflect the medium contention precisely. We call it
concealed information problensince the information needed
for the fair contention isconcealedfrom the senders. Our
Recently, wireless ad-hoc networks have attracted camsults show that the concealed information problem result
siderable research interest. As IEEE 802.11 [11] is the dabstantial unfairness in IEEE 802.11 as it is a sendericent
facto standard for Wireless LANs, most of the research woptotocol. Moreover, due to this problem, any enhanced fair
on wireless ad-hoc networks adopt it as the MAC layescheme (e.g., [7]) that is purely based on the information at
IEEE 802.11 defines two MAC protocols: Point Coordinatiothe sender may not achieve fairness or sometimes it may even
Function (PCF) and Distributed Coordination Function (CFdegrade the performance due to the wrong decisions made
DCF is a Carrier Sense Multiple Access/Collision Avoidancafter the incorrect understanding of the contention. Initaxid
(CSMA/CA)-based MAC protocol, and it is popularly usedo the concealed information problem, we have identified two
in wireless ad-hoc networks. However, as DCF operates irother causes of unfairness in IEEE 802.11: imprecise amilis
distributed manner without having precise information w@wbodetection and high contention.
the contention on the medium, fairness in accessing thedhar To achieve fairness, we propose a general MAC fairness
medium is one of the most challenging issues. framework, which includes three components: a fairnessamnod
Based on théengthof the time over which we observe theto define fair shares, a compensation model to compensate for
system, the fairness can be defined on a short-term basis #red over-use and under-use with respect to the fair shares,
on a long-term basis. The short-term fairness automaticaind a distributed algorithm to realize the above two models.
gives rise to the long-term fairness, but not the vice ver&zearly, the last component is the key to achieve fairnesgalu
[14]. On the other hand, the long-teramfairnessimplies the the distributed nature of the ad-hoc networks. The distiedbu
short-term unfairness, but not the vice versa. Both lomgrte algorithm proposed in this paper is called FMAC/CSR, which
and short-term unfairness have great impact on the systaohieves fairness using tl@ooperationbetween theSender
performance (e.g., Quality of Service). and Receiver In FMAC/CSR, both the sender and receiver
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of a flow detect the occurrence of unfairness based on th&ur-way handshake, a sequence of Request To Send (RTS),
own information. To compensate for its past usages of tidear To Send (CTS), Data, and ACK frames, is transmitted
shared medium, the flow should enter one of the followinigpr the transmission of every single data packet. To cope
three modesaggressive restrictive and normal indicating with the common hidden-terminal problem in ad-hoc wireless
how the sender and receiver should behave when contendigworks, we assume that the four-way handshaking is used.
for the medium. Specifically, according to the mode a flow The IEEE 802.11 adopts the well-known Binary Exponen-
enters into, the sender contends for the medium with differetial Back-off (BEB) algorithm as its Contention Resolution
priorities. On the other hand, the receiver affects the eénd (CR) mechanism, which is described as follows. Every node
behavior through either an implicit or explicit feedbackihe maintains a Contention Window (CW) and a back-off timer.
sender. In FMAC/CSR, an implicit feedback, calledtrictive- Before every transmission, the node first defers by a baick-of
notification is used by the receiver to slow down the sende&imer over the range [0, CW]. In the case that the back-off
whenever it finds (based on its own understanding) that tlimer already contains a non-zero value, it is unnecessary t
flow should enter the restrictive mode. On the other hangenerate a new random back-off timer. For the first transmis-
whenever the receiver finds that the flow should enter tlén attempt of a packet, the CW is set@dV,,;,,. Whenever
aggressive mode and now it is the right time for the sendaretransmission is initiated, the CW is doubled. When a retry
to contend for the medium, an explicit feedback, callelimit is reached, the CW is reset ©W,,;,. The CW is also
aggressive-notificatignmay be transmitted so as to expediteeset toC'W,,,;,, Wwhenever a transmission is successful.
the sender’s contention for the medium. However, when thewhen a node (say) is transmitting a packet, the other
receiver thinks that the flow has got a fair share of the mediumodesfreezetheir back-off timers. After nodéd completes
no special action is taken by the receiver. Clearly, theivece transmission of the packet and thus the medium becomes idle,
of a flow under FMAC/CSR takes a much more active role iall the contending nodes first defer for a DCF Inter-Frame
the contention than it does under IEEE 802.11. Space (DIFS) period. Then, notte generates a new random
In the design of FMAC/CSR, two issues need very carefullue from its CW and backs off before it initiates another
consideration(i) Due to the concealed information problemtransmission. On the contrary, the other nodes simply resum
the decision (e.g., the mode that a flow should enter) made tby count down from theirfrozen back-off timers. Clearly,
the sender may be different from that made by the receiuguie to thefreezing mechanisrmodeH may transmit several
since they make the decision based on their own understapdeketsconsecutivelybefore another node’s back-off timer is
ing. Therefore, rules must be defined that the sender ardluced to zero, leading tehort-term unfairnessContrary
receiver should follow whenever such a discrepancy occuts.a successful transmission, when a collision occurs hall t
(i) Benefits of cooperation among nodes may be undermingslliding nodes will generate a new random value.
due to the incorrect information at the nodes, and therefore
the events such as medium being idle, collisions, unnegessa I1l. UNFAIRNESS INIEEE 802.11
explicit feedback, and deadlock that result in throughput

degradation need much careful consideration. Though there has a substantial research-work on MAC

Simulation results show that FMAC/CSR achieves fairne@mesls' tlhe Icatlhs_es oft_unfalrness rt1ave t'n OtII bg:n t|_derlt|f|ed
in all the scenarios where spatial-reuse is not possiblari\/levery clearly. In this section, we systematically iden itye
while, it does not unduly degrade the throughput, and reasons of unfairness in IEEE 802.11. As our focus is to study

even improves the throughput in certain scenarios. Theebd{® fa|rnessh|ssue a:. tIhMAC I_ayer,twe o.rtl)lly c_on&d:;hze
properties make our FMAC/CSR unique compared to the Iarﬁ:éena”os where spatial reuse 1S not possibie, 1.€., alldnes
the network are directly contending with each other. &mi

number of published papers on MAC fairness. _ . .
The remainder of the paper is organized as follows. fg most of the published work on MAC fairness, mobiliy,

Section Il, we describe the basic techniques of IEEE 802_1v1i.reless error, and signal capture are not considered & thi

The causes of unfairness are systematically identified @ S aper. Also, we corj5|der only the smgile—lhop flows. For each
tion Ill. In Section IV, we present a general MAC fair- low, a Constant Bit Rate (CBR) traffic is adopted and the

ness framework. A distributed estimation algorithm and tht affic rate is large enough for the flow to occupy the entire

FMAC/CSR are presented in Sections V and VI, respective .annel capacity as unfaimess oceurs only when the system
The simulation results are presented in Section VII. Commer) over-loaded. The above assumptions are adopted toyclearl

on FMAC/CSR and a thorough literature review are given ikﬁring out the problems Fhat are discussed below, though they
Section VIII. The paper is concluded in Section IX. may also affect MAC fairness.

II. BASIC TECHNIQUES INIEEE 802.11 DCF A. Unfairness Due to Concealed Information Problem

The DCF defines two methods for accessing the medium:Since the CSMA/CA-based MAC protocols (e.g., |IEEE
the two-way handshake and the four-way handshake. In #@2.11) normally adopt two-direction handshakes, wherva flo
two-way handshake, the sender first transmits a Data fragentends for the medium, the contention is at both the sender
to the receiver, which responds with an ACK frame if iand the receiver. Therefore, two flows are contending with
receives the Data frame correctly. On the other hand, in thach other if either the sender or the receiver of one flow is



within the transmission rangeof the sender or the receiveras the hidden-terminal scenario. Obviously, if the two flows
of the other flow. In this subsection, we aim to identify aljust involvetwo nodes, the two senders are always within the
the possible scenarios, which have two contending flows arahge of each other. We do not consider these scenarios since
exhibit short-term or long-term unfairness. The discussidhe fairness can be achieved by using fair queuing algosthm
applies when more than two flows are involved. developed for the wire-line networks.

For convenience, we definB(X,Y) as a single-hop flow  Now, we will show how the unfairness takes place in the
between nodes X and Y, where node X is the sender aablove scenarios (figures 2, 3, and 4).
node Y is the receiver. Let us consider the situation that twoShort-term Unfairness in Scenario-1: In Figure 2, the
flows, sayF'(Sa, Ra) andF(Sp, Rg), contend for a common distance between the senders of the two flowthise hops,
medium. We first assume thaly, R4, S, Rp are different which is in fact themaximumdistance between tweenders
nodes. Based on whethér, is in the range ofSp and Rp, if they are contending for the same medium. Now we explain
we present the relationship between ndfle and flow B in  the reasons of the unfairness in this scenario (the sinoulati
Figure 1. In the figure, whenever two nodes are in the rangssults are presented in Section VII-C). Consider the sitna
of each other, there is a dotted line connecting them. Itsy eahat flow A is in progress and thus nodes is not able to
to see that there are four possibilities as far as the relsitip respond to any request from noflg. However, since nodép
between nodes4 and flow B is concerned. This is also truedoes not know about the ongoing transmission of flowSa,
for the relationship between node, and flow B. As a result, may futilely retry, resulting in a large CW at the node. As for
the number of possible scenarios having different relatiggs  the nodeS 4, after it transmits the packet, it will reset its CW
betweenflows A and B is sixteen 4{ x 4). However, in the and contend for the medium again. Since the CW at nfygle
scenario that botlt4 and R4 are not in the range of any becomes very large, nod§, may transmit several packets
side of flow B, flows A and B are not contending any moresonsecutivelybefore nodeSp gets control of the medium,
Therefore, the number of possible scenarios reduces terfifteleading to short-term unfairness. However, several meashen
Moreover, as known from our simulation, in the scenarios thimcorporated in IEEE 802.11 prevent flow B from starving
the sendersare in the range of each other (the cases labelledmpletely such as{i) after every packet transmission, node
as (2) and (4) in Figure 1), the flows can contend very fairly 4 will back-off before initiating another transmission, \hi
(except the two scenarios discussed in sections I1I-B and Iyives nodeSz a chance to contend for the mediufii) the
C). There are eight2(x 4) scenarios where the twsendersaare CW at nodeSg will be reset toCW,,,;,, after the retry limit is
within range of each other. As a result, sey&b—8) scenarios reached. Moreover, once nodg gets control of the medium,
remains to be studied. Based on the relationship between thill capture the medium for a long time in a similar manner.
sender of one flow and the receiver of the other flow, the sevas a result, the long-term fairness between these two floais ar
scenarios can be further classified into three categonethel ensured in IEEE 802.%21
first category, neither of the senders is within the range of
the receiver of the other flow. The scenario-1 shown in Figure A
2 belongs to this category. Theecondcategory is that only Fig. 2. Category 1: Scenario-1
one of the senders is within the range of the receiver of theLong-term Unfairness in Asymmetrical Information Sce-
other flow. The scenario-2 and -3 shown in Figure 3 whegyios: In this category, the sender, who is in the range of the
Sp is within the range of the?, belong to such a category. recejver of the other flow, can get more information of the
Note that two other scenarios, whesg is within the range of contention than the other sender does. This has been ferre
the R, also belong this category. However, we do not shols the asymmetrical information problem [12], which resirt
them in the figure as they will have the same problem as thgfpstantial long-term unfaimess as explained below. Weene
in scenario-2 and -3. In ththird category, both the sendersg, pag completed transmission of a packet, b§thand Sp
are within the range of the receiver of the other flow. Thgegin to contend for the medium. In such a situation, the only

scenario-4 and -5 in Figure 4 belong to this category. condition thatS, can win is thatR4 responds with a CTS
S 5 S s before Sp begins to send out a RTS. Otherwisgp will
5 l s l . l SA:"' l definitely win the contention even it begins to send out the
Ry Re TRy TR RTS later thanS, does. This is obviously unfair for flow A.
) ) 3) () Now let us consider the situation that flow B is transmitting a
Fig. 1. Relationship between nodg, and Flow B packet. NodeS 4 cannot even identify when the transmission

. _ . of the packet will be end. Therefore, during the period thiat
However, if the two flows just involvehree nodes, the is, transmitting,S4 will contend futilely, resulting in a large

only spenario V\{here the sepder.s are not W.““"’T range of eaew and thus leading to unfairness f8p. In summary, after
other is scenario-6 shown in Figure 4, which is also knowé\/ery transmission (transmitted either by flow A or B), will

For simplicity of presentation, here we assume that the sgnsinge is always be treated unfairly, resulting in long-term unfasa

equal to the transmission range. However, the unfairneslysasalescribed
here perfectly applies when the sensing range is greaterttieatransmission ~ 2According to the results presented in [2], in the MACAW praib flow
range as shown in Section VII-G. B will be completely starved in such a scenario.



Note that though the receivers in the scenario-2 and -3 ha%€K frame), the sender of the other flow can identifgither
different information about the contention, the two scérgar the beginningnor the ending of the contention period. In the
will show the same performance since the receiver in IEBEdden-terminal topologies (Figure 4), though the sendars
802.11 does not play an active role in the contention. identify the beginning of the contention period (i.e., waesr
an ACK frame is transmitted on the medium, both the senders
know this event), they cannot identify its ending (i.e., adsr
does not know whether the other sender has already begun
to transmit a RTS). In the asymmetrical information scesgari
(Figure 3), whenever flow B transmits a packet on the medium,
S4 can identify neither the beginningnor the ending of the
Short-term Unfairness in Hidden-terminal Scenarios:In  contention period. Conversely, whenever flow A transmits a
the hidden-terminal scenarios (Figure 4), once the RTS/Chacket, bothS, and Sz cannot identify the ending of the
handshake has been completed successfully, the hiddgsntention period since they are hidden from each other.
terminal problem does not arise any more. For example,
once nodeRA sends back a CTS to nod@A, node SB B. Long-term Unfairness Due to |mprECise Collision Detec-
overhears this CTS and defers its transmission, avoidifign Mechanism
collision. However, the RTS/CTS handshake carglohinate Even when the senders are in the range of each other, the
the hidden-terminal problem, as the RTSs sent by the twellision detection mechanism used in IEEE 802.11 results
hidden senders may still collide. In fact, as clearly showa long-term unfairness (though not very severe). Figure 5
in [15], the probability that two RTS will collide will be presents such a scenario. Our simulation results (prebémte
very large when the CWs at the two hidden nodes are smglction VII-D) show that flow B gets more bandwidth share
(e.g., 31). This high collision probability leads to sht#tm than flow A. Consider the situation that nodss and Sg
unfairness (the simulation results are presented in Se®tib  choose the same back-off value before contending. Theh, eac
A). Specifically, consider the situation that the CWs at bothitiates a RTS at the same time, resulting in a collisioncsi
the senders are very small (e.g., 31). As discussed abave, ibdeR 4 is in the range of nod&, R4 detects this collision
transmission of RTSs is very likely to collide several timeand thus it will not send a CTS t6,4. On the contrary, since
until the CWs are large enough to allow either node (say, nogede R is out of the range of54, Rp will not detect the
S4) to get control of the medium. Oncey completes transmit collision and it responds with a CTS. In summary, whenever
a packet, it resets the CW and generates a new backsta#ire is a collision between the two RTS$; alwayswins
timer. However, théreezingback-off timer at node&Sz may be the contention, explaining the unfairness for flow A.
large compared to the back-off timer i, and thusS, may
transmit several more packets. Clearly, fle@zing mechanism - .
in IEEE 802.11 leads to short-term unfairness. However, the gy Rg
mechanisms incorporated in IEEE 802.11 discussed before Fig. 5. Scenario-7: Imprecise Collision Detection Mechamnis
ensure long-term fairness between the two flows. Also, the gpoit-term Unfairness Due to High Contention
three scenarios of Figure 4 show the same performance though

the receivers have different degrees of information of the Even when all the senders are within range of each other and
contention on the medium. all the nodes have the same understanding when a collision

occurs, the short-term unfairness may still occur due td hig

wn
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Sk Rpm===-- Sg Re A Ny

%y

Scenario-2 Scenario-3
Fig. 3. Category 2: Asymmetrical Information Scenarios

Si—"Ra._

& e Si R contention. For example, in the scenario shown in Figure 6,
: : T pe— g Sy >Rpgt—Sg . . .
Re——S; Re e there are fivé flows and all the six nodes are in the range of
Scenario- Scenario-5 Scenario-6 each other. To explain the short-term unfairness (the sitiaul
Fig. 4. Category 3: Hidden-terminal Scenarios results presented in Section VII-E), we need to look deeper

in the BEB that is being employed to resolve collisions. The

robability of collision depends upon the number of active

narios, we notice that the main problem leading to unfai;’negowS (sayn) within the contention range as well as the CWs
in the CSMA/CA protocols is that the senders cannot obtalq the senders. A flow is referred to laetive whenever it

precise information about the contention on the medium. [h i ;

) ) . . . as at least one packet waiting to send. rAgcreases, the
other words, the state information required for fair cotitan collision probability also increases. On the other hancthas
is concealedrom the sender, and thus we call it tbencealed P y '

information problem Here, the state information a sendeF:W increases, the collision probability decreases. The BEB

needs is: when exactly theontention periodoccurs on the uses collisions to gauge the contention degree and dyntynica

: ) . . adjusts the CWs to resolve the collisions. In particular, nvhe
shared medium. A contention perigthrtsafter the transmis- the contention is verv high while the CWs are very small
sion of an ACK frame on the medium, arehdswhen the y hig y '

transmission of a RTS frame begins on the medium. collision(s) occur and the colliding nodes increase thaW<C

In th_e _scenarlo-l (Flggre 2), after_ one flow finishes thesqy course, one can chooséaager number of flows to show the short-term
transmission of a packet (i.e., the receiver of the flow semds unfaimess in a scenario with high contention.

Concealed Information Problem: From all the above sce-
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Hopefully, some of the colliding nodes generate large baftk- that there is a TCP flow from nod€, to Sg in the hidden-
timers and thus they defer their transmission. This indiyec terminal scenario (scenario-6 in Figure 4). From the sitimha
reduces the contention degree and thus resolves the anllisirace, we found that the TCP Data packets (frmto Sg)
effectively. and the TCP Ack packets (fron$p to S4) will always
The deferring nodes will join in the contention in the futurebe transmitted inbursts That is, in the steady-state, node
and this time, somether nodes may defer their transmissionS, sends as many TCP Data packets as permitted by the
(due to collisions), and that is why tHeng-termfairness is congestion window. Then, nodgs transmits all the TCP Ack
ensured. However, during a short-term, duestedomnessthe packets in a burst back t®4. Through detailed analysis of the
same nodes may collide consecutively while other nodes ttace records, we found that this is mainly due to the short-
not experience any collisions, leading to short-term un&ss. term MAC unfairness between nodé&s, and Sp, i.e., once
This is particularly true when the contention is very high as node (sayS4) gets control of the medium, it may capture
collisions are more likely to happen. In summary, though thtee medium for a long time before the other node (i.e., node
BEB is effective in resolving collisions, it results in sktetm Sg) transmits any packet. The above phenomenon has been
unfairness when the contention is high. referred aACK compressiofiLl4], which results in packet loss
at the congested nodes. Also, the link may be idle for some
duration between the bursts of TCP Data and ACK packets.
In addition to the negative effects on jitter and TCP per-
formance, the short-term unfairness may also greatly @affec
the behavior of on-demand routing protocols. For example, i
a node cannot transmit a packet after several retries due to
- the short-term unfairness, the MAC layer discards the packe
Fig. 6. Scenario-8: High Contention (all nodes hear eackrpth and conveys this event to the routing protocol. As the rautin
D. Remarks on the MAC Fairness protocol (e.g., AODV) interprets the discarding of a packet
. . . . as an indication of link-breakage, the node discards all the
So far, we have systematically identified the possible SeenBackets in the queue and iniiates a new route discovery

ios that show unfairness due to concealed information probl process, though the link is still available. Even worse, tiohs
(E!gures52, 3’r?'ng 4), |{“nptr.eC|slr-3:.coII|S|gn l(\jletectmn mek(jS'ranka situation, the new route discovery process is difficult ¢o b
(h \gure ), or hig -conken |onh( |?u_re ): NOW We Would Makg, ccessful due to the unreliable nature of broadcast paoket
t rse |mpkor1t;ntﬂremar S; Or,:.t € alrrﬁesi |§sue.b . IEEE 802.11 and due to the exponential back-off in the route
emark L.A Tlow-contention grapfiechnique being popu- discovery process itself. Therefore, a flow may be starved fo
larly used in the_hterature_ls hot an appropriate meanstfer Fa considerable time. In fact, the above phenomenon has been
st_udy of MAC fa|_rness. It Is easy o see that _aII the SCenangfserved very frequently in our simulation when AODV is
with two contending flows discussed above will have the SaMi€ed. It is clear that it is extremely important to achievéhbo

flow-contention graph (i.e., in the graph there is an ed%%ort-term and long-term fairness at the MAC layer.
between flows A and B), but totally different performance are

obtained for these scenarios. Therefore, any fairnesarsehelV. GENERAL FRAMEWORK TO ACHIEVE MAC FAIRNESS

(e.9., [19]) based on such a graph may not work well. To achieve MAC fairness in general, we propose a frame-
Remark 2:In contrast to a purely sender-based protocQlork which includes three componengirstly, we should
(e.9., IEEE 802.11), if we were to design a puresgeiver- yefine a faimess model, which determines how much share
basedalgorithm, it yvould suffer from 'Fhe similar problems, ser should get to maintain faimess, and how long the
because the tweeceiversof two contending flows may not be g, ration be over which the fairness is measurdcondly
within the range of each other. Therefore, to achieve faBnegjnce the actual share may deviate from its fair share, a
the protocol should employ some sort of cooperation betweggmpensation model is needed to compensate the share of
sender and receiver. _ a user whenever unfairness occurairdly, we should have a
Remark 3In a given scenario, whether short-term or longgjstributed algorithm in place, which aims to realize theab

term unfairness will occur largely depends upon the topplogyo models. and thus achieves fairness.
When the topology involves asymmetry, long-term unfairness

occurs. Conversely, in a symmetrical topology, the shemat A. Fairness Model
unfairness occurs while the long-term fairness is ensured.  The objective of a fairness algorithm is to ensure that a
E. Impact of Unfairness flow* gets a fair share (saw, for flow x) of the bandwidth

While the impact of long-term unfairness is obvious, as, - o ,
Though we use the word “flow” frequently in this paper, it is mgifor

shown in [14] [24], the short-term unfairness at MAC layef,e convenience of presentation, but we consider nodé-airaess instead
may lead to a large delay jitter, and thus substantially @l#gs of flow-level fairess as IEEE 802.11 essentially uses thierevel fairness

the performance of the delay- or jitter-sensitive traffiheT model. Specifically, the flow in our context represents theregage of the
ows coming from upper layer to the MAC layer. An alternativeyywof

. . I
short-term unfa'me_ss also he_ls a great |mpa_ct on the adap{%king at this is to assume that a node can act as the seneeatside most
traffic (e.g., TCP kind of traffic). Let us consider an example@r one flow.




over every certain duration (s&j.,.). At a higher layer, the w, (the actual share of flow). However, in ad-hoc networks,
value of ¢, should be determined based on the applicatidghe sender as well as receiver of a flow hagstimatethese
requirement. However, as our focus is to achieve fairnesstimo values in adistributed manner. Moreover, due to the
the contention for the shared medium, we simply assume tlagtributed nature of ad-hoc networks, how to design a nmediu
all the applications have the same requirements. Theredbrecontention algorithm that can achieve fairness by utigizin
the MAC layer, it is reasonable to assign with 1/n when the estimated information is a demanding challenge. The two
n flows are active. The value df.,. determines the durationissues are discussed in sections V and VI, respectively.

over which the fairness is desired. For exampleTif. is
large, the algorithm is aiming to achieve the long-ternrfess,
which however does not necessarily imply short-term fasne To estimaten (the number of active flows within the
On the other hand, i, is small, the objective is to achievecontention range) andv, (the actual share of flow), a

the short-term fairness, which automatically gives ris¢h® common technique is to make use of the information contained
long-term fairness. We aim to provide short-term fairness the overheard frames. However, there are two challenges.
(implying long-term fairness). Therefore, it is reasomaldy The first one is that a node may not overhear any frames
assignl,,. with the time required to transmitpackets if there transmitted by the contending flows. For example, in scenari
are n active flows. Moreover, if all the packets are assumed (Figure 2), whenever flow A transmits a packet, ndtje

to have the same length,.,. can simply be replaced by acannotoverhear any of the four frames (RTS/CTS/Data/ACK).
transmission window(say W.,.), which is equal ton. This The second challenge is due to the fact that the sensing range
implies that everyactive flow should transmitexactly one (SR) is greater than the transmission range (TR), and as a
packet wheneven packets are transmitted over the mediunmresult, Specifically, when a node is within the sensing rdnge

V. ESTIMATION ALGORITHM

In summary, this can be formalized as, out of the transmission range of another contending nodg, th
We —n node is unable to interpret the contents of a frame transthitt
& v 1/n (1) Dby the contending node.
e

W.,. ande,, defined as above, change with the contention We_ do not aim to address t_he first_challenge i_n the estimation
degrée (i.e.n), rather than being pre-defined as in most d':}lgorlthm. Inste_ad, we aIIOW|mpr90|se estimation at théaso
the literature (e.g., [7]), and thus aaglaptiveto the dynamic due to the possible .non—o_verhearmg of the frames, gnd BBOPO
network conditions. If the actual share (say, for flow x) tW_O_ novel mechamsms n FMAC/CSR (see Section Vi) to
is always equal to the fair share, during every window mitigate the negative effects. Regarding the second cigdle

W.,., a system following the above fairness model behavd& should first note that the transmission range of RTS/CTS
cycy

like a dynamicTDMA protocol, which has desirable faimess!rames is much greater than that of Data/ACK frames since

By dynamic we mean that the number of flows sharing thihe length of the RTS/CTS is very short compared to that

common medium is dynamic and that the transmission orocgr Data frame, and sipce the RTS,/CTS are always traljsmit-
among the flows from one cycle to another is also dynamid€d at thelowest physical rate. This has also been pointed
out in [1]. On the contrary, the sensing range for all the

B. Compensation Model frames (RTS/CTS/Data/ACK) should be the same since this
In IEEE 802.11,w, may deviate from¢,, especially in range only depends on the carrier sensing energy threshold.
the wireless ad-hoc networks due to the unfairness disdus3éerefore, if the threshold is set to an energy level such tha
in Section lll. In particular, during a given window of leigt the RTS/CTS are always interpretable, then the transnnissio
Weye, @ flow may transmit more than one packet. We refeange of the RTS/CTS frames is equal to the common sensing
to this as theover-useof the medium by the flow. On therange. In fact, as clearly shown in [21], this is true for
other hand, if a flow does not transmit any packet duririfpe emerging standards IEEE 802.11a/h. In such a situation,
the window, we call itunder-use Naturally,normal-userefers whenever apacketis transmitted over the medium, a node
to the case when a flow transmigxactly one packet in the within the sensing range will always overhear the RTS/CTS
window. To compensate for the over-use and under-use in finl@mes clearly (but not true for Data/ACK frames). In this
previous window, an active flow should adjust its rate asyeagubsection, we will propose an estimation algorithm, which
as possible. Specifically, from the contention viewpoint, aonly relies on the correct understanding of the RTS/CTS
active flow should be in one of the three modeggressive frames and thus can work even when the common sensing
restrictivg andnormal at any given time. If a flow hasnder- range is greater than the transmission range of the Data/ACK
usedduring the previous window, it should give itself mordrames. In the case that the sensing range is even greater tha
opportunity in contending for the medium, and thus shoultie transmission range of RTS/CTS, one may estimaising
enter the aggressive mode. On the other hand, if a flow hemme heuristic methods such as in [3], [4].
over-usedthe medium, it should enter the restrictive mode. ) ) )
However, if a flow gets itdair share, it should operate in the”- EStimation of the number of active flowy (
normal mode. In order to estimate the number of active flows within the
Clearly, the above fairness and compensation models amntention range, every node maintains a list of the sender
based on the knowledge of(the number of active flows) andIDs of the active flows. Clearly, here we use the sender ID as



the flow ID as we assume that a node can act as the senBerEstimation of the actual sharev()
at the most for one flow. Whenever a node hears/overhears gye now discuss how to estimate,, the actual proportion

frame (RTS/CTS), it inserts the corresponding sender ID iNtQhared received by flow during the previous windowv,,..

the list if the ID does not exist in the list. Otherwise, the&dBO This can be done by maintaining a transmission histosaah
simply refreshes the time of the entry containing this IDIWi 1,4 - gpecifically, whenever a packet is transmitted over th
this list, every node can easily get the number of active flowsegium, each node adds an entry into his transmission fistor
by counting the number of unique IDs in its list. Clearly, iN¢ ihe packet is transmitted by a flow for which the node is the
such an algorithm, it is crucial to prevent stale entries) aRgnqerthe entry value is set to ‘1. If the packet is transmitted
therefore an entry is deleted after a timeout interval tlsat by a flow for which the node is thesceiver the entry value
long enough to transmit a certain number ($&y) of packets. g set to ‘0. Otherwise, the entry value is set to 1. Thes i
Now we discuss how tadaptivelydetermine the value dVe. 5154 true when the overheard Data frame is not interpretable
Intuitively, to get the current estimate (say) of n, the We |t 3 node overhears both the Data and ACK frames belonging
must be at least equal to the previous estimate E0f N, 14 the saméandshakindor a single packet, it should add the
therefore, entry only once By maintaining such a history, a sender or
receiver can easily know its flow's actual sharg during the
We > n(, @) latest window by simply checking how many times (say
ne = the number of unique I Dsinanode’slist ‘1’ (for sender side) or ‘0’ (for receiver side) appears ire th

Clearly, the value ofWV, affects the precision ofn.. window W,.. Therefore,

Sometimes,n. is greater thann, and we call this as an Estimation(w,) = m/n (4)

over-estimationIn contrast, theinder-estimatiomefers to the  The above algorithm works when the common sensing range
case wheren, is smaller thann. Both over-estimation and js greater than the transmission range of the Data frame as it
under-estimation may lead to bandwidth wastage. Now W@es not rely on the correct understanding of the overheard
consider three situations involving the imprecise estiomat pata frame. Specifically, under our FMAC/CSR (in Section
(i) When a flow becomes active, the other nodes @oé /), the sender or the receiver of a flow only needs to know
aware of this, until the flow transmits iirst frame on the the actual share of the flow itself. Moreover, the estimatibn
medium. This results in the under-estimatidfi) After an , at the sender or the receiver of flawdoes not require
active flow transmits itdast packet in the queue and thuscowledge of the exact flow ID of the packets transmitted by
becomes inactive, its ID wilhot be deleted by the other nodesyther flows. Obviously, a node will always know the flow 1D

until a timeout interval that is long enough to transtiit.  of a packet if the node is the sender or the receiver of the
number of packets. This results in the over-estimati@i); f|ow.

Due to short-term unfairness, an active flow may not be able
to initiate any transmission in a given winddW,. As a result, C. Detection of Unfairness

though the flow is active, other nodes delete the correspgndi  gased on the estimated a node calculates its flow’s fair

ID, leading to under-estimation. share (i.e.p, = 1/n). Then, the node compares the estimated
To cope with the over-estimation problem, we should usgtual shareu,) with the fair share ¢,) to decide whether
a value of W, assmall as possible. On the contrary, a largs flow has over-used, under-used or normal-used the medium
value of W should be used to cope with the under-estimatiqR the past window. Furthermore, based on the transmission
problem. To cope deal with this dilemma, we propdsetive-  history, the sender or the receiver of a flow can also measure
notification mechanismSpecifically, whenever a node sendgow muchthe flow has over-used or under-used the medium
out its last packet in its queue (i.e., switching from active tGecently. With this measurement, a node decidesdixgree
inactive), the node uses a bit in the RTS/Data frames 1o tgl} which its flow should be aggressive or restrictive, which
other nodes that it is becoming inactive. Moreover, theivece g represented by, and NN,., respectively, and these can be
also piggybacks this notification in thespondingCTS/ACK  gerived as follows. First, the node checks the actual share o
frames, as some nodes may not overhear the RTS/Data. idlfiow in the latest transmission window (with entries). If
the nodes that hear the notification, rather than inserting igs flow has had normal-use of the medium in the window,
refreshing the node ID, shouldeletethis node ID from the N, and N, are set equal to zero. On the other hand, if
list. Clearly, the inactive-notification mechanism grgalves the flow has under-used the medium in the windaowy, is
the over-estimation problem. Therefore, we can use a ldfge nitialized to one In this case, the node then checks the next
value to avoid the under—gstlmatlon problem. In the smm:iat transmission window by sliding by one entry in the history
we found that the following values d¥. are better suited: (j e the window ofn entries after skipping the most recent
6 x ne when ne <10 erjtry). If its f_Iovy still has under-used thg medium durlngstm
We = ; 7 (3) window, N, is incremented by one. This process continues
4 xn, whenn,>10 . . . ; : :
until the node finds its flow's share becoming normal in a
5Note that the correctness of the estimation does not rely@owbrhearing transmlssuo_n V\_/mdov_v' For example, if the number_ of_ac'_uve
of the Data/ACK frames. flows n (which is estimated from another separate list) is five,

€



and the transmission history (beginning with the most recesender will back-off by generating a random value frmX|
entry) at node A i{—1,-1,-1,-1,—-1,—-1,1,-1,...}, then whereX = maz(n,2n — N,). (2) If a flow should be in the
N, for the flow that node A is the sender is equal to Zormal mode, the random back-off value will be generated
Similarly, we can get the value d¥.. if a flow has over-used from [2n, CW], whereCW is the contention window(3) If
the medium during the latest transmission window. the flow should be in the restrictive mode, the sender will
) first defer by a time equal tON, + 1) x TzTime(packet)
VI 'é'\élQEE/ s/i?éNEg:TvaEL%“é ’\"A‘DCE%EE’S(D:%';EF;?\'/‘E%S'NG where TxzTime(packet) is the time needed to transmit a
packetincluding overheads of RTS, CTS and ACK. Then,
Using the estimation algorithm proposed in the previouge sender will back-off by generating a random value from
section, the sender as well as the receiver of a flow obtaim, CW x N,]. (4) Irrespective of the mode that the flow is in,
the following information: the number of active flows the \whenever the back-off timer expires and the medium is idle,
actual sharew(,) of the flow, the contention mode that thehe sender will transmit(5) Whenever the medium becomes
flow should enter, and the corresponding degree of aggresiy@e again after a busy state, the mode of the flow and the
ness/restrictiveness. Clearly, the estimated valuesatghder Corresponding degree of aggresiveness/restrictivenébgeN
and the receiver of a flow may be different due to imprecis@computed_ Also, the back-off value will be regenera{él.
estimation. In this section, we will introduce a novel mewiu The Contention Window (CW) is manipulated as in the Binary
contention algorithm, called FMAC/CSR, which exploits thExponentiaI Back-off (BEB) of IEEE 802.11. The overall
information available at the sender and receiver to achiey%cess followed at a sender is summarized in Figure 7.
fairneSS. In FMAC/CSR, a node W|” act according to Whether Now we make three comments on the above ru(éb_
itis the sender or the receiver of the flow. Specifically, &dsen Among the flows that are in theamemode but have dif-
contends for the medium with different priorities accogto  ferent degrees of aggresiveness/restrictivenegsotzabilistic
the mode and the corresponding degree that the flow shoglshroach is adopted. Specifically, as known from the rule 1, a
use. On the other hand, the receiver affects the SendQ[c'}ﬂ;,\, having a |arger aggressive degrﬁf@ will have a |arger
behavior in the contention through either an implicit or aprobability to transmit. Conversely, as known from the rule
explicit feedback. 3, a flow having a larger restrictive degréé. will have a
In the design of FMAC/CSR, two issues need very carefdinajler probability in accessing the mediuiiy Among the
consideration(i) As mentioned, the decision (e.g., the modgows that are in thelifferentmodes, adeterministicapproach
that a flow should enter) made by the sender may be differ@ys peen used. For example, as seen from rules 1 and 2, the
from that made by the receiver. Therefore, rules must Bgws that are in the aggressive mode will get higher priority
defined that the sender and receiver should follow wheneyggn those in the normal mode sindemust be smaller than
such a discrepancy occurgii) Since cooperation based oMy, However, our scheme is nfitlly deterministic since a flow,
imprecise information is greatly involved in FMAC/CSRrrespective of the mode it is in, may transmit whenever the
the events such as medium being unduly idle, collisiongack-off timer expires as indicated by rule 4. This is crltia
unnecessary explicit feedback, and deadlocks that degi@deprevent the throughput degradation when cooperation tetwe
throughput should be carefully avoided. This is the key tfows is involved. Consider that there are two flows, and due
achieve fairness without unduly degrading throughput.  to imprecise estimation, both of them operate in the reisteic
mode. If a fully deterministic method is used, both the semde
will defer since they are gracefully waiting for the othender
't transmit. Therefore, the medium will be unduly idle or
even worse, a deadlock will occur, resulting in substantial
throughput degradatioifiii) The rule 5 is completely different
from the freezing mechanism used in IEEE 802.11, which

th tending fl This is det nisti h. which " one of the main reasons of unfairness as discussed in
€ contending flows. 1his IS @eterministicapproach, WhiCh go ion 1. On the other hand, as known from rule 6, the

achieves the desirable fairness, but potentially leadsubs s . ; : - : : .
, > BEB algorithm is kept for its efficiency in resolving collgsi.
stantial throughput degrade [12]. The second approach is to g P y g

assign different contention windows to the senders. Thi iSB. Motivation to Use Receiver Feedback

probabilistic approach, which achieves a worse fairness _b“tThe above sender-based mechanism can achieve faimess
has a better throughput performance [7]. In order to achieyeyo ggtimated information at a sender is always correct.

fairngss without unduly degrading the Fhroughput, We USE dwever, as a sender of a flow may not overhear any frames
hybrid approach of the above two as will be clear below. transmitted by some otherontendingflows, two problems

Now we define six rules that a sender should follow Wh'lgrise. Thdirst one is that since the sender may get an incorrect

contending for the medium whenever the medium beCOm§§timation of the contention, it may not be aware of the situa

U6 ) .
idle”. (1) If the flow should be in the aggressive mode, thﬁon whenever the flow has over-used/under-used the medium,

8in fact, the contention begins only if the medium has been fdlea and thus _the compensation will not be performed. gh_eond
duration equal to DIFS or Extended IFS (EIFS). problem is that whenever one of the other contending flows

A. Sender-based Differentiated Access

To compensate for the under or over usage of a flow,
sender should contend for the medium with different priesit
In general, this can be realized using two different apgreac
The first approach is that the sender will not transmit uhg! t



ransmission history g In particular, whenever a receiver, based on its own under-

standing, notices that the flow haser-usedthe medium in

the latest transmission window, the receiver will try tovelo

Unfairmess down the sender by sending out a restrictive-notification to

Detection | the sender. On the other hand, when a receiver finds that an

[rormabuse]| anderne | : e_lctive7_ flow hasunder-usedhe medium and now it is the right

3 1 3 time (i.e., the beginning of a new contentlo!’l period) for the

|Nmal mode| | Aggressive mode | |Restrictive mode| sender to cpntenq for Fhe medlum,_the receiver may _send out
1 an aggressive-notification to expedite the sender’s ctioten

However, when the receiver thinks that the flow has got a fair

| Estimate » | |Estimate WX| Decide N, | | Decide N, |

Decide ¢, = 1/n

FirTst?efer:k 1 share, no special action is taken by the receiver. Cleanly, i
+ H . . .
Backoff Backeff hen g;;%;xm ) our FMAC/CSR, the receiver plays a more active role than it
[2n. CWI [0, max(n, 2n-N )] [2n, N, x CW] does under IEEE 802.11.
Fig. 7. Overall Process Followed at the Senders C. Receiver Feedback: Implicit Restrictive-notification

transmits a packet over the medium, the given sender cannolf a flow has over-used the medium, it must have just
identify the contention period, and thus it cannot contengansmitted a packet. Therefore, the restrictive-notificacan
efficiently. Due to the above two problems, a purely sendesiways be piggybacked in an ACK frame in amplicit
based approach cannot always achieve fairness and sorsetimanner. The remaining issues for this mechanism include:
it may even degrade the performance, as clearly shown by thieat information should be feedbacked, and what decision
following two examples. the sender should make after receiving the notification.

In scenario-1 (Figure 2), since nod&s cannot overhear Regarding the issue of what the feedback information
any of the frames transmitted by flow B, theestimated at should be, there are several options: the number of active
nodeS, is always equal to one. Therefore, thg determines flows n, the actual shareu(,) of the flow, and the degree
that the fair share for flow A should be one. Moreover, sinasf restrictivenessV,. of the flow. We propose that the receiver
the transmission history at node, will nevercontain flow should feedback to the sender with the degree of restriwise
B’s ID, the actual share of flow A estimated at noflg is NV,, since N, reflects bothn and w,. Of course, one can
also always equal to one. As a resuty will behave as if explore some other possibilities.
flow A was always in thenxormalmode. The above discussion \Whenever the sender receives a restrictive-notificatioit, if
also applies taSg, and thus no compensation will be doneis already in the restrictive mode with a degree equal ortgrea
As a result, the sender-based algorithm in this topology wihan the one contained in the notification, it will simply @e
deliver the similar performance (e.g., substantial skemi this notificatiof. Otherwise, the sender will put itself in the
unfairness) as that under IEEE 802.11. On the other hamdstrictive mode with the degree contained in the notiforati
in the asymmetrical information topologies (see Figure 3),
suppose that flow B has transmitted two or more packdds Receiver Feedback: Explicit Aggressive-notification
consecutively, flow B will enter the restrictive mode andsthu |f 3 flow has under-used the medium in the latest window,

Sp will defer its transmission. However, sincg&s cannot it must havenot transmitted any packet recently, and there
identify the contention period, it cannot contend effichgnt is no way topiggybackthe aggressive-notification. Therefore,
Specifically, when flow B is transmittingi 4 contends futilely, the aggressive-notification must be sent to the sender in an
resulting in a large CW. However, after flow B finishes itgxplicit manner. We can define a frame similar to RTS to
transmission (i.e., a new contention period begins) andrentcarry the notification. Upon receiving the notification, fifet

the restrictive mode,S4 will not take this opportunity to sender is in the restrictive mode, it ignores the notificatio
transmit since it is still deferring. Therefore, the mediwifl  Otherwise, it contends for the medium as per the aggressive

be idle for a long time and then flow B may get control of mode with a degree of aggressivenégsthat is contained in
the mediumagain Therefore, in this topology, the senderthe notification.

based algorithm cannot achieve fairness and it even reduceswo issues need further investigatidfirst, we should try

the throughput of IEEE 802.11. All the above observatio®s afo avoid the collision of aggressive-notification frames as

confirmed by the simulation results in Section VII. there may be more than one receiver intending to send out
To solve the above problems, we recall that two flows agg notification at the same timeSecond since theexplicit

contending with each other only if either the sender or theansmission of an aggressive-notification is a wastagandb

receiver of one flow is within the range of the sender or thgidth, we should not use the aggressive-notification whenev

receiver of the other flow. Therefori@, the case that the sender

of a flow cannot overhear any frames transmitted by someNote that a receiver can know whether the flow is active withtiglp of

other contending flows, the receiver must be able to overhd8 Mactive-notification mechanism introduced in SectieAV =~

some frames transmitted by those Contending fliwvkight of This is to prevent the unnecessary use of the receiver intfaman the

g ) ) scenario where the sender has complete information aboutahierding
this, we propose two generatceiver feedback mechanismsflows, e.g., in the high-contention scenario of Figure 6.



it is unnecessary. In particular, if the sender is alreadgiraw
that the flow should be aggressive and the sender can identify
the contention period, the receiver should not send out a
notification. Let us consider the scenario presented inrgigu
8. The nodesR 4, Rp, Sc Sp, Rc, and Rp are within the
range of each other. In such a scenario, the sesdehave

the same understanding of the contention as the recélver
does, and thud- should not send out a notification when
flow C has under-used the medium. This is also truergy.

TABLE |
SUMMARY OF THREE CATEGORIES OFFMAC/CSR

Mode

Side

FMAC/CSR-1

FMAC/CSR-2

FMAC/CSR-3

Aggressive

Sender

Back off:
[0, max(n, 2n-N )]

Back off:
[0, max(n, 2n-N )]

Back off:
[0, max(n, 2n-N ,)]

Receiver

NA

NA

First Back off:
[2n, max(3n, 4n-N ,)]
Then send Aggressive-notification

Normal

Sender

Back off: [2n, CW]

Back off: [2n, CW]

Back off: [4n, CW]

Receiver

NA

NA

NA

Restrictive

Sender

First Defer:
TxTime(pkt) x (N , + 1)
Then Back off:

[2n, N, xCW]

First Defer:
TxTime(pkt) x (N  + 1)
Then Back off:

[2n, N, XCW]

First Defer:
TTime(pkt) X (N, + 1)
Then Back off:
[4n, N, xCW]

In contrast, if flow A or B has under-used the medium, the
notification should always be sent &, and Rz. Moreover,
if there is another contending flow that is in normal/re$itrec
mode, the notification should be sent dforethe sender of
that flow transmits its RTS frame. In summary, for gecond
issue, we need to investigate some mechanisms, which cain this section, we present the simulation results to compar
intelligently decide whether or not an aggressive-noftifice. our FMAC/CSR algorithm with IEEE 802.11. The simulations
should be sent, and if it is to be semthento send it. were performed under the NS-2 with CMU wireless extensions
[6]. All the assumptions described at the beginning of Secti
[l apply in the simulation. The transmission of the Datanfie
is set to 2 Mbps while that of the control frames is set to
1 Mbps. The packet of the CBR traffic is 1000-bytes long,
leading to amaximumthroughput of about 1.4 Mbps due to
the overheads of IEEE 802.11. The sensing range is equal to
the transmission range (250 meters). However, as shown in
) o ] Section VII-G, the simulation results have also been vetifie
To cope with the first issue discussed above, beforey@en the sensing range of a Data frame is two times of the
receiver sends out an aggressive-notification, it will i@tk {4 nsmission range. The well-known Jain’s index [5] is used

off by a random value. To cope with the second issue, thg the main measure, which is defined as follows:
priorities for the medium access should be in the following
(1) (N L 73)

order (from highest to lowest): senders of the flows in the F; = (5)

aggressive mode, recgivers of the flows in the aggressivemqghereN is the total number of flows that share the wireless
senders of thg flows in t.he' normal modp, and then, send gdium, andy; is the fraction of the bandwidth utilized by
of the flows in the restrictive mode. Since the senders A5 i over a certain number of packets transmitted, say
the TIOWS that are in aggressive mode W'." baCkTOﬁ with Qalled fairness measurement windows the computation of
maximum value equal t@n as discussed in Secppn yI—A, ~; depends omv, the value of Jain's index also dependsvan
the rr_:m(_jom back-off value for the aggressive-notificatian Cthoughw does not appear in the formula directly. Generally,
be within the range2n, Y] whereY = max(3n,4n — Na). a6 increases with. Absolute fairesss achieved when
Clearly, the maximum value a receiver will back-off befor%,J — 1 while theabsolute unfaimesis achieved wher”; —

;shendmgdout tf}ethag?lressn:ﬁ-rt]otlﬂcguon415. 'll;hertefotr_e, all N. As in [14], the index has beeawveragedover all sliding
€ senders ot the flows that aré in normalrestricive Mg, oy ofw packets, which occur in the simulation run.

should generate a random back-off value which is at léast
rather thar2n as used in Section VI-A. In this way, we avoidA. Hidden-terminal topologies

the unnecessary transmission of aggressive-notificatibld The Jain’s index for the hidden-terminal topologies (Feyur
not compromise on the effectiveness of this mechanism. Fﬁris presented in Figure 9. For IEEE 802.11, wheis small
example, in the scenario of Figure 8, the receiier will not e.g., 2), the index is very small (about 0.52) compared to
send out an aggressive-notification whenever flow C should & absolute fairness (i.e., unity), implying substansiaort-

in the aggressive mode since the senferwill send out a o '

bef h . 's back-off ti ; h term unfairness. On the other hand, wheis very large, the
RTS before the receiveRic’s back-off timer expires. On the index is close to unity (though not shown in the figure due

oth_er hand, the receivét4 will always send out a notificati_on to the constraint of the figure size), implying the long-term
to its senderSy whenever the flow A should be aggressive.¢yiness. Compared to IEEE 802.11, FMAC/CSR-1 greatly im-

Summary of FMAC/CSR: In Table I, we summarize the proves the fairness. However, FMAC/CSR-2 and FMAC/CSR-
FMAC/CSR. FMAC/CSR-1 refers to the FMAC/CSR thaB, which incorporates the receiver-feedback mechanismi¢s)
only adopts the differentiated access at the senders, while show any advantage in comparison to FMAC/CSR-1. The
FMAC/CSR-2 refers to FMAC/CSR-1 plus the restrictivereason is that the senders in this topology can get a precise
notification mechanism. Obviously, FMAC/CSR-3 refers te thestimation, and thus the receiver feedback mechanismstdo no
FMAC/CSR-2 plus the aggressive-notification mechanism. play any roles.

Piggyback:

Receiver NA Plggyback‘: o
R otification

VII. SIMULATION RESULTS

Fig. 8. Scenario lllustrating the Aggressive-notification
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Ve why FMAC/CSR-2 improves the performance compared to
FMAC/CSR-1, consider that, after nodgg transmits two
packets consecutively, flow B enters the restrictive mode
and thusSp defers its transmission by a time needed for
transmitting two packets. Therefore, once nétegets control
of the medium, it can also transmit two packets consecu-
tively after which nodeSp will begin to contend for the
N S medium. If the restrictive-notification mechanism is usead (
Faimess Measurement Window (packets) in FMAC/CSR-2), nodeS, will receive a notification and
Fig. 9. Faimess Index in Hidden-terminal Topologies thus defer. On the contrary, without the restrictive-noifion
(as in FMAC/CSR-1),S 4 will futilely retry. In other words,

Sincemaximizing capacity utilizatioandachieving fairess the restrictive-notification mechanism helps ndtle to iden-
are generally twoconflicting objectives in wireless ad-hoclify the contention period, explaining the performance im-
networks [17], when evaluating a fairness algorithm, it iBrovements in FMAC/CSR-2. In this manner, the restrictive-
also necessary to look at the throughput results to enstitification mechanism has accomplished the task (i.epj!
that the algorithm does not unduly degrade the throughpgta to identify the contention period) that the aggressive-
Table Il presents the throughputs under different schemé&®tification mechanism is supposed to do, and therefore the
While FMAC/CSR greatly improves the fairness, it also imaggressive-notification mechanism introduced in FMAC/ESR
proves the aggregate throughput. This shows the advantdg@oes not show any additional advantage.
of our FMAC/CSR. Note that the aggregate throughput underThe Jain's index is presented in Figure 10. FMAC/CSR-2
FMAC/CSR-3 degrades insignificantly compared to those 8ghieves short-term fairness, and thus automatically reasu
FMAC/CSR-1 and FMAC/CSR-2 due to the reason that undiing-term fairness. Since FMAC/CSR-2 and FMAC/CSR-3
normal and restrictive modes in FMAC/CSR-3, the minimurihow similar fairness, we do not present the index under
back-off time at the sender in rather than2n (see Table FMAC/CSR-3 to avoid the cluttering of the graph.

o
©

o
@

o
N

—2— FMAC/CSR

Average Jails Index

o
o

—O—IEEE 802.11

o
o

I). Now we explain why the throughput under FMAC/CSR is TABLE IlI

greater than that under IEEE 802.11. As discussed in SectionTHROUGHPUT UNDERASYMMETRICAL INFORMATION TOPOLOGIES
I1I-A, under IEEE 802.11, whenever the two senders contend Throughput ( Mbps) | IEEE 802.11 | FMACICSRL | FMACICSR2 | FMAC/CSR-3

for the medium, their RTSs are very likely to collide, leaglin pverage |2 0RA 0073 0538 0718 0716

to wastage of bandwidth. On the contrary, under FMAC/CSR, SstoRa | 1345 0628 0.718 0.716

since the flows can cooperate in a distributed manner (e.g., Aguregate 1418 — 1436 1452

when one flow is in the restrictive mode, then the other one

is in the aggressive mode), the chances of collisions and 1t 2

the medium being idle are greatly reduced, explaining the
throughput improvements.
TABLE I

—0— IEEE 802.11

—&—FMAC/CSR-1

Average Jain’s Index

THROUGHPUT UNDERHIDDEN-TERMINAL TOPOLOGIES 0,7+ —%—FMAC/CSR-2
Throughput ( Mbps) | IEEE 802.11 | FMAC/CSR-1 | FMAC/ICSR-2 | FMAC/ICSR-3
0,6
Spto R, 0.678 0.720 0.720 0.717 — OO0

Average
SgtoRg 0.676 0.720 0.720 0.717 0,5

—
2 6 10 14 18 22 26 30 34 38 42 46 50
Fairness Measurement Window (packets)

Fig. 10. Fairness Index in Asymmetrical Information Topolsgie

Aggregate 1.354 1.440 1.440 1.434

B. Asymmetrical Information Topologies

As long-term unfairmess is known to occur in the asymmeg: Scenario-1 of Figure 2

rical information topologies (Figure 3), we first preseng th In this scenario, under IEEE 802.11, each of the two flows
throughput results in Table lll. Clearly, under IEEE 802.11gets only about 0.29 Mbps, which is much less than the
flow B gets almost the entire bandwidth while flow A isexpected 0.7 Mbps. The reason is as follows. Consider the
almost starved. Under FMAC/CSR-1, the fairness subsiintiasituation that nodeS, sends out a RTS to nod&,, and
improves, however, it does not achieve long-term fairnetisen nodeR 4 sends back the CTS. As nodg; is unaware
completely. Moreover, the aggregate throughput degrades. of this CTS, it may send out a RTS, leading to a collision
reason for these two observations has been explainedainnodeR . A node (e.g., nodeip) that detects a collision
Section VI-B. will defer for the Extended Inter-Frame Space (EIFS) dorati
The fairness as well as the aggregate throughput substatrch is much smaller than the time needed for the complete
tially improves under FMAC/CSR-2, which incorporates thransmission of a Data frame. Since the RTS/CTS handshaking
restrictive-notification mechanism. However, the perfante is successful for node 4, it will transmit the Data frame.
does not improve any further under FMAC/CSR-3, whicBuring the transmissionyz may initiate its RTS again. If the
includes the aggressive-notification mechanism. To emplaéRTS arrives at nodé ; after the EIFS deferment is oveRp
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will respond with CTS, which will collide with the Data frameimproves. Again, the FMAC/CSR-2 and FMAC/CSR-3, which
from nodeS 4 to R4, and thus noddé? 4 will discardthe Data incorporate the receiver-feedback mechanisms, do not show
frame and defer by an EIFS. Now, for nod&;, since the advantage in comparison to the FMAC/CSR-1 as the senders
RTS/CTS is successful, it transmits the Data frame. The Datan get the complete information about the contending flows.
frame is likely to be destroyed by node,’s CTS in a similar TABLE V

manner, resulting in substantial bandwidth wastage. Tte¢ du THROUGHPUT UNDERSCENARIO-7 (FIGURE 5)

that two senders are three hops away.

The aggregate throughput is presented in Table IV and
the Jain’'s index is presented in Figure 11. We notice that
the aggregate throughput in IEEE 802.11 withrge-Col- T e e e
EIFS mechanism greatly improves. As for the fairness, IEEE Fairness Measurement Window (packets)

802.11 exhibits substantial short-term unfairness. Maggo Fig. 12. Faimess Index under Scenario-7 (Figure 5)
the FMAC/CSR-1 does not improve the fairness or throughpi. High-contention topology
On the contrary, the FMAC/CSR-2, which incorporates the For the high-contention scenario shown in Figure 6, the

restrictive-notification mechanism, greatly improves the-  jain's index is displayed in Figure 13 and the throughput
ness. However, under FMAC/CSR-2, the short-term unfaimegsylts are presented in Table VI. The IEEE 802.11 exhibits
remains and the aggregate throughput degrades subdfantig|jpstantial short-term unfairmess. In contrast, FMAC/GSR

The FMAC/CSR-3, which includes the aggressive-notifieatiogreatly improves the short-term faimness compared to IEEE

improves the short-term faimess as well as the aggregai§?. 11, and again the receiver feedback mechanisms do not

—O— IEEE 802.11

busy tone multiple access (DBTMA) proposed in [10] can Throughput ( Mbps) | IEEE 802.11 | FMAC/CSR-1 | FMACICSR-2 | FMAC/CSR-3
solve this problem, but two additional busy-tone channeds a soR. | oo P 70 Py
required. For simplicity, here we make a slight modification  |Average P . P 5720 071
in IEEE 802.11, that is, whenever a node detects a collision, Jo— Tass Tan0 a0 Taoa
rather than deferring by an standard EIFS duration, it will
defer for a large enough duration enabling transmission of a
Data frame. We call this as thearge-Col-EIFSmechanism. )
In this subsection, we present the results assuming thst thi %
mechanism is included. Though the pros and cons of the oo
Large-Col-EIFSneed further investigation, it is also used in S
the scenario of Figure 14 as the scenario also contains e ca g —e— FMAC/CSR

z

0.5

throughput compared to FMAC/CSR-2. play any role here.
TABLE IV Similar fairness benefits were observed when the number of
THROUGHPUT UNDER TOPOLOGY OFIGURE 2 contending nodes iarger than five but the nodes were within
Throughput(Mbps) IEEE 802.11 FMAC/CSR-1 FMAC/CSR-2 | FMAC/CSR-3 the One hop d|StanCe
SptoR, 0.703 0.701 0.532 0.582
Average
SgtoRg 0.707 0.700 0.530 0.582 I
Aggregate 1.410 1.401 1.062 1.164

X
v
o
o
5
«
14 X =X =X X X X X X X =X =X =X =X =X 1K 5 0,8
Py o
x x )
o
k] 1 20,7
£ 00 / @ —&— FMAC/CSR
“ B
% 0.8 0,67 —0— IEEE 802.11
s
o
2 0.71 —0— IEEE 802.11 & 0,5 t t t t t : : : }
2 FMAC/CSR-1 5 10 15 20 25 30 35 40 45 50
S —&— FMAC/CSR-2 Fairness Measurement Window (packets)
< 0.6 . . . . .
—X— FMAC/CSR-3 Fig. 13. Fairness Index in High-Contention Topology
fEA—t—tt
2 6 10 14 18 22 26 30 34 38 42 46 50
Fairness Measurement Window (packets) TABLE VI

Fig. 11. Fairness Index under Topology of Figure 2 THROUGHPUT IN HIGHCONTENTION TOPOLOGY

Throughput (Mus) |IEEE 802.11 | FMAC/CSR-1 | FMAC/CSR-2 | FMAC/CSR-3

D. Scenario-7 of Figure 5

Aggregate 1.410 1.405 1.405 1.370

The throughput results are presented in Table V and the
Jain's index is presented in Figure 12. It is easy to see tht,A complex topology
under IEEE 802.11, flow B gets more bandwidth than flow In this subsection, we consider a complex topology shown
A, due to the imprecise collision detection as explained in Figure 14, which combines the main scenarios discussed
Section 11I-B. Under FMAC/CSR-1, the fairness substaitial so far. For convenience of explaining the relative posgionf
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the nodes, we have drawn two concentric circles (dotteg)-lin

in the figure. The distance between the sender and receiver
of each flow is 200 meters, except for the flow from node 16
to 17, where the distance is set in a way such that the two

.

x —— % —&"

/A—-—

—&— FMAC/CSR-3
—X—FMAC/CSR-2
—&— FMAC/CSR-1
—O— IEEE 802.11

nodes are in the ranges of all the nodes on the inner circle
but out of the ranges of all the nodes on the outer circle.
The diameter of the inner circle is 200 meters. Therefore, th 0
diameter of the outer circle is 600 meters. The angle between o
any two neighboring flows is 45 degrees. Ttarge-Col-EIFS
mechanism discussed before is adopted in this topology.

Fig. 14. Scenario-9: Complex Topology

Average Jain’s Index

; ; ; ; ; ; ; ; ; ;
8 12 16 20 24 28 32 36 40 44 48
Fairness Measurement Window

(packets)
Fig. 15. Fairness Index in Complex Topology (Figure 14)
common sensing range (SR) (250 meters). In this subsection,
we consider the case that the sensing range of the Data
frames is two times of its transmission range. Specifically,
the common sensing range is changed to 500 meters. The TR
for the control frames is equal to the SR (i.e., 500 meters)
while the TR for the Data frame is half of the common SR,
i.e., 250 meters. After changing the SR and TR, it seems
that the discussion in Section Il does not apply any more.
For example, in the hidden-terminal scenario (scenarid-6 o
Figure 4), when the SR is two times of the TR of the Data
) frame, nodesS, and Sp are within SR of each other, and
The throughput results are presented in tables VIl and Vil s the hidden-terminal problem does not occur any more.
while the Ja.in’s index is displayed in Figure 15. In Table'V”However, under this changed parameters for TR and SR, if we
the flow ID is the same as the node ID of the flow's sendgfynqyct a simulation for the topology presented in the right
Under IEEE 802.11, four flows (i.e., flows from node O_to lsecond column of the third rows in Figure 16, we will get
node 2 to 3, node 4 to 5, and node 6 to 7) starve, while thes exact performance as that for the original hidden-teani
flow from node 16 to 17 gets much higher throughout thalyenario (i.e., scenario-6) assuming SR = TR = 250 meters.
the remaining flows. On the other hand, the bandwidth und@fs have also done simulation for all the other scenarios
FMAC/CSR-3 is distributed quite evenly among the flowsyresented before by adjusting the settings of TR and SR, and
From Table VIII, we notice that the_ aggregate throughpujge topologies accordingly. Figure 16 presents the topetog
under all three FMAC/CSR schemes improve compared to thal; show theidentical performance when different SR and
under IEEE 802.11, showing the merits of our FMAC/CSRR settings are used. The left column corresponds to the
in complex scenarios. The FMAC/CSR schemes also achigyqogies used in the simulation when SR = TR = 250 meters
short-term faimess as shown by the Jain's Index in Figure X3, 5| the frames, while the right column corresponds to the
Since the above topology involves all the causes of “[b'pologies used when SR = TR = 500 meters for the control

fairness discussed in Section IlI, the FMAC/CSR should Bgymes and SR = 2TR =500 meters for the Data ffame
able to deliver similar performance (i.e., achieving fessa

without unduly degrading throughput) in a randomly gerestat
topology as long as all the single-hop flows are contendi
with each other.

From the study here, we have verified that the fairness
analysis discussed in Section Ill applies when the sensing
ng . . o
range is two times of the transmission range of the Data frame
This is also true for our estimation algorithm and FMAC/CSR.

TABLE VI
THROUGHPUTS INCOMPLEX TOPOLOGY (FIGURE 14) SR(Data) = TR(Data) SR(Data) = 2TR(Data)
Flow ID 0 2 4 6 8 10 12 14 16 .
Scenario-1 Sk Ra 400m Rg Se
IEEE 802.11 {0.000 |0.000 |0.000 |0.000 |0.156 |0.193 | 0.195 [0.134| 0.509
FMAC/CSR-3 |0.149 | 0.146 [ 0.149 | 0.143 [0.128 | 0.128 | 0.128 |0.121| 0.153 S—»R s »R
Scenario-2 A A 400m B 5
TABLE VIl S—R, Rs «—Sg
Scenario-6 " 200m
AGGREGATETHROUGHPUTS INCOMPLEX TOPOLOGY =
—>R Sy —R
Throughput (M) |[IEEE 802.11 | FMAC/CSR-1 | FMAC/CSR-2 | FMAC/CSR-3 Scenario-7 SA A 200 B B
Aggregate 1.187 1.258 1.210 1.244
Fig. 16. Identical Scenarios under Different TR and SR Bgti

G. Performance when SR = 2TR

In th_e _preV|ous subsections, we have _assumEd that thQ\lote that the imprecise-EIFS problem discussed in [16] doearise here
transmission range (TR) foall the frames is equal to theas the control frames are always understandable by the @rérhenodes.
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H. Verification of Estimation Algorithm [20] and the references therein) have addressed the uedairn

So far, using Constant Bit Rate (CBR) traffic, we have Se&qoblem due to thelocation-dependent transmission error

that our FMAC/CSR substantially improve the fairness. Froffl Wireless LANs. More recently, assuming that there is no
the simulation traces. we also found that the estimation 0fW|reIess error, a lot of works addressed the fairness issue i

is quite precise except for the imprecise-estimation dutéo wireless ad-hoc networks. Based on the information needed

absence of overheard information (e.g., in scenarios ofdigu@nd the faimess objective (global or local), these works ca
2 and 3). Here, we evaluate the precision of the estimate R catégorized into two classes. The first category aims to
n when the traffic is dynamically changing (i.e., exponentiéﬂes'gn an ideal centralized scheduling algorithm, WhI.Ch is
On/Off traffic) to show that the timeout mechanism desigmed Pverlaid on the top of the MAC layer, to address the unfasnes
Section V-A can work well under the dynamic conditions. ThRroblem due to theocation-dependent contention multi-
topology of Figure 6 is used for the study. We do not choodlPP Wiréless ad-hoc networks (e.g., [17], [18]). Though these
other scenarios like Scenario-1 as our estimation algaritn SCcheduling algorithms may achieve a network-wide fairess

these scenarios is imprecise for sure due to the absencdlgy normally need global information (e.g., flow-contenti

the overheard information. As mentioned before, this bl 9raph and network topology). Moreover, whenever the nekwor
is addressed in the FMAC/CSR rather than in the estimati§k{us changes (e.g., the topology changes due to mobiity,
algorithm. The average “on” time is 0.3 s, whereas the a‘aera@ flow enters or leaves the network), this information should
“off” time is 0.7 s. In the “on” state, CBR traffic is generatesl be broadcasted in the network and a new scheduling decision
explained earlier. We dynamically recond andn throughout Nas to be made. On the contrary, some other works (e.g., [7],
the simulation time. The interval between two consecutifd2]: [19], [23]) aim to achieve faimess at the MAC layer
samples is 0.005 s, which is very close to the time needi$lf- Our work belongs to this category. Though an aldonit

for the transmission of a packet. Figure 17 presents thdtsesifollowing this approach may only achieve local faimesssit
during a typical duration of 2 seconds. We notice thatis desirable that it can operate in a distributed manner. Mago

equal ton most of the time. to practically implement an ideal centralized scheduling algo-
rithm, a distributed MAC layer fair algorithm is required to

6 approximate the ideal algorithm [17]. Therefore, whethe t
objective is to achieve local fairness or global fairnesgQvi
layer fairness is essential.

Now we review the works belonging to the second category.
In [19], the authors have developed a fully distributed MAC
protocol, called Proportionally Fair Contention Resdauati
which dynamically adjusts the probability (based on its ob-

Integer Number

------- actual n
estimate of n

20675 21615 22675 servation of the medium states, e.g., collision, idle, csybu
Snapshot of 2 Second Interval (second) with which a sender accesses the medium. Based on the
Fig. 17. Comparison between Actual and Estimatiom of overheard information (rather than only the medium states)

the works in [7] and [23] try to make the medium access more
) adaptive. Specifically, the work in [23] aims to emulate the
A. FMAC/CSR under Spatial Reuse Self-Clocked Fair Queueing [9] in wireless ad-hoc networks
In this paper, we have shown that FMAC/CSR can achieby adaptively choosing a back-off value proportional to the
desirable fairness in the scenarios where all flows are cdimish tag of a packet to be transmitted. The work in [7]
tending with each other. However, in a multi-hop wireless adynamically tunes the contention window of a node based
hoc network, it is common that two flows are not contendingn its estimation of the sharing of the medium. All the
with each other (i.e., they can transmit simultaneously) babove schemes are sender-based, which cawalsachieve
any transmission of a flow has a global effect in the wholairness since the information at the sender is not always
network [18]. Therefore, to achieve fairness when spagiase precise. On the other hand, the authors in [12] have exploite
is possible, our FMAC/CSR needs further investigationst-ir the receiver information to implement a FIFO queue among the
we should refine the fairness model (defined in Section IV-Apntending nodes. However, they have considered the asym-
such that it can reflect not only the local contention but alsuetrical information topology only, and how the sender and
the global constraints in achieving fairness. Once thestaare receiver should cooperate is largely unaddressed. Moreove
of a flow has been determined, our FMAC/CSR that exploiteeir scheme results in substantial throughput degrade as a
local cooperation can be adopted to achieve fairness iry evéully deterministic method is adopted. Even worse, as shown

VIIl. DI1ScUsSSION ANDRELATED WORK

neighborhood. in [22], due to the deterministic nature, deadlocks ardyike
occur in a complex scenario. More recently, another work [8]
B. Related work aims to achieve MAC fairness by generalizing the approach in

The fairness problem in the random wireless MAC protoco[49] using a game theory framework. However, as in [19], it
was first highlighted in [2]. Recently, the fairness issus hatill follows a purely sender-based approach, and it dsritie
been extensively addressed. Specifically, several works, (efairness algorithm based on a flow-contention graph, wtsch i
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inappropriate as remarked in Section IlI-D. While all theabo [13] V. Kanodia, C. Li, A. Sabharwal, B. Sadeghi, E, Knightiistributed

works (except [19]) rely on the correctness of the estinmatio Multi-hop scheduling and medium access with delay and thyuigh
based the overheard frames, but none of them describgs o= oo " ACM MOBICOM, 2001.
ased on ’ B.Qf C.E. Koksal, H. Kassab, H. Balakrishnan, “An AnalysfsShort-Term

how to estimate correctly when the sensing range of the Data Fairess in Wireless Media Access Protocols,” ACM SIGMECR)

frame is greater than the transmission range. 2000. _ . .
. l\515] Z.F. Li, S. Nandi, A.K. Gupta, “Modeling the Short-tertinfairness
Compared to all the above works on MAC fairness, our ~of |EEE 802.11 in Presence of Hidden Terminals,” in IFIP Netirg,

FMAC/CSR is unique in the following senses: (1) it exploits 2004.

i i i ~d6] Z.F. Li, S. Nandi, AK. Gupta, “Improving MAC Performancem
the .Informatlon a\./allable pOth at the Se.nder and the rer,ew?% Wireless Ad Hoc Networks Using Enhanced Carrier SensingS)EGn
(2) it achieves fairness without degrading the throughput i |Fip Networking, 2004.

the scenarios where spatial reuse is not possible, and [(3) H. Lou, S. Lu, V. Bharghavan, “A New Model for Packet Sdhéng in
it i li le when th nsina ran i reater than Multi-hop Wireless Networks,” ACM MOBICOM, 2000.
S app .Cab € € € sensing range IS greate a t[qg] H. Lou, P. Medvedeyv, J. Cheng, S. Lu, “A Self-CoordingtApproach to
transmission range. Distributed Fair Queueing in Ad Hoc Wireless Networks,” EEEBfocom,
2001.
IX. CONCLUSIONS [19] T. Nandagopal, T. Kim, X. Gao, V. Bharghavan, “AchievikbAC Layer
Fairness in Wireless Packet Networks,” ACM MOBICOM, 2000.
|n thls paper’ we have proposed a novel medlum accé%@ T. Nandagopal, S. Lu, V. Bharghavan, “A Unified Archif@@ for the

. L Design and Evaluation of Wireless Fair Queueing Algorithi M
control protocol, called FMAC/CSR, which exploits informa MOB%COM 1999, Q 9 Algoritink

tion available at the senders and receivers to achieves M) D.J. Qiao, S. Chio, A. Jain, K. G. Shin, “MiSer: An Optiniaw-Energy
fairness. The simulation results show that the FMAC/CSR_Transmission Strategy for IEEE 802.11a/h,” ACM Mobicom, 2003

Hy i the fai ithout dulv d di t2 . To, Y.Z. Chen, “A-DWOP: an Extension to DWOP
greatly improves the tairness without unduly degrading the "o, Multi-hop  Wireless Ad  Hoc  Networks” available  at

throughput. http:/www.owlnet rice.edu/ takhoa/courses/537/ _
The main contributions includeéi) identification of genera| [23] N.H. Vaidya, P. Bahl, S. Gupta, “ Distributed fair sclwidg in a wireless

) . LAN,” ACM MOBICOM, 2000.
reasons that lead to MAC unfairness, e.g., concealed i@#ornpba; s xu, T. Saadawi, “Does the IEEE 802.11 MAC Protocol Wor

tion problem, imprecise collision detection mechanismg an  Well in Multihop Wireless Ad Hoc Networks?,” IEEE Communigats
high contention;(ii) definition of a general MAC fairness  Magazine, pages 130-137, June 2001

framework; (iii) proposal of a simple but efficient algorithm,

which can dynamically estimate the number aaftive flows

as well as the actual share of a flo{iy) proposal of the

FMAC/CSR, which incorporates a suite of mechanisms: dif-

ferentiated access at the senders, restrictive-notiicatind

aggressive-notification.
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