Achieving MAC Fairness in Wireless Ad-hoc
Networks using Adaptive Transmission Control

Zhifei Li Sukumar Nandi Anil K. Gupta
School of Computer Engineering  Dept. of Computer Sc. & Engineering  School of Computer Engineering
Nanyang Technological University Indian Institute of Technology, Guwahati Nanyang Technological University
Singapore, 639798 India, 781039 Singapore, 639798

Abstract— Achieving MAC layer fairness in multi-hop wireless ~ system from a short-term viewpoint. The short-term faisnes
ad hoc networks is a very challenging issue. In this paper, js very important for the adaptive traffic (e.g., TCP kind of
we first show that IEEE 802.11 exhibits substantial short-term traffic) and for the delay- or jitter-sensitive traffic [11j this

unfairness due to the hidden-terminal problem, high contention, inly f the t lodies i hich the short
and the concealed information problem (introduced in this paper, we mainly Tfocus on the topologies in whic € short-

paper). To achieve the short-term fairess, we propose Adapte t€rm unfairness occurs but the long-term fairness is edsure

Transmission Control (ATC) algorithm as follows. Each node, Fairness can be achieved through two different ways. One
in a distributed manner, estimates thenumber of active nodes s to design a scheduler (e.g., [12]), which is overlaid on
within the contention range, as well as itsbandwidth share. the top of the MAC layer, to guaranty a node’s fair share

The estimated number of active nodes is used by a node to " | to it iaht. The oth thod is t hi
dynamically determine its fair share. In the IEEE 802.11, due proportional 1o its weignt. € other method IS 1o achieve

to short-term unfaimess, the actual share of a node may deviat the fairness at the MAC layer itself (e.g., [14]). We here
from its fair share. To compensate for the bandwidth usage in the follow the second method. We first show that the IEEE
recent past, the node enters one of the three modeaggressive, 802,11 exhibits substantial short-term unfairness duehéo t
redirictive, and normal, indicating how the node should behave ijgen-terminal problem, high contention, and the corezkal
when contending for the medium. The contention window (CW) . . . : - -

of the node is tuned according to the mode it enters. Due to Informatlon problem (explained in thIS. paper Iater'). TOI&KZB

the freezing mechanism of the IEEE 802.11, the tuning Cw fairness, we then propose the Adaptive Transmission Clontro
mechanism has no effect on the nodes that do not generate a new(ATC) algorithm. In the ATC, every node, in distributed
back-off timer when they contend for the medium. Therefore, we manner, estimates the numberaative stations (say) within
propose early-reset mechanism, which stops the back-off timer the contention range, as well as the actual bandwidth\say

and resets the CW whenever a node enters the aggressive mode ived by th de. Th timaterois d indicati
while containing a non-zero back-off timer. Due to the concealed received by the node. 1he esumaterols a good indication

information problem, the tuning CW and early-reset mechanisms ©Of the contention degree, and therefore, it can be used by
still cannot achieve fairness in certain scenarios. Therefore, we the node to dynamically determine its fair share (gay.
propose receiver-coordination mechanism. Ext_ensi\(e simulation Dye to the short-term unfairness, the actual share Wwe.,
results showlthat thg proposed ATC subgtantlally improve the may deviate from the fair share (i.e;). To make thew; as
short-term fairness without unduly degrading the throughput. . . .
close tog; as possible, when contending for the medium, the

node enters one of the three modeggressive restrictive
and normal indicating how the node should behave when

Recently, wireless ad hoc networks have attracted considesntending for the medium. The contention window (CW) of
able research interest. As IEEE 802.11 [8] is the de facto stahe node is tuned according to the mode it enters and the
dard for Wireless LANS, most of the research work on wireleggmount by whichw; differs from ¢;. However, due to the
ad hoc network adopt it as the MAC layer. IEEE 802.11 definéigezing mechanism used in the IEEE 802.11, the tuning CW
two MAC protocols: Point Coordination Function (PCF) anehechanism does not affect the nodes that do not generate
Distributed Coordination Function (DCF). However, onletha new back-off timer when they contend for the medium.
DCF is used in the ad hoc networks. As DCF operates inTherefore, we propose early-reset mechanism, which sheps t
distributed manner without having precise information abouback-off timer and resets the CW whenever a node enters
the medium, fairness in accessing the medium is one of tle aggressive mode while containing a non-zero back-off
most challenging issues. timer. Due to the concealed information problem in thelti-

Based on théengthof the time over which we observe thehop networks, the tuning CW and early-reset mechanisms
system, the fairness can be defined on a short-term basis atilfl cannot achieve fairness in certain scenarios. Tioeeef
on a long-term basis. The short-term fairness automaticale propose receiver-coordination mechanism, which etgploi
gives rise to the long-term fairness, but not the vice ver#lae information available only at the receivers, and helys t
[11]. In particular, in certain scenarios, though the baidtlv senders make more rational decisions. Extensive simalatio
allocation is fair in a long-term, it is very unfair if we vietlle results show that the proposed ATC substantially improee th

|. INTRODUCTION



short-term fairness without unduly degrading the throughp drastically due to the collision of the Data frames, which ar
The remainder of the paper is organized as follows. mormally very long. On the contrary, if the four-way handeha
Section Il, we describe the basic technique of IEEE 802.14 used, once the RTS/CTS has been completed successfully,
and illustrate the short-term unfairness. We then, in 8actithe hidden-terminal problem does not arise any more. For
I, present the adaptive transmission control (ATC) aidpon. example, in Figure 1, once node B sends back a CTS to node
The simulation results are presented in Section IV. Theaedla A, node C overhears this CTS and defers its transmission,
work is reviewed in Section V, and the paper is concluded avoiding collision. However, the four-way handshake canno

Section VI. eliminatethe hidden-terminal problem, as the RTSs sent by the
two hidden nodes may collide, unless the following conditio
[l. SHORT-TERM UNFAIRNESS INIEEE 802.11 is satisfied
A. Basic Techniques in IEEE 802.11 DCF | Z |> Len = TaTime(RTS) + SIFS 2)

The DCF defines two methods in accessing the mediuhereZ is the difference between the back-off timers at the
the two-way handshake and the four-way handshake. In #¢ hidden nodes, antenis equal to the transmission time
two-way handshake, the sender transmits a Data frame to 16RTS plus a Short Inter-Frame Space (SIFS), which is about
receiver, which responses with an ACK frame if it receivesg slots when the DSSS [8] is used. It is easy to see that the
the Data frame correctly. On the other hand, in the four-wayndition is difficult to satisfy when the CWs are small (e.g.,
handshake, the sender first sends out a Request To Send (RSfi$)
frame. In response to this request, the receiver sends back Row let us explain how the hidden-terminal problem causes
Clear To Send (CTS) frame if the medium is determined thort-term unfairness (the simulation results presemteeic-
be idle. Then, the sender sends out the Data frame and i@ |V.A). Consider the situation that the CWs at nodes A and
receiver responds with an ACK frame. C are very small (e.g., 31). As discussed above, under such

The IEEE 802.11 adopts the well-known Binary Exponensituation the condition illustrated in equation (2) is diffit
tial Back-off (BEB) algorithm as its Contention Resolutiono satisfy, and thus the RTSs of nodes A and C may collide.
(CR) mechanism, which is described as follows. Every nodge collision may occur several times until the CWs are large
maintains a Contention Window (CW) and a back-off timeenough to allow either node to get control of the medium. In
Before every transmission, the node first defers by a batck-@hrticular, one of the two nodes (say, node A) may select
timer, which is generated according to equation (1), urlless a small back-off time from its CW, while the other node
back-off timer already contains a non-zero value, in whigbec (i.e., C) selects a large value. The difference between the
it is unnecessary to generate a new random back-off timertwo values may be large enough to satisfy the condition, and

Backof fTime = Random() x SlotTime (1) thus node A can successfully transmit a packet. Once the

The SlotTimeis specified by the physical layer, and tlaadom packet transmiss_io_n_ is_ completed, node A FESEtS its CW and
value is uniformly distributed over the range [0, CW]. Fopackg-(_)ff b;:forke |frf1|t!at|ng anotglerctransrrgssllon. Howegtkee d
the first transmission attempt of a packet, the CW will be s gmaining back-off timer at node C may be large compared to
to CW,,;,. Whenever a retransmission is initiated, the C e back-off timer at node A, which is drawn f_rom the range
is doubled. When a retry limit is reached, the CW will b 0, CWiniz]. In that cas,e, node A may transmit several more
reset to CW,;,.. The CW is also reset to C\,, whenever packets before node C's back-off timer decrements to a small

a transmission is successful. value ,

When a node (say) is transmitting a packet, the other Whenever the back—off timer at node C becomes smqll,
nodesfreezetheir back-off timers. After nodéd completes C contends for the med|um._ Ho_wever, as the CW at A IS
transmitting the packet and thus the medium becomes idle,%(ﬂual_ tp CWain, the contgntlon is most likely _to result in
the nodes first defer for a DCF Inter-Frame Space (DIFS) p collision. After the CO||ISIOI’],. node A doubles its CW from
riod. Then, nodéd generates a new random value from its C Wmin Whereas C doubles 'FS cw frgm a larger value (at
and backs off before it initiates another transmission. ko t €2t 63),' Ther(-?fore,'nqde A,'S more I|k.ely to get control of
contrary, the other nodes simply resume to count down frowle mediumagain This is obwousl_y unfair fo_r C. Moreove_r,
their frozenback-off timers. Due to théreezing mechanism this process may repe_at several times, Iead|_ng to stanvatio
node H may transmit several packetonsecutivelybefore node C for a long period (compared to the time needed for a

another node’s back-off timer is reduced to zero. ContraR?ljket transmlssmr;). hani . d in the IEEE
to a successful transmission, when a collision occurs hall t _HOWever, several mechanisms incorporated in the

colliding nodes will generate a new random value. 802.11 prevent node C from starvimgmpletely such asfi)
after every packet transmission, node A will back-off befor
B. Short-term Unfairness Due to Hidden-terminal initiating another transmission, which gives node C a ckanc

Figure 1 depicts the hidden-terminal problem. Since nod@scomenOI for the mediun(ii)_tr_le CW at node C will be res_et
A and C are hidden from each other, they may simultaneouéR/CWmi" after the retry limit is reached. These mechanisms

try to communicate with the node B, resulting in a collision.

If the two-way handshake is used, the throughput will degrad Fig. 1. Hidden-terminal Scenario



ensurelong-termfairness between the two flows. ‘ . """ ‘ ' .

Fig. 3. Concealed Information Topology
C. Short-term Unfairness Due to High Contention incorporated in IEEE 802.11, which have been describedeat th

The short-term unfairmess also occurs in a scenario whiere®d of Section 11.B, prevent node D from starviogmpletely
the nodes are within the range of each other but the contentf®d also ensure long-term fairness between the two flows
is very high. For example, in the scenario shown in Figure &S pointed out in [1], the key problem in such scenarios is
there are five flows and all the six stations are in the ran§fédt the senders (e.g., node D) cannot identify dbatention
of each other. In order to explain why there is short-terieriod (i.e., the duration after the ACK frame and before
unfairness (the simulation results presented in SectioB)|v the next RTS frame on the medium). In other words, the
we need to look deeper in the BEB that is being employed #At€ information of thenediumis concealedrom the sender,
resolve collisions. The probability of collision dependson @nd therefore we call it theoncealed information problem
the number of active nodes (saywithin the contention range Here the information, that is needed, is the time when the
as well as the CWs at all the nodes. A node is referred to antention period starts and ends. Note thatasgmmetrical
activewhenever it has at least one packet waiting to sench Adnformation problemintroduced in [10] is indeed a special
increases, the collision probability also increases. @rother €ase of the concealed information problem introduced here.
hand, as the CW increases, the collision probability dee®a However, in the asymmetrical information problem scenario
The BEB uses collisions to gauge the contention degree i sender suffers from the concealed informatic_)n problem,
dynamically adjusts the CWs to resolve the collisions. IWhile the 'other sender does not, and thus resultingpiy-
particular, when the contention is very high while the CWs afg'm unfaimessetween the two flows.
very small, collision(s) occur and the colliding nodes gase !N the hidden-terminal topology (see Figure 1), though the
their CWs. Hopefully, some of the colliding nodes generaﬁenders can identify the contention period, substantiattsh
large back-off timers and thus they defer the contention f&rm unfairness is there. This is because the transmisgion o
the medium. This indirectly reduces the contention degrek aihe RTS by the hidden terminal (say node C)ctncealed
thus resolves the collision effectively. from the sender (i.e., node A). Therefore, the hidden-teami

The deferring nodes will join in the contention in the futureProblem is also a special case of the concealed information
and this time, somether nodes may defer their transmissiorProblem, where thedefinition of the concealed information
(due to collisions), and that is why tHeng-termfairness is includes the information of the transmission of the RTS.
ensured. However, during a short-term, duestadomnessthe

same nodes may collide consecutively while other nodes do ) ) ) o
not experience any collisions, leading to short-term unés. N this section, we propose an adaptive transmission contro
This is particularly true when the contention is very high. |(ATC) algorithm, which aims to achieve MAC layer faimess

summary, though the BEB is effective in resolving colligipn IN the multi-hop wireless ad hoc networks.

[1l. ADAPTIVE TRANSMISSIONCONTROL (ATC)

The objective of a fairness algorithm is to ensure that a node
gets a fair share (say, for nodei) during every certain long
duration (sayT.,.). The value ofT.,,. determines the duration
over which the fairness is desired. For exampleTf,. is
. . large, the algorithm can achieve the long-term fairnesschvh

Fig. 2. High Contention Scenario however does not imply short-term fairness. On the other
D. Short-term Unfairness Due to Concealed Information hand, if T.,. is small, the algorithm can achieve the short-

Another representