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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. Mosworks 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., [15]), which is overlaid on thedbp

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

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 layer
always achieve fairness and sometimes it may even degradeltse” (e.g., [17]), which operates in a distributed manbet

the performance due to the incorrect understanding. On the | hi | | fai . iahborhood. In fact
other hand, the receiver side (of a flow) may have some crucial may only achieve a local lairness in a neighborhood. In fact,

information that is unknown to the sender. With this observation, the fair scheduling in a multi-hop network and the fair meuliu

we propose a noveFair MAC protocol, called FMAC/CSR, which access in a neighborhood are somewhat orthogonal issues and

achieves fairmness using theCooperation between theSender and  may need to be addressed separately. In this paper, we addres

Receiver. Extensive simulation results show that the proposed e issye of fairess at the MAC layer. Most of the published

FMAC/CSR substantially improves the MAC fairness without - . .

unduly degrading the throughput. schemes in this category are sender-based,_ meaning tha_t a
Compared to the large number of published papers, our Sender (of a flow) contends for the shared medium based on its

FMACI/CSR is unique as it achieves faimess in all the scenarios own understanding of the contention on the medium. However,

where spatial reuse is not possible. In addition, we have addressedas clearly shown in this paper, the senders of the flows that

the unfairness issue in a very general manner. Specifically, we ~ontend for the same medium may not be in the hearing range

have systematically identified the reasons of unfairness in IEEE ; : :
802.11, and proposed a framework to achieve faimess. We haveOf each other, and thus the information obtained at the sende

also considered the practical side of FMAC/CSR when the sensing May not reflect the medium contention precisely. We call it

range is greater than the transmission range. concealed information problensince the information needed
for the fair contention isconcealedfrom the senders. Our
|. INTRODUCTION results show that the concealed information problem resuolt

substantial unfairness in IEEE 802.11 as it is a sendericent

Recently, wireless ad-hoc networks have attracted comotocol. Moreover, due to this problem, any enhanced fair
siderable research interest. As IEEE 802.11 [11] is the deheme (e.g., [7]) that is purely based on the information at
facto standard for Wireless LANs, most of the research wotke sender may not achieve fairness or sometimes it may even
on wireless ad-hoc networks adopt it as the MAC layedegrade the performance due to the wrong decisions made
IEEE 802.11 defines two MAC protocols: Point Coordinatioafter the incorrect understanding of the contention. Initaatd
Function (PCF) and Distributed Coordination Function (CFto the concealed information problem, we have identified two
DCF is a Carrier Sense Multiple Access/Collision Avoidancether causes of unfairness in IEEE 802.11: imprecise amflis
(CSMA/CA)-based MAC protocol, and it is popularly usedietection and high contention.
in wireless ad-hoc networks. However, DCF suffers from the To achieve fairness, we propose a general MAC fairness
well-known unfairness problem. 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 #rel 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&idearly, 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 systaphieves fairness using th@ooperationbetween theSender
performance (e.g., Quality of Service). andReceiverin FMAC/CSR, the sender as well as the receiver



of a flow (say,x), in adistributedmanner, estimate the numberSection VIIl. The paper is concluded in Section IX.
of active flows (sayn) within the contention range, and the
actual bandwidth share (say,) received by the flow. The Il. BASIC TECHNIQUES INIEEE 802.11 DCF
estimate oh is a good indication of the contention degree, and The DCF defines two methods for accessing the medium:
therefore, it can be used by the flow to dynamically determinke two-way handshake and the four-way handshake. In the
its fair share (sayp,;). Due to the unfairness in IEEE 802.11two-way handshake, the sender first transmits a Data frame
the actual share (i.ew),) may deviate from the fair share (i.e.,to the receiver, which responds with an ACK frame if it
¢.). Based on the deviation, a flow detects the unfairness, afdeives the Data frame correctly. On the other hand, in the
thus determines which mode it should enter of the followinfpur-way handshake, a sequence of Request To Send (RTS),
three modesaggressive restrictive and normal indicating Clear To Send (CTS), Data, and ACK frames, is transmitted
how the sender and receiver of the flow should behave whignm the transmission of every single data packet. To cope
contending for the medium. Specifically, according to thaith the common hidden-terminal problem in ad-hoc wireless
mode a flow enters into, the sender contends for the medimgtworks, we assume that the four-way handshaking is used.
with different priorities. On the other hand, the receiviéects The IEEE 802.11 adopts the well-known Binary Exponen-
the sender’s behavior in the contention through eitheriiiipl tial Back-off (BEB) algorithm as its Contention Resolution
or explicit feedback to the sender. In FMAC/CSR, an implicCR) mechanism, which is described as follows. Every node
feedback, calledestrictive-notificationis used by the receiver maintains a Contention Window (CW) and a back-off timer.
to slow down the sender whenever it finds (based on its ovBefore every transmission, the node first defers by a baick-of
understanding) that the flow should enter the restrictiveleno timer, which is generated according to equation (1), urtless
On the other hand, whenever the receiver finds that the fl@sick-off timer already contains a non-zero value, in whigbec
should enter the aggressive mode and now it is the right timés unnecessary to generate a new random back-off timer.
for the sender to contend for the medium, an explicit feekpac ] ,
called aggressive-notificatianmay be transmitted so as to Backof fTime = Random() x SlotTime @)
expedite the sender’s contention for the medium. However,The SlotTimeis specified by the physical layer, and the
when the receiver thinks that the flow has got a fair sharandomvalue is uniformly distributed over the range [0, CW].
of the medium (and thus the flow should enter the normkbr the first transmission attempt of a packet, the CW will
mode), no special action is taken by the receiver. Cleanly, be set toCW,,;,. Whenever a retransmission is initiated, the
FMAC/CSR, the sender of a flow even now plays a more acti@@V is doubled. When a retry limit is reached, the CW will be
role than the receiver does. reset toCW,,;,. The CW is also reset t&'W,,,;,, whenever

In the design of FMAC/CSR, two issues need very carefal transmission is successful.
consideration(i) Due to the concealed information problem, When a node (say) is transmitting a packet, the other
the decision (e.g., the mode that a flow should enter) made mgdesfreezetheir back-off timers. After noddd completes
the sender may be different from that made by the receivgansmission of the packet and thus the medium becomes idle,
since they make the decision based on their own understaatl-the contending nodes first defer for a DCF Inter-Frame
ing. Therefore, rules must be defined that the sender aBpace (DIFS) period. Then, nodie generates a new random
receiver should follow whenever such a discrepancy occumdlue from its CW and backs off before it initiates another
(i) Benefits of cooperation among flows may be undermindthnsmission. On the contrary, the other nodes simply resum
due to the incorrect information at the nodes, and therefote count down from theirfrozen back-off timers. Clearly,
the events such as medium being idle, collisions, unnegessadue to thefreezing mechanispnodeH may transmit several
explicit feedback, and deadlock that result in throughpwacketsconsecutivelybefore another node’s back-off timer is
degradation need much more careful consideration. reduced to zero, leading tshort-term unfairnessContrary

Extensive simulation results show that the FMAC/CSRKo a successful transmission, when a collision occurs hall t
achieves fairness in all the scenarios where spatial-raisecolliding nodes will generate a new random value.
not possible. Meanwhile, it does not unduly degrade the
throughput, and it even improves the throughput in certain HI. UNFAIRNESS INIEEE 802.11
scenarios. The above properties make our FMAC/CSR uniqueThough there has a substantial research-work on MAC
compared to the large number of published papers on MA@irness, the reasons of unfairness have not been identified
fairness. very clearly. In this section, we will systematically idépnt

The remainder of the paper is organized as follows. the reasons of unfairness in IEEE 802.11. As our focus is to
Section Il, we describe the basic techniques of IEEE 802.1study the fairness issue at th&AC layer we only consider
The reasons of unfairness are systematically identified time scenarios in which spatial reuse is not possible, ilehe
Section 1ll. In Section IV, we present a general MAC fairflows in the network are contending with each other. In Sectio
ness framework. A distributed estimation algorithm and thélll-A, we will come back to this point. Similar to most of
FMAC/CSR are presented in Sections V and VI, respectivelye published work on MAC fairness, mobility, wireless efro
The simulation results are presented in Section VII. Commerand signal capture are not considered in this paper. Also, we
on FMAC/CSR and a thorough literature review are given iconsider only the single-hop flows. For each flow, a Constant



Bit Rate (CBR) traffic is adopted and the traffic rate is largim scenario-2 and -3. In ththird category, both the senders

enough for the flow to occupy the entire channel capacigre within the range of the receiver of the other flow. The

as unfairness occurs only when the system is over-loadedenario-4 and -5 in Figure 4 belong to this category.

The above assumptions are adopted to clearly bring out the

problems that are discussed below, though they may alsct affe l s l s l
. S Sy Ase, A,

MAC fairness. *
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A. Unfairness Due to Concealed Information Problem

Since the CSMA/CA-based MAC protocols (e.g., IEEE quever, if the two flows just involvehree nodes, the

802.11) normally adopt two-direction handshakes, when @, scenario where the senders are not within range of each
flow contends for the medium, the contention is at both tnﬂher is scenario-6 shown in Figure 4, which is also known

sender and the receiver. Therefore, two flows are contendig the hidden-terminal scenario. Obviously, if the two flows

with each other if either the sender or the receiver of oRgss inyolvetwo nodes, the two senders are always within the
flow is within the transmission rangeof the sender or the

) X . o range of each other. We do not consider these scenarios since
receiver of the other flow. In this subsection, we try to idfgnt 1o fairness can simply be achieved by using fair queuing
all the possible scenarios, which have two contending ﬂo"&%orithms developed for the wire-line networks.
and exhibit short-term or long-term unfairness. Obvioutig Now, we will show how the unfairess takes place in the
discussion applies when more than two flows are involved. 31,4\ e scenarios (figures 2, 3, and 4).

For convenience, we definE(X,Y) as a single-hop flow  ghort-term Unfairness in Scenario-1: In Figure 2, the
between nodes X and Y, where node X is the sender afjdiance between the senders of the two flowthiee hops,
node Y is the receiver. Let us consider the situation that tWghich is in fact themaximumdistance between twsenders
flows, sayF'(S4, R4) andF(Sp, Rp), contend for a common it they are contending for the same medium. Now we explain
medium. We first assume thal, R, Sp, Rp are different e reasons of the unfairess in this scenario (the sinoulati
nodes. Based on Wh_ethétf\ is in the range ofSp and B, results are presented in Section VII-C). Consider the itoa
we present the relationship between ndde andflow B in  hat flow A is in progress and thus nodes is not able to
Figure 1. In the f|gu_re, Whenevgr two node_s are in the_ ranggnond to any request from noig. However, since nodéy
of each other, there is a dotted_ I|_n_e_ connecting them. Itay €& oes not know about the ongoing transmission of flowsa,
to see that there are four pos_3|b|llt|es as far as th_e relstip may futilely retry, resulting in a large CW at the node. As for
between nodess and flow B is concerned. This is also trugne nodes 4, after it transmits the packet, it will reset its CW
for the relationship between nodes and flow B. As a result, 504 contend for the medium again. Since the CW at rfégle
the number of possible s_cen_arios having different relgtimrs becomes very large, nods, may transmit several packets
betweenflows A and B is sixteen £ x 4). However, in the consecutivelybefore nodeSy gets control of the medium,
scenario that botrby and 4 are not in the range of any |eading to short-term unfairess. However, several meastven
side of flow B, flows A and B are not contending any mor&ncorporated in IEEE 802.11 prevent flow B from starving
Therefore, the number of poss@le scenarios reduces t?"f'ftecompletely such as{i) after every packet transmission, node
Moreover, as known from our simulation, in the scenario$ thg , ;|| hack-off before initiating another transmission, whi
the sendersare in the range of each other (the cases Iabell@ﬂ,es nodeSy a chance to contend for the mediufii) the
as (2) and (4) in Figure 1), the flows can contend very fairlg\y at nodeSy; will be reset toC'W,,:,, after the retry limit is
(except the two scenarios discussed in sections lI-B ahd lleached. Moreover, once nodg gets control of the medium,
C). There are eigh(x 4) scenarios where the twaendersare it il capture the medium for a long time in a similar manner.

within range of each other. As a result, seyéh—8) scenarios ag a result, the long-term fairess between these two flowss ar
remains to be studied. Based on the relationship between thered in IEEE 802.21

sender of one flow and the receiver of the other flow, the seven

scenarios can be further classified into three categonethel A
first category, neither of the senders is within the range of Fig. 2. Category 1: Scenario-1

the receiver of the other flow. The scenario-1 shown in Figure| ong-term Unfairmess in Asymmetrical Information Sce-

2 belongs to this category. Treecondcategory is that only narios: In this category, the sender, who is in the range of the
one of the senders is within the range of the receiver of thgcejver of the other flow, can get more information of the
other flow. The scenario-2 and -3 shown in Figure 3 wheggntention than the other sender does. This has been :ferre
Sp is within the range of the?4 belong to such a category. 55 the asymmetrical information problem [12], which resirit
Note that two other scenarios, whefg is within the range of gypstantial long-term unfairness as explained below. Wresne
the Rg, also belong this category. However, we do not shO\gA has completed transmission of a packet, b§thand Sy
them in the figure as they will have the same problem as thigin to contend for the medium. In such a situation, the only

Fig. 1. Relationship between nodg, and Flow B

11t should be the sensing range if the sensing range is gréaer the 2According to the results presented in [2], in the MACAW praib flow
transmission range as in IEEE 802.11. B will be completely starved in such a scenario.



condition thatS 4 can win is thatR4 responds with a CTS control of the mediumagain This is obviously unfair foiSz.
before Sp begins to send out a RTS. Otherwisgg will Moreover, this process (i.e., several packet transmissipn
definitely win the contention even it begins to send out theode S4, followed by collisions, and then transmissions by
RTS later thanS 4 does. This is obviously unfair for flow A. nodeS 4 again) may repeat several times, leading to starvation
Now let us consider the situation that flow B is transmitting at nodeSp for a considerable period (compared to the time
packet. NodeS4 cannot even identify when the transmissiomeeded for a packet transmission). However, the mechanisms
of the packet will be end. Therefore, during the period thigat incorporated in IEEE 802.11 discussed before prevent flow B
is transmitting,S 4 will contend futilely, resulting in a large from starvingcompletely and thus ensure long-term fairness
CW and thus leading to unfairness 8. In summary, after between the two flows. Again, the three scenarios of Figure 4
every transmission (transmitted either by flow A or B), will  show the same performance though the receivers have differe
always be treated unfairly, resulting in long-term unfass. degrees of information of the contention on the medium.
Note that though the receivers in the scenario-2 and -3 have
different information about the contention, the two scesar ‘ ‘
will show the same performance since the receiver in IEEE rg—s,
802.11 does not play an active role in the contention. Scenario-4 Scenario-5 Scenario-6
Fig. 4. Category 3: Hidden-terminal Scenarios

TR s
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1 Concealed Information Problem: From all the above sce-
} narios, we notice that the main problem leading to unfagnes
hR in the CSMA/CA protocols is that the senders cannot obtain
precise information about the contention on the medium. In
other words, the state information required for fair cotitan

Short-term Unfairness in Hidden-terminal Scenarios:In is concealedfrom the Sender, and therefore we call it the
the hidden-terminal scenarios (Figure 4), once the RTS/CEgncealed information problenHere, the state information
handshake has been completed successfully, the hiddgnsender needs is: when exactly tantention periodbceurs
terminal problem does not arise any more. For example, ongg the shared medium. A contention peristirts after the
node R4 sends back a CTS to nodey, nodeSp overhears transmission of an ACK frame on the medium, ardiswhen
this CTS and defers its transmiSSion, aVOiding collisioowH the transmission of a RTS frame begins on the medium.
ever, the RTS/CTS handshake canetiminate the hidden-  |n the scenario-1 (Figure 2), after one flow finishes the
terminal problem, as the RTSs sent by the two hidden sendgggsmission of a packet (i.e., the receiver of the flow semds
may still collide, unless the foIIOWing condition is satésfi ACK frame), the sender of the other flow can identifgither

. the beginningnor the ending of the contention period. In the
| Z|> Len = TaTime(RTS) + SIFS @ hidden-terminal topologies (Figure 4), though the sendars

where Z is the difference between the back-off timer at thﬁjenufy the beginning of the contention period (i_e_, whesr
two hidden senders, arlcenis equal to about 19 slots whengn ACK frame is transmitted on the medium, both the senders
the DSSS [11] is used. It is easy to see that the condition jiaow this event), they cannot identify its ending (i.e., adsr
(2) is difficult to satisfy when the CWs are small (e.g., 31).does not know whether the other sender has already begun

Now let us explain how the hidden-terminal problem causes transmit a RTS). In the asymmetrical information scessari
short-term unfairness (the simulation results are preseit (Figure 3), whenever flow B transmits a packet on the medium,
Section VII-A). Consider the situation that the CWs at botlg, can identify neither the beginningnor the ending of the
the senders are very small (e.g., 31). As discussed aboyentention period. Conversely, whenever flow A transmits a
under such situation, the transmission of RTSs is veryyikepacket, bothS, and Sz cannot identify the ending of the

to collide. The collision may occur several times until theontention period since they are hidden from each other.
CWs are large enough to allow either node (say, n6dé

to get control of the medium. Onc&, completes transmit a B- Long-term Unfairness Due to Imprecise Collision Detec-
packet, it resets the CW and backs-off before initiatingtheo tion Mechanism
transmission. However, th&eezing back-off timer at node In this subsection, we will show that the collision detec-
Sp may be large compared to the back-off timerSat, and tion mechanism used in IEEE 802.11 results in long-term
thus.S4 may transmit several more packets befSigs back- unfairness even when the senders are in the range of each
off timer decrements to a small value. Clearly, theezing other. Figure 5 presents such a scenario. Our simulatiaftses
mechanisnin |IEEE 802.11 leads to short-term unfairness. (presented in Section VII-D) show that flow B gets more
Whenever the back-off timer at nodgs becomes small, bandwidth share than flow A. Let us consider the situation
node Sg contends for the medium. However, as the CW dhat nodesS, and Sp choose the same back-off value before
S 4 is equal toCW,,,;,,, the contention is most likely to resultcontending. Then, each of them initiates a RTS at the same
in a collision again. After the collision, nodg, doubles its time, resulting in a collision. Since nod@, is in the range
CW from CW,,;, whereasSg doubles its CW from darger of nodeSg, R4 detects this collision and thus it will not send
value (at least 63). Therefore, nodg is more likely to get a CTS toS4. On the contrary, since nodeg is out of the

s,

Sx Ry """ S5 Rp

Scenario-2 Scenario-3

Fig. 3. Category 2: Asymmetrical Information Scenarios
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range ofS,, Rp will not detect the collision and therefore(Figures 2, 3, and 4), imprecise collision detection memn

it will respond with a CTS toSp. In summary, whenever (Figure 5), or high-contention (Figure 6). Now we would make

there is a collision between the two RTS$z alwayswins three important remarks on the fairness issue.

the contention, explaining the unfairness for flow A. Remark 1:A flow-contention graptiechnique that has been
popularly used in the literature is not an appropriate means

SA,\ ,',RA*\\ for the study of MAC fairness. It is easy to see that all the
I —— scenarios with two contending flows discussed above wilehav
Fig. 5. Scenario-7: Imprecise Collision Detection Mechanis the same flow-contention graph (see Figure 7), but totally
C. Short-term Unfairmess Due to High Contention different performance results are obtained for these swena

. ) L . _Therefore, any fairness scheme (e.g., [8], [17]) based oh su
Now we show that, in the scenarios with high contention, graph may not work very well.

the short-term unfairness may occur even when all the sender

are within range of each other and all the nodes have the A———8B
same understanding when a collision occurs. For example, f§- 7. Flow Contention Graph for Scenarios with two Contagd-lows
the scenario shown in Figure 6, there are ¥iflews and all Remark 2:In contrast to a purely sender-based protocol

the six nodes are in the range of each other. To explain w(g.g., IEEE 802.11), if we were to design a puredgeiver-
there is short-term unfairness (the simulation resultsgmwted basedalgorithm, it would suffer from the similar problems
in Section VII-E), we need to look deeper in the BEB thabecause the twaeceiversmay not be within the range of
is being employed to resolve collisions. The probability ofdach other when two flows are contending with each other.
collision depends upon the number of active flows (sdy Therefore, to achieve fairness, the protocol should employ
within the contention range as well as the CWs at the sendessme sort of cooperation between sender and receiver.

A flow is referred to beactive whenever it has at least one Remark 3:In a given scenario, whether short-term or long-
packet waiting to send. Asincreases, the collision probabilityterm unfairness will occur largely depends upon the topplog
also increases. On the other hand, as the CW increases,Wieen the topology involves asymmetry, long-term unfairness
collision probability decreases. The BEB uses collisioas bccurs. Conversely, in a symmetrical topology, the shemrat
gauge the contention degree and dynamically adjusts the CWsdairness occurs while the long-term fairness is ensured.

to resolve the collisions. In particular, when the contemtis E. Impact of Unfairness

very high while the CWs are very small, collision(s) occur and \y hile the impact of long-term unfaimess is obvious, as

the colliding nodes increase their CWs. Hopefully, some ef th, . i [14] [22], the short-term unfaimess at MAC layer
colliding nodes generate large back-off timers and thug thﬁ1ay lead to a large delay jitter , and thus it substantially
defer their transmission. This indirggtly reducgs the entibn degrades the performance of the delay- or jitter-sensitaféic
degree and thus resolves the collision effectively. (such as video and audio). The short-term unfairness alsa ha

The deferring nodes will join in the contention in the fu'r,uregreat impact on the adaptive traffic (e.g., TCP kind of trxffic
and this time, somether nodes may defer their transmissior]_et us consider an example that there is a TCP flow from
(due to collisions), and that is why tHeng-termfaimess is o466, 1o 55 in the hidden-terminal scenario (see scenario-
ensured. However, durllng ashort-te_rm, due@mdomnessthe 6 in Figure 4). From the simulation trace, we found that the
same nodes may collide consecutively while other nodes (flgp Data packets (fromi4 to S) and the TCP Ack packets
not experience any collisions, leading to short-term unéss. (from Sp to S4) will always be transmitted ifbursts That
This is particularly true when the contention is very high 38 in the steady-state, nodgé, sends as many TCP Data
collisions are more likely to happen. In summary, though tll%ckets as permitted by the congestion window. Then, node
BEB_ is effective in resolving polli§ions, it results in skterm S transmits all the TCP Ack packets in a burst backSto
unfairness when the contention is high. Through detailed analysis of the trace records, we fount tha
this is mainly due to the short-term MAC unfairness between
nodesS, andSg, i.e., once a node (say,) gets control of
the medium, it may capture the medium for a long time before
the other node (i.e., nodgg) transmits any packet. According
to [14], the above phenomenon has also been observed in the
) wireless LAN (e.g., WaveLAN), and has been referred\@

. compressionThe ACK compression results in packet loss at

Fig. 6. Scenario-8: High Contention (all nodes hear eackerpth the congested nodes. Also, the link may be idle for some
D. Remarks on the MAC Fairness duration between the bursts of TCP Data and ACK packets.
In addition to the negative effects on jitter and TCP per-
rmance, the short-term unfairness may also greatly taffec
the behavior of on-demand routing protocols. For example, i

30f course, one can choosdaager number of flows to show the short-term & node cannot transmit a packet after several retries due to
unfaimess in a scenario with high contention. the short-term unfairness, the MAC layer discards the packe

So far, we have systematically identified the possible seen?
. . . . (0]
ios that show unfairness due to concealed information probl



and conveys this event to the routing protocol. As the rgutirhave the same requirements. Therefore, at the MAC layer, it
protocol (e.g., AODV) interprets the discarding of a packé$ reasonable to assigh, with 1/n whenn flows are active,

as an indication of link-breakage, the node discards all tivaplying that everyactive flow should transmitexactly one
packets in the queue and initiates a new route discoversicket wheneven packets are transmitted over the medium.
process, though the link is still available. Even worse,uals In summary, this can be formalized as,
a situation, the new route discovery process is difficult ¢o b W. —n
successful due to the unreliable nature of broadcast paoket { ¢Cy:c 1/n 3)
IEEE 802.11 and due to the exponential back-off in the route ’

) ) Weye and¢,, defined as above, change with the contention
discovery process itself. Therefore, a flow may be starved fgeﬁree (i.e.n). rather than being pre-defined as in most of the

a considerable time. In fact, the above phenomenon has b . :
observed very frequently in our simulation when AODV isﬁFerature (e.g., [7]), and thus are veaylaptiveto thedynamic

used. It is clear that it is extremely important to achiev@hbonemork conditions.
short-term and long-term fairness at the MAC layer. B. Compensation Model

IV. GENERAL FRAMEWORK TO ACHIEVE MAC FAIRNESS If the actual share (sayp, for flow z) is always equal
to the fair shareg, during every windowW,,., a system

In order to achieve MAC faimess in general, we Ioroloo%‘tﬁjllowing the above fairness model behaves likalymamic

a framework, which includes the following three component§DMA protocol, which has desirable faimess. Bynamic we

Firstly, we should define a fairness model, which determin?ﬁgdan that the number of flows sharing the common medium
g

how much share a user should get to maintain faimess, i ynamic and that the transmission order among the flows

how long the duration be over which the fairness is measurgldo.m one cycle to another is also dynamic. However, in IEEE

Secondlysince the actual share may deviate from its fair shargO 11,w, may deviate fromp,, especially in the wireless

;}gorggf%?:'e%noﬂqssm fstnezgeg g; fr?emrﬁlzgs:;:ii dtlhe sgargaq oc networks due to the unfairness discussed in Section
u n 1S past usag . ILIAMCLY, We 111, 1n particular, during a given window of length,,., a
shogld have a distributed algorithm in placg, Whlch tries ow may transmit more than one packet. We refer to this as
realize the above two models, and thus achieves fairness. the over-useof the medium by the flow. On the other hand,
A. Fairness Model if a flow does not transmit any packet during the window,

The objective of a fairmness algorithm is to ensure that'4¢ c@ll it under-use Naturally, normal-userefers to the case
user gets a fair share (say, for userz) over every certain when a flow transmitexactlyone packet in the window. To

duration (sayZ,,.). Based on whether thitows or nodesare compensate for the over-use and under-use_ in the pr_evious
defined asusers flow-level or node-levelfaimess is desired. Window, and thus make as close t@, as possible, an active
Since a node may have multiple flows associated with it, tffigw should ad]ugt Its rate as early as possible. Specmca_lly
flow-level fairess has finer granularity than the nodeflevfom the contention viewpoint, an active flow should be in
faimess, and therefore we consider flow-level fairess hePne Of the three modesyggressiverestrictive andnormal at

The value ofT.,. determines the duration over which théy given time. If a flow hasinder-usediuring the previous
fairness is desired. For example[if,. is large, the algorithm Window. it should give itself more opportunity in contengin

is aiming to achieve the long-term fairness, which howev&p" the medium, gnd thus should enter the aggressive mode. On
does not necessarily imply short-term fairness. On therott€ Other hand, if a flow hasver-usedhe medium, it should
hand, if T,,. is small, the objective is to achieve the short€Mer the restrictive mode. However, if a flow gets fasr

term fairness, which automatically gives rise to the loeigyt share, it should operate in the normal mode. l\_lc_)te that in the
fairness. We aim to provide short-term fairness (implyiog- above compensation model we have not _sp_eC|f|ed how mu_ch
term fairness). If the fairness is defined as the equal sh&&80w should be compensated in the restrictive and aggeessiv
amongn activeé® flows (obviouslyn varies with time), it is modes, since that dep_ends on the MAC protocol used as well
reasonable to assigh.,. with the time required to transmit &S ON the implementation.

packets. Moreover, if all the packets are assumed to have th&!€arly. the above faimess and compensation models are
same length, th@,,. can simply be replaced byteansmission based on the knowledge of(the number of active flows) and

window (say W.,,.), which is equal ton. Obviously, T w,, (the actual share of flow). However, in ad-hoc networks,
cycly . » Leye . .
or W,,. is more complex to define if the fairmess mode'ihe sender as well as receiver of a flow hagstimatethese

needs to provide differentiated service among the activesflo WO Values in adistributed manner. Moreover, due to the
Moreover, how to decide the fair share,(for flow z) is in distributed nature of ad-hoc networks, how to design a mmadiu

itself an issue. At zhigher layer, the value ofp, should be contention algorithm that can achieve fairness by utigzin

determined based on the application requirement. Howeviie estimated information is a demanding challenge. The two
as our focus is to achieve fairness in the contention for thPUES are discussed in sections V and VI, respectively.

shared medium, we simply assume that all the applications V. ESTIMATION ALGORITHM

“To recall, a flow is referred to bectivewhenever it has at least one packet We first present a s_imple observation in_ IEEE 802.11.
waiting to send. Whenever a flow transmitsacketover the medium, thether



nodes within the contention range can generally overhear tinansmits itsfirst frame on the medium. This results in the
RTS/Data, the CTS/ACK, or all the fofirames. For example, under-estimation{ii) After an active flow transmits it$ast

in the scenario of Figure 8, whenever flow A transmits packet in the queue and thus becomes inactive, its IDnuil
packet, nodeSp can overhear the RTS/Data frames. In thbe deleted by the other nodes until a timeout interval long
hidden-terminal scenario (Figure 4), nodg can overhear enough to transmitV, number of packets. This results in the
the CTS/ACK frames transmitted by flow A. In the scenariover-estimationyiii) Due to short-term unfairness, an active
of Figure 6, where all the nodes are within one-hop, evefipw may not be able to initiate any transmission in a given
node can overhear all the four frames. However, the abowindow 1W.. As a result, though the flow is active, other nodes
observation about overhearing is not always true. For el@mpelete the corresponding ID, leading to under-estimation.

in scenario-1 (Figure 2), whenever flow A transmits a packet, In our algorithm, whenever a flow becomes active, the flow
nodeSp cannotoverhear any of the four frames. This is alsenters the aggressive mode and thus transmits its first RTS
true for nodeS,4 in the asymmetrical information scenariosmmediately. Therefore, the under-estimation of the fieste;
(Figure 3) when flow B transmits a packet. For simplicityif occurring, will last for a very short duration. In order to
we ignore these violation cases until to Section VI-B. Alsa;ope with the over-estimation problem in the second case,
we assume that the sensing range is equal to the transmissienshould use a value df, as small as possible. On the

range, and we will come back to this point in VIII-A. other hand, a large value &%, should be used to cope with
R S,  —— th_e un_der-estlmanon probl_em in the tr_n_rd case. To cope with
this dilemma, we proposénactive-notification mechanism
Fig. 8. Scenario where Senders Overhear RTS/Data Specifically, whenever a flow sends out st packet in its

gueue (i.e., switching from active to inactive), the serafehe
flow uses a bit in the RTS/Data to tell other nodes that the flow
In order to estimate the number of active flows withifs becoming inactive. Moreover, the receiver also piggibac
the contention range, every node maintains an ID list @hjs notification in therespondingCTS/ACK frames, as some
the active flows. Whenever a node hears/overhears a frafles may not overhear the RTS/Data. All the nodes that
(RTS/CTS/Data/ACK), it inserts the correspondiriiow ID”  hear the notification, rather than inserting or refreshing t
into the list if the ID does not exist in the list. In the cas@low ID, should delete this flow ID from the list. Clearly,
that the ID exists, the node simply refreshes the time of tiige inactive-notification mechanism greatly solves therove
entry containing this ID. With the above list, every node casstimation problem. Therefore, we can use a ldigevalue
easily get the number of active flows by counting the numbegj avoid the under-estimation problem. In the simulations,

of unique IDs in its list. Clearly, in such an algorithm, itfound that the following values oV, are better suited:
is crucial to prevent stale entries, and therefore an ergtry i , ,
{ 6 xn, whenn, <10

deleted after a timeout interval that is long enough to tr@hs W, = ¢ (5)
a certain number (saj’.) of packets. Now we discuss how 4xn, whenn,>10
to adaptivelydetermine the value df.. It is intuitive that, to The above carefully designed timeout mechanism greatly
get the current estimate (let us say) of n, the W, must be prevents the imprecise estimation due to the followingaras
at least equal to the previous estimate (B'g)/of n, therefore, delayed transmission of the first frame of an active flow,estal
W entries, and short-term unfairness. However, it cannotesol
{ e= e , (4) the imprecise estimation due to ttebsenceof overheard
ne = the number of unique 1Ds information in the violation cases (e.g., scenarios in figur

Clearly, the value oflV. affects the precision ofn.. 2 and 3). We will propose two novel algorithms in Section VI
Sometimes,n. is greater thamn, and we call this as an g cope with this problem.

over-estimationIn contrast, thainder-estimationmefers to the
case, wheren. is smaller thanmn. Both over-estimation and B. Estimation of the actual sharev()

under-estimation may lead to bandwidth wastage. Spedyfical We now discuss how to estimate,, the actual proportion

when over-estimation occurs, the flows are restrictive a'%ﬂared by flowz during the previous windowy; This
cyc+

thus more slots araédle. On the other hand, when under-Can be done by maintaining a transmission historyeath

estimation occurs, the flows are aggressive and thus innteas,qge Note that this transmission history is totally dier

the likelihood ofcollision. Now we consider three :situationsfrom the ID list maintained for the estimation of We have
involving the imprecise estimatiorti) When a flow becomes janionally designed the estimation algorithm in thisnmer
active, the other nodes aret aware of this, until the flow so that it also applies when the sensing range is greatethban
5The word packet implies the protocol data unit (PDU) of a higher Iayertrans’_mISSIon range as discussed late'f In_ SeCF'O” Vili-AvNo
whereas frame is the MAC layer PDU. we discuss how to update the transmission history. Whenever
6Note that the correctness of the estimation does not rely@otbrhearing a node hears/overhears a Data or ACK frame transmitted over
of the Dat/ACK frames. . _ the medium, the node wilippendthe flow ID into its history.
7In fact, if we aim to achieve the node-level fairness for thaders as in If a node overhears both the Data and ACK frames belonging

IEEE 802.11 or if we assume that a node can act as the sendes atott - ) ¢
for one flow, we can simply use the sender ID as the flow ID. to the samehandshakingfor a single packet, it should add

A. Estimation of the number of active flows (



the ID only once By maintaining such a history, a sender oWl. FMAC/CSR: FAIR MEDIUM ACCESSCONTROL USING
receiver can easily know its flow's actual sharg during the COOPERATION BETWEENSENDER AND RECEIVER
latest window by simply checking how many times (say

. ) : Using the estimation algorithm proposed in the previous
its own ID appears in the windowV,,.. Therefore,

section, the sender as well as the receiver of a flow will
) _ obtain the following information: the number of active flows
Estimation(wz) = m/n ®) 4, the actual shareu(,) of the flow, the contention mode

As an example let us consider the history (beginning witihat the flow should enter, and the corresponding degree of
the most recent entry)4, B, A,C, B, A, D, E, C, ...} where aggresiveness/restrictiveness. Clearly, the estimadtebs at
A, B, C, D, and E are the flow IDs. Assuming that the the sender and the receiver of a flow may be different due

(estimated from a separate ID list) is equal to 5, then tfi@ imprecise estimation. In this section, we will introduce
estimated actual shares, for flows A, B, C, D, and E are @ novel medium contention algorithm, called FMAC/CSR,

2/5, 2/5, 1/5, 0, and 0, respectively, since we need only lo¥¥hich exploits the information available at the sender and
at the most recent transmission window (wiilie entries), eceiver to achieve faimess. In FMAC/CSR, a node will act
i.e., {A, B, A C,B}. In fact, in estimatingw, at the sender according to whether it is the sender or the receiver of the flo

and receiver of flowz, the two nodes do not need to knowSPecifically, a sender contends for the medium with differen
the exactflow IDs of the packets transmitted tther flows, ~Priorities according to the mode and the correspondingesegr
For example, when estimating, at S4 and R4, the history that the flow should use. On the other hgnd, the receiver
{A, B, A,C, B}, if replaced by{A, —1, A, —1, —1}, will still affe_cts fth_e sender’s t_)e_hawor in the contention througheeit
work. Obviously, a node always knows the flow ID of &0 implicit or an explicit feedback.

packet if the node is the sender or receiver of the flow. The!n the design of FMAC/CSR, two issues need very careful
above properties are very important when the Data/ACK is ngnsideration(i) As mentioned, the decision (e.g., the mode

interpretable to the overhearing nodes due to collisiona ofthat @ flow should enter) made by the sender may be different
large sensing range as discussed in Section VIII-A. from that made by the receiver. Therefore, rules must be

defined that the sender and receiver should follow whenever
_ _ such a discrepancy occuri) Since cooperation (between
C. Detection of Unfairness the sender and receiver of a flow, as well as among different

. . ows) based on imprecise information is greatly involved in
We now discuss how to detect the unfairness based on . . .
L , . ; AC/CSR, the events such as medium being unduly idle,
deviation of a flow’s actual share from its fair share. Let us

again consider the example above (with transmission lyist collisions, unnecessary explicit feedback, and deadldlcls

(0] : .
{A,B,A,C,B, A,D,E,C,..}). Since the fair shares) for éegrade the throughput should be carefully avoided. Thilses

each flow should be 1/5, flows A and B have over-used trh(gy to achieve fairness without unduly degrading throughpu

flow C has had the normal-use of the medium. Flows D and

E. however, have under-used the medium. To compensate for the under or over usage of a flow, a

Based on the hist d . fatl Isender should contend for the medium with different priesit
ased on the history, a sender or receiver ot a flow can aI%Ogeneral, this can be realized using two different apgdreac

measurenow muchthe flow has over-used or under-used th‘Ia’he first approach is that the sender will not transmit uhg t

medium recgntly. With this measurgment, a f'.°W. decidgs t.lﬂgw has the highest priority to access the medium among
degreeby which it should be aggressive or restrictive, which e contending flows. This is deterministicapproach, which

represented bV, and ., respectively, and can be derived 3chieves the desirable fairness, but potentially leadsubs s

foILowls.rllzwst,. thtﬁ ﬂ?";’ (tthtrough ?ender or (;ecewg;d)a cth.en:ks stantial throughput degrade [12]. The second approach is to
actual share in the latest transmission window (atbntries). assign different contention windows to the senders. Thi is

Ijiflt has hat1d norrlntal-use of the rr:(jildlurrém tthhe W'Sd(m’ and IEgﬁobabilistic approach, which achieves a worse fairness but
r are set equal to zero (.g., atflow C in the above examp ids a better throughput performance [7]. In order to achieve

On the other hand, if the flow has under-used the medium . .
the window, V,, is initialized toone In this case, the flow will f}é\rness without unduly degrading the throughput, we use a

brid h of the ab tw ill be cl below.
then check the next transmission window by sliding by oney rid approach of the above tWo as Wit be ciear beiow

v in the hist e the window of entri fter skiopi Now we define six rules that a sender should follow while
entry in the history (i.e., € window of entries alter SKipping contending for the medium whenever the medium becomes
the most recent entry). If it still has under-used the mediu

[Bes. (1) If the flow should be in the aggressive mode, the

during this window, N, is incremented by one. This Procesg . der will back-off by generating a random value friomX]
continues until the flow finds its share becoming normal in\ﬁhereX — maz(n,2n — N,). (2) If a flow should be ié\ the

transmission window. In the example given aba¥g,at flows normal mode, the random back-off value will be generated

D and E are equal to 2 and 3, respectively. Similarly, we ¢ . . .
get the value ofV.,. if a flow has over-used the medium duringql[bm [2n, CW], whereCIV is the contention window(3) If

the latest transmission window. For_mStam}é‘ at flows A 8n fact, the contention will begin only if the medium has bedte ifor a
and B are equal to 3 and 2, respectively. duration equal to DIFS or Extended IFS (EIFS).



the flow should be in the restrictive mode, the sender will. Motivation to Use Receiver Feedback
first defer by a time equal tON, + 1) x TaxTime(packet) ) ) )
where TzTime(packet) is the time needed to transmit a The above sender-based mechanism can achieve fairness
packetincluding overheads of RTS, CTS and ACK. Theni,f the estimated information at a sender is always correct.
the sender will back-off by generating a random value froffowever, as a sender of a flow may not overhear any frames
[2n, CW x NN, ]. (4) Irrespective of the mode that the flow is inransmitted by some otherontendingflows, two problems
whenever the back-off timer expires and the medium is id|@[ise. Theirst one is that since the sender may get an incorrect
the sender will transmit(5) Whenever the medium become<Estimation of the contention, it may not be aware of the situa
idle again after a busy state, the mode of the flow and tijen whenever the flow has over-used/under-used the medium,
corresponding degree of aggresiveness/restrictivendspay and thus the compensation will not be performed. $eond
recomputed. Also, the back-off value will be regeneratél. problem is that whenever one of the other contending flows
The Contention Window (CW) is manipulated as in the Binar&yansmns a packet over the medium, the given sender cannot
Exponential Back-off (BEB) of IEEE 802.11. The overalfdentify the contention period, and thus it cannot contend
process followed at a sender is summarized in Figure 9. efficiently. Due to the above two problems, a purely sender-
Now we make three comments on the above ruf@s. Pased approach cannot always achieve fairness and sorsetime
Among the flows that are in theamemode but have dif- it may even degrade the performance, as clearly shown by the
ferent degrees of aggresiveness/restrictivenegsotaabilistic ~ following two examples.
approach is adopted. For example, as known from the rule 1Jn scenario-1 (Figure 2), since nodg; cannot overhear
a flow having a larger aggressive degrgg will have a larger any of the frames transmitted by flow B, theestimated at
probability to transmit. Conversely, as known from the rulgodesS, is always equal to one. Therefore, thg determines
3, a flow having a larger restrictive degréé. will have a that the fair share for flow A should be one. Moreover, since
smaller probability in accessing the mediu(i) Among the the transmission history at node, will never contain flow
flows that are in thalifferentmodes, adeterministicapproach B’s ID, the actual share of flow A estimated at noflg is
has been used. For example, as seen from rules 1 and 2,alse always equal to one. As a resulty will behave as if
flows that are in the aggressive mode will get higher prioritfow A was always in thexormalmode. The above discussion
than those in the normal mode sind&e must be smaller than also applies taSz, and thus no compensation will be done.
2n. However, our scheme is nitlly deterministic since a flow, As a result, the sender-based algorithm in this topology wil
irrespective of the mode it is in, may transmit whenever tr@eliver the similar performance (e.g., substantial shenm
back-off timer expires as indicated by rule 4. This is crusa unfairness) as that under IEEE 802.11. On the other hand,
prevent the throughput degradation when cooperation leetwén the asymmetrical information topologies (see Figure 3),
flows is involved. Consider that there are two flows, and dwippose that flow B has transmitted two or more packets
to imprecise estimation, both of them operate in the raateic consecutively, flow B will enter the restrictive mode andshu
mode. If a fully deterministic method is used, both the semdeSs will defer its transmission. However, sincg&, cannot
will defer since they are gracefully waiting for the othender identify the contention period, it cannot contend efficignt
to transmit. Therefore, the medium will be unduly idle oBpecifically, when flow B is transmitting; 4 contends futilely,
even worse, a deadlock will occur, resulting in substantiggsulting in a large CW. However, after flow B finishes its
throughput degradatiotiii) The rule 5 is completely different transmission (i.e., a new contention period begins) andrent
from the freezing mechanism used in IEEE 802.11, whidhe restrictive modeS, will not take this opportunity to
is one of the main reasons of unfairness as discussedtr@nsmit since it is still deferring. Therefore, the mediuwsitl
Section lll. On the other hand, as known from rule 6, thee idle for a long time and then flow B may get control of
BEB algorithm is kept for its efficiency in resolving coliisi. the mediumagain Therefore, in this topology, the sender-
based algorithm cannot achieve fairness and it even reduces

. Lo . Estimation :
o the throughput of IEEE 802.11. All the above observatioms ar

confirmed by the simulation results in Section VII.

To solve the above problems, we recall that two flows are
Unfairness | contending with each other only if either the sender or the
Detection receiver of one flow is within the range of the sender or
[ormal-use] f the receiver of the other flow. Thereforig, the case that the
: 1 | sender of a flow cannot overhear any frames transmitted by
i |Nmalmode| |Aggressivemode| |Restricﬁvemode| some other contending flows, the receiver must be able to
] 1 overhear some frames transmitted by those contending flows.
In light of this, we propose two generatceiver feedback

Decide N, || Decide N, |

| Estimate # | |Estimate wx|

Sender Contention

Firg{%ﬁgmxm W mechanismslin particular, whenever a receiver, based on its
Backaff: Backoff: hen Back oft own understanding, notices that the flow haser-usedthe
2n, CW [0, (n, 2n-N i : g
[2n. CW] 10 mextn, 2n- ] [2n, N, x CW] medium in the latest transmission window (and thus the flow

Fig. 9. Overall Process Followed at the Senders should enter the restrictive mode), the receiver will trglow



down the sender by sending out a restrictive-notification toode with a degree of aggressiven@gsthat is contained in
the sender. On the other hand, when a receiver finds thatthe notification.
active flow hasunder-usedhe medium and now it is the right  Two issues need further investigatidfirst, we should try
time (i.e., the beginning of a new contention period) for th® avoid the collision of aggressive-notification frames as
sender to contend for the medium, the receiver may send twére may be more than one receiver intending to send out
an aggressive-notification to expedite the sender’s ctioten a notification at the same timeecond since theexplicit
However, when the receiver thinks that the flow has got a fatansmission of an aggressive-notification is a wastagewdb
share, no special action is taken by the receiver. Clearly, width, we should not use the aggressive-notification whenev
our FMAC/CSR, the sender still plays a more active role thanis unnecessary. In particular, if the sender is alreadgraw
the receiver does. 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

If a flow has over-used the medium, it must have judt0. The nodesk4, Rg, Sc Sp, Rc, and Rp are within the
transmitted a packet. Therefore, the restrictive-notilicecan range of each other. In such a scenario, the seffidehave
always be piggybacked in an ACK frame in amplicit the same understanding of the contention as the recéiver
manner. The remaining issues for this mechanism includines, and thud?- should not send out a natification when
what information should be feedbacked, and what decisifliow C has under-used the medium. This is also trueRey.
the sender should make after receiving the notification.  In contrast, if flow A or B has under-used the medium, the

Regarding the issue of what the feedback informatiamtification should always be sent &, and Rz. Moreover,
should be, there are several options: the number of actiféhere is another contending flow that is in normal/resirec
flows n, the actual shareu(,) of the flow, and the degree of mode, the notification should be sent dforethe sender of
restrictivenessV,. of the flow. Let us consider that the receivethat flow transmits its RTS frame. In summary, for gecond
feedbacks its estimated to the sender. Therefore, a sendeissue, we need to investigate some mechanisms, which can
will have two estimates afi and it should choose theaximum intelligently decide whether or not an aggressive-notiitca
one, since both the sender and the receiver may under-¢stingould be sent, and if it is to be semthento send it.
n in different scenarios. Using this method, in the scenério-

C. Receiver Feedback: Implicit Restrictive-notification

(Figure 2),n used at node5,4 is equal to two, ands4 will : RD

determine that the fair share for flow A should be 1/2, which . :II:':"R,B‘_SB

reflects the real state of the contention. However, since the \‘Rgfil‘st"”

transmission history ab4 will never contain flow B’s ID,

S 4 operates as if the flow waswaysin the restrictivemode. Fig. 10. Scenario lllustrating the Aggressive-notificatio

The same is true fafz, leading to drastic throughput degrade. To cope with the first issue discussed above, before a
Therefore, the feedback of may not be a good choice. Wereceiver sends out an aggressive-notification, it will firatk
propose that the receiver should feedback to the sender wiffi by a random value. To cope with the second issue, the
the degree of restrictivenegé., since N, reflects bothn and priorities for the medium access should be in the following
w,. Of course, one can explore some other possibilities. order (from highest to lowest): senders of the flows in the
Whenever the sender receives a restrictive-notificatioi, ifaggressive mode, receivers of the flows in the aggressive mod
is already in the restrictive mode with a degree equal ortgreasenders of the flows in the normal mode, and then, senders
than the one contained in the notification, it will simply age  of the flows in the restrictive mode. Since the senders of
this notificatiot®. Otherwise, the sender will put itself in thethe flows that are in aggressive mode will back-off with a
restrictive mode with the degree contained in the notificati maximum value equal t@n as discussed in Section VI-A,
the random back-off value for the aggressive-naotificatian ¢
D. Receiver Feedback: Explicit Aggressive-notification be within the rangd2n, Y] whereY = mazx(3n,4n — N,).
If a flow has under-used the medium in the latest windoslearly, the maximum value a receiver will back-off before
it must havenot transmitted any packet recently, and theréending out the aggressive-notification4is. Therefore, all
is no way topiggybackthe aggressive-notification. Thereforethe senders of the flows that are in normal/restrictive mode
the aggressive-notification must be sent to the sender in ¥tpuld generate a random back-off value which is at léast
explicit manner. We can define a frame similar to RTS teather tharen as used in Section VI-A. In this way, we avoid
carry the notification. Upon receiving the notification, lifet the unnecessary transmission of aggressive-notificationld
sender is in the restrictive mode, it ignores the notifigationot compromise on the effectiveness of this mechanism. For
Otherwise, it contends for the medium as per the aggress@ample, in the scenario of Figure 10, the receierwill not
send out an aggressive-natification whenever flow C should be
Note that a receiver can know whether the flow is active withtielp of in the aggressive mode since the senflerwill send out a
th?Oina_ctiye-notification mechanism introduced in Secti(_aA.V o RTS before the receiveRc's back-off timer expires. On the
This is to prevent the unnecessary use of the receiver infwma the . . e L.
scenario where the sender has complete information aboutahiraing other hand, the receive?4 will always send out a notification
flows, e.g., in the high-contention scenario of Figure 6. to its senderS 4 whenever the flow A should be aggressive.
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Summary of FMAC/CSR: In Table |, we summarize the reason is that the senders in this topology can get a precise
FMAC/CSR. FMAC/CSR-1 refers to the FMAC/CSR thaestimation, and thus the receiver feedback mechanismstdo no
only adopts the differentiated access at the senders, whilay any roles.

FMAC/CSR-2 refers to FMAC/CSR-1 plus the restrictive-

notification mechanism. Obviously, FMAC/CSR-3 refers te th 1| e
FMAC/CSR-2 plus the aggressive-notification mechanism. oo
TABLE | o
SUMMARY OF THREE CATEGORIES OFFMAC/CSR 2087
Mode Side FMAC/CSR-1 FMAC/CSR-2 FMAC/CSR-3 T:j 0,7
Back off- Back off: Back off: g T FMAQ/CSR
Sender | 1o max(n, 2n-N,)] | [0, max(n, 2n-N,)] [0, max(n, 2n-N,)] 20,61 o EEE 80211
Aggressive First Back off: ’
Receiver NA NA [2n, max(3n, 4n-N,)] 0.5 ; ; ; ; ; ; ; ;
Then send Aggressive-notification ' 2 20 38 56 74 92 110 128 146
Sender |Back off:[2n, CW] Back off: [2n, CW] Back off: [4n, CW] Fairness Measurement Window (packets)
Normal . . L . .
T receiver A A A Fig. 11. Fairness Index in Hidden-terminal Topologies
First Defer: First Defer: First Defer: . e . . e . . . .
Songer | PTIME(K) X (N )| TTime(pkt) x (N+ 1)|  TxTime(pkt) x (N, + 1) Sincemaximizing capacity utilizatioandachieving fairness
eNACT | Then Back off: Then Back off: Then Back off: .. . . . .
Restrictive [2n, N, xCW] [2n, N, xCW] [4n, N, xCW] are generally twoconflicting objectives in wireless ad-hoc
Receiver NA Pigayoack: Piggyback: = networks [15], when evaluating a fairness algorithm, it is
estrictive-notification Restrictive-notification

also necessary to look at the throughput results to ensure
that the algorithm does not unduly degrade the throughput.
VIl. SIMULATION RESULTS Table Il presents the throughputs under different schemes.
In this section, we present the simulation results to compafhile FMAC/CSR greatly improves the faimess, it also im-
our FMAC/CSR algorithm with IEEE 802.11. The simulation®roves the aggregate throughput. This shows the advantage
were performed under the NS-2 with CMU wireless extensiof®§ 0ur FMAC/CSR. Note that the aggregate throughput under
[6]. All the assumptions described at the beginning of $ecti FMAC/CSR-3 degrades insignificantly compared to those of
Il apply in the simulation. The raw bandwidth is set to ZZMAC/CSR-1 and FMAC/CSR-2 due to the reason that under
Mbps and the packet of the CBR traffic is 1000-bytes lon§ormal and restrictive modes in FMAC/CSR-3, the minimum
leading to amaximunthroughput of about 1.4 Mbps due to thedack-off time at the sender isn rather than2n (see Table

overheads of IEEE 802.11. The sensing range is equal to theNow we explain why the throughput under FMAC/CSR s
transmission range. The well-known Jain’s index [5] is us&j'eater than that under IEEE 802.11. As discussed in Section

for the medium, their RTSs are very likely to collide, leaglin
Fr= (N 7)? /(NN 42) (7) to wastage of bandwidth. On the contrary, under FMAC/CSR,

whereN is the total number of flows that share the wirelesiince the flows can cooperate in a distributed manner (e.g.,
medium, andy, is the fraction of the bandwidth utilized byyvhgn one flow is in the restrictive mode, then the.o.ther one
flow i over a certain number of packets transmitted, way 'S N the_ aggressive mode), the chances of co|||s_|o_ns and
called faimess measurement windovs the computation of the medium being idle are greatly reduced, explaining the
~; depends omv, the value of Jain’s index also dependswan throughput improvements.

thoughw does not appear in the formula directly. Generally, TABLE Il

F; value increases witlv. Absolute fairness achieved when THROUGHPUT UNDERHIDDEN-TERMINAL TOPOLOGIES

F; = 1 while theabsolute unfairness achieved whed’; = Throughput (Mops) | IEEE 802.11 | FMAC/CSR-1 | FMACICSR-2 | FMAG/CSR-3

1/N. As in [14], the index has beeaweragedover all sliding woragel S0P |07 | o720 | o720 0717

windows ofw packets, which occur in the simulation run. SoloRo | 0676 0720 | 0720 0717
Aggregate 1.354 1.440 1.440 1.434

A. Hidden-terminal topologies

The Jain’s index for the hidden-terminal topologies (Fc'ng' Asymmetrical Information Topologies
4) is presented in Figure 11. For IEEE 802.11, wiveris As long-term unfairness is known to occur in the asymmet-
small (e.g., 2), the index is very small (about 0.52) comghareical information topologies (Figure 3), we first preseng th
to the absolute fairness (i.e., unity), implying substrghort- throughput results in Table Ill. Clearly, under IEEE 802.11
term unfairness. On the other hand, wheis very large, the flow B gets almost the entire bandwidth while flow A is
index is close to unity (though not shown in the figure dualmost starved. The reason of long-term unfairness has been
to the constraint of the figure size), implying the long-termraxplained in Section IlI-A. Under FMAC/CSR-1, the fairness
fairness. Compared to IEEE 802.11, FMAC/CSR-1 greatly insubstantially improves, however, it does not achieve long-
proves the fairness. However, FMAC/CSR-2 and FMAC/CSRerm fairness completely. Moreover, the aggregate thrpugh
3, which incorporates the receiver-feedback mechanismi¢s) degrades. The reason for these two observations has been
not show any advantage in comparison to FMAC/CSR-1. Tieplained in Section VI-B.
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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 transmission§z may initiate its RTS again. If the
includes the aggressive-notification mechanism. To emplaRTS arrives at nodé&p after the EIFS deferment is oveRp
why FMAC/CSR-2 improves the performance compared twill respond with CTS, which will collide with the Data frame
FMAC/CSR-1, consider that, after nodgg transmits two from nodeS,4 to R4, and thus node&? 4 will discardthe Data
packets consecutively, flow B enters the restrictive modeame and defer by an EIFS. Now, for nod#;, since the
and thusSg defers its transmission by a time needed fdRTS/CTS is successful, it transmits the Data frame. The Data
transmitting two packets. Therefore, once nédegets control frame is likely to be destroyed by nodg,’'s CTS in a similar
of the medium, it can also transmit two packets consecmanner, resulting in substantial bandwidth wastage. Tla du
tively after which nodeSg will begin to contend for the busy tone multiple access (DBTMA) proposed in [10] can
medium. If the restrictive-notification mechanism is usad (' solve this problem, but two additional busy-tone channeds a
in FMAC/CSR-2), nodeS4 will receive a notification and required. For simplicity, here we make a slight modification
thus defer. On the contrary, without the restrictive-natifion in IEEE 802.11, that is, whenever a node detects a collision,
(as in FMAC/CSR-1),54 will futilely retry. In other words, rather than deferring by an standard EIFS duration, it will
the restrictive-notification mechanism helps ndfle to iden- defer for a large enough duration enabling transmission of a
tify the contention period, explaining the performance imbata frame. We call this as thearge-Col-EIFSmechanism.
provements in FMAC/CSR-2. In this manner, the restrictivén this subsection, we present the results assuming thsit thi
notification mechanism has accomplished the task (i.epjigl mechanism is included. Though the pros and cons of the
S4 to identify the contention period) that the aggressivad-arge-Col-EIFSneed further investigation, it is also used in
notification mechanism is supposed to do, and therefore tiwe scenario of Figure 16 as the scenario also contains e ca
aggressive-notification mechanism introduced in FMAC/€SRhat two senders are three hops away.

3 does not show any additional advantage. The aggregate throughput is presented in Table IV and

The Jain’s index is presented in Figure 12. FMAC/CSR-the Jain's index is presented in Figure 13. We notice that
achieves short-term fairness, and thus automatically reasuthe aggregate throughput in IEEE 802.11 withrge-Col-
long-term fairness. Since FMAC/CSR-2 and FMAC/CSR-BIFS mechanism greatly improves. As for the fairness, IEEE
show similar fairness, we do not present the index und802.11 exhibits substantial short-term unfairness. Maggo
FMAC/CSR-3 to avoid the cluttering of the graph. the FMAC/CSR-1 does not improve the fairness or throughput.

TABLE IlI On the contrary, the FMAC/CSR-2, which incorporates the

THROUGHPUT UNDERASYMMETRICAL INFORMATION TOPOLOGIES restrictive-notification mechanism, greatly improves the-

ness. However, under FMAC/CSR-2, the short-term unfairnes

Throughput (Mbps) | IEEE 802.11 | FMAC/CSR-1 | FMAC/CSR-2 | FMAC/CSR-3
S o Ra| 0073 0.536 0718 0.716 remains and the aggregate throughput degrades subdtantial
Ao o Re | 1045 0628 | o718 0.716 The reason is again due to the fact that, when one flow
Aggregate 1418 1.166 1436 1432 enters the restrictive mode, the sender of the other flowatann
identify the contention period and thus cannot recognize th
L f - opportunity to transmit. The FMAC/CSR-3, which includes

the aggressive-notification, improves the short-terrméss as
well as the aggregate throughput compared to FMAC/CSR-2.
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) Throughput (Mbps) | IEEE 802.11 | FMAC/CSR-1 | FMAC/CSR-2 | FMAC/CSR-3
Z 0,6
< ——o o o oo ——o0o—o0—o0— Spto Ra 0.703 0.701 0.532 0.582
Average
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C. Scenario-1 of Figure 2

o
©

~/

In this scenario, under IEEE 802.11, each of the two flows
gets only about 0.29 Mbps, which is much less than the
expected 0.7 Mbps. The reason is as follows. Consider the
situation that nodeS4 sends out a RTS to nod&,, and
then nodeR 4 sends back the CTS. As nods; is unaware
of this CTS, it may send out a RTS, leading to a collision ——— e
at nodeRp. A node (e.g., nodek) that detects a collision 2 i rouss Neasr ceant W ndew | nachats)
will defer for the Extended Inter-Frame Space (EIFS) dorati Fig. 13.
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TABLE VI
D. Scenario-7 of Figure 5 THROUGHPUT IN HIGH-CONTENTION TOPOLOGY

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

The throughput results are presented in Table V and the
Jain’s index is presented in Figure 14. It is easy to see that,
under IEEE 802.11, flow B gets much more bandwidth than
flow A, due to the imprecise collision detection as explaimed I A complex topology
Section IlI-B. Under FMAC/CSR-1, the fairness substahtial In this subsection, we consider a complex topology shown
improves. Again, the FMAC/CSR-2 and FMAC/CSR-3, whicln Figure 16, which combines the main scenarios discussed
incorporate the receiver-feedback mechanisms, do not shewfar. For convenience of explaining the relative posgion
advantage in comparison to the FMAC/CSR-1 as the send#rs nodes, we have drawn two concentric circles (dotteg)-lin
can get the complete information about the contending flows. 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
nodes are in the ranges of all the nodes on the inner circle

Aggregate 1.410 1.405 1.405 1.370

TABLE V
THROUGHPUT UNDERSCENARIO-7 (FIGURE 5)

Throughput (Mbps) | IEEE 802.11 | FMAC/CSR-1 | FMAC/CSR-2 | FMAC/CSR-3 but out of the ranges of all the nodes on the outer circle.
P A 0720 0720 0717 The diameter of the inner circle is 200 meters. Therefore, th
SstoRs | 0766 0.720 0-720 0.717 diameter of the outer circle is 600 meters. The angle between
Aggregate 1.438 1.440 1.440 1.434 any two neighboring flows is 45 degrees. Tharge-Col-EIFS

mechanism discussed before is adopted in this topology.

b
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Fig. 14. Fairness Index under Scenario-7 (Figure 5) Fig. 16. Scenario-9: Complex Topology
The throughput results are presented in tables VII and VIIl,
E. High-contention topology while the Jain’s index is displayed in Figure 17. In Table,VII

the flow ID is the same as the node ID of the flow's sender.

For the high-contention scenario shown in Figure 6, thender IEEE 802.11, four flows (i.e., flows from node O to 1,
Jain’s index is displayed in Figure 15 and the throughpwubde 2 to 3, node 4 to 5, and node 6 to 7) starve, while the
results are presented in Table VI. The IEEE 802.11 exhibfiw from node 16 to 17 gets much higher throughout than
substantial short-term unfairness. In contrast, FMAC/&SRthe remaining flows. On the other hand, the bandwidth under
greatly improves the short-term fairness compared to IEEBMAC/CSR-3 is distributed quite evenly among the flows.
802.11, and again the receiver feedback mechanisms do pasm Table VIII, we notice that the aggregate throughputs
play any role here. under all three FMAC/CSR schemes improve compared to that

Similar fairness benefits were observed when the numberwfder IEEE 802.11, showing the merits of our FMAC/CSR
contending nodes iarger than five but the nodes were withinin complex scenarios. The FMAC/CSR schemes also achieve
the one hop distance. short-term fairness as shown by the Jain’s Index in Figure 17

Since the above topology involves all the causes of un-
fairness discussed in Section Ill, the FMAC/CSR should be
able to deliver similar performance (i.e., achieving fess
0,91 without unduly degrading throughput) in a randomly geredtat
topology as long as all the single-hop flows are contending
with each other.

Average Jain's |ndex

—+—FMAG CSR TABLE VII
0,67 —o—| EEE 802. 11 THROUGHPUTS INCOMPLEX TOPOLOGY (FIGURE 16)
0,5 ; ; ! ! ! ! ! ! ! Flow ID 0 2 4 6 8 10 12 14 16
5 10 15 20 25 30 35 40 45 50
Fai rness Measurement W ndow ( packet s) IEEE 802.110.000|0.000(0.000{0.000|0.156 | 0.193(0.195(0.134| 0.509
Fig. 15. Fairness Index in High-Contention Topology FMAC/CSR-3 |0.149(0.146|0.149|0.143(0.128(0.128|0.128|0.121(0.153
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TABLE VI

AGGREGATETHROUGHPUTS INCOMPLEX TOPOLOGY wireless ad-hoc networks. Based on the information needed
Throughput (M 5s) |IEEE 802.11| FMAC/GSR-1 | FMAC/CSR-2 | FMAGIGSR 3 and the fairness objective (global or local), these works ca
Aggregate 1.187 1258 | 1210 1244 be categorized into two classes. The first category aims to
design an ideal centralized scheduling algorithm, which is
R S overlaid on the top of the MAC layer, to address the unfagnes
ﬁ 0.97 //3@6‘”’ problem due to thdocation-dependent contentian multi-
0 08T X e RO SR s hop wireless ad-hoc networks (e.g., [15], [16]). Though these
3 0,7/ —x—FMAC/ CSR- 2 scheduling algorithms may achieve a network-wide fairness
- —s— FMAC/ CSR- 1 . . .
g 0.6 —o— | EEE 802. 11 they normally need global information (e.g., flow-contenti
§ 057 graph or network topology). Moreover, whenever the network
= 04 oo status changes (e.g., the topology changes due to mobility,
0,8 a flow enters or leaves the network), this information should
8 12 16 20 24 28 32 36 40 44 48 . . ..
Fai rness Measurement Wndow ( packet s) be broadcasted in the network and a new scheduling decision
Fig. 17. Fairness Index in Complex Topology (Figure 16) has to be made. On the contrary, some other works (e.g., [7],

[12], [17], [21]) aim to achieve fairness at the MAC layer
itself. Our work belongs to this category. Though an aldonit
So far, using Constant Bit Rate (CBR) traffic, we have seésllowing this approach may only achieve local fairnesssit
that our FMAC/CSR substantially improve the fairness. Froglesirable that it can operate in a distributed manner. Mago
the simulation traces, we also found that the estimation ofto practically implement an ideal centralized scheduling algo-
is quite precise except for the imprecise-estimation dud¢o rithm, a distributed MAC layer fair algorithm is required to
absence of overheard information (e.g., in scenarios ofd&gu approximate the ideal algorithm [15]. Therefore, whetter t
2 and 3). Here, we evaluate the precision of the estimate giijective is to achieve local fairness or global fairnes#av
n when the traffic is dynamically changing (i.e., exponentighyer fairness is essential.
On/Off traffic) to show that the timeout mechanism designed Now we review the works that followed the second ap-
in Section V-A can work well under the dynamic conditionsproach. In [17], the authors have developed a fully distebu
The topology of Figure 6 is used for study. The average “OmIAC protocol, called Proportionally Fair Contention Reso-
time is 0.3 s, whereas the average “off” time is 0.7 s. Iution, which dynamically adjusts the probability (based o
the “on” state, CBR traffic is generated as explained earli¢fs observation of the medium states, e.g., collision, ,idle
We dynamically recorch, and n throughout the simulation or busy) with which a sender accesses the medium. Based
time. The interval between two consecutive samples is 0.08h the overheard information (rather than only the medium
s, which is very close to the time needed for the transmissigtates), the works in [7] and [21] try to make the medium
of a packet. Figure 18 presents the results during a typie@lcess more adaptive. Specifically, the work in [21] aims to
duration of 2 seconds. We notice that is equal ton most emulate the Self-Clocked Fair Queueing [9] in wireless ad-h
of the time. networks by adaptively choosing a back-off value propogio
to the finish tag of a packet to be transmitted. The work
in [7] dynamically tunes the contention window of a node
based on its estimation of the sharing of the medium. All
the above schemes are sender-based, which caainatys
- ' achieve fairness since the information at the sender is not
....... actualn 5 always precise. On the other hand, the authors in [12] have
estimate of n exploited the receiver information to implement a FIFO caieu
among the contending nodes. However, they have considered
Snapshot of 2 Second Interval (second) the asymmetrical information topology only, and how the
Fig. 18. Comparison between Actual and Estimatiom of sender and receiver should cooperate is largely unaddresse
Moreover, their scheme results in substantial throughgut d
VIII. DI1ScUSSION ANDRELATED WORK grade as a fully deterministic method is adopted. Even worse
A. Further Comments on FMAC/CSR as shown in [20], c_iue to the determinis_,tic nature, deadlo_cks
are likely to occur in a complex scenario. In the preparation
B. Related work of this paper, we are aware of another work [8] that aims to
The fairness problem in the random wireless MAC protocolchieve MAC fairness by generalizing the approach in [17]
was first highlighted in [2]. Recently, the fairness issus haising a game theory framework. However, as in [17], it still
been extensively addressed. Specifically, several works, (efollows a purely sender-based approach, and it derives the
[18] and the references therein) have addressed the uedairrfairness algorithm based on a flow-contention graph, wtsch i
problem due to thelocation-dependent transmission errorinappropriate as remarked in Section IlI-D. While all theabo
in wireless LANs. More recently, assuming that there is nworks (except [17]) rely on the correctness of the estinmatio
wireless error, a lot of works addressed the fairness issuebiased on the overheard frames, but none of them describes

G. Verification of Estimation Algorithm

Integer Number

20.675 21.675 22.675
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how to estimate correctly when the sensing range is greater] C.E. Koksal, H. Kassab, H. Balakrishnan, “An AnalysisShort-Term
than the transmission range in which case the overhearagfram Fairmess in Wireless Media Access Protocols,” ACM SIGMECR]
may not always be interpretable and thus the estimationtis R 1y | o, s. Lu, V. Bharghavan, “A New Model for Packet Sdting in
precise. Multi-hop Wireless Networks,” ACM MOBICOM, 2000.

Compared to all the above works on MAC fairness, outbl H.Lou, P. Medvedev, J. Cheng, S. Lu, “A Self-CoordingtApproach to
. . . . Distributed Fair Queueing in Ad Hoc Wireless Networks,” EEEfocom,
FMAC/CSR is quite unique due to the following reasons: (1) 5gq1.

it exploits the information available both at the sender antl7] T. Nandagopal, T. Kim, X. Gao, V. Bharghavan, “AchieviktAC Layer
the receiver, (2) it achieves fairness without degrading th Fairness in Wireless Packet Networks,” ACM MOBICOM, 2000.

h h in th . h ial . .[18] T. Nandagopal, S. Lu, V. Bharghavan, “A Unified Architee for the
throughput in the scenarios where spatial reuse I1s nOtHﬂGSSI Design and Evaluation of Wireless Fair Queueing AlgoritindsCM

and (3) it is applicable even when the sensing range is greate MOBICOM, 1999.
than the transmission range. [19] D.J.Qiao, S. Chio, A. Jain, K. G. Shin, “MiSer: An Optiniaw-Energy
Transmission Strategy for IEEE 802.11a/h,” ACM Mobicom, 2003
[20] K. To, Y.Z. Chen, “A-DWOP: an Extension to DWOP
IX. CONCLUSIONS for Multi-hop Wireless Ad Hoc Networks,” available at
In th|s paper’ we have proposed a novel medlum access http://WWW.0WInet.r|ce.edu/ takhoa/courses/537/

. L 21] N.H. Vaidya, P. Bahl, S. Gupta, “ Distributed fair scliidg in a wireless
control protocol, called FMAC/CSR, which exploits informa ]LAN . Aé,\}( MOBICOM 20uopo. shbdiedial gimaw

tion available at the senders and receivers to achieves Mf#2] S. Xu, T. Saadawi, “Does the IEEE 802.11 MAC Protocol Wor
fairness. The simulation results show that the FMAC/CSR Well in Multihop Wireless Ad Hoc Networks?,” IEEE Communiaats
. . . . Magazine, pages 130-137, June 2001
greatly improves the fairness without unduly degrading the
throughput.
The main contributions includ€i) identification of general
reasons that lead to MAC unfairness, e.g., concealed irgform
tion problem, imprecise collision detection mechanismg an
high contention;(ii) definition of a general MAC fairness
framework; (iii) proposal of a simple but efficient algorithm,
which can dynamically estimate the number agftive flows
as well as the actual share of a flogiy) proposal of the
FMAC/CSR, which incorporates a suite of mechanisms: dif-
ferentiated access at the senders, restrictive-notificatind
aggressive-natification.
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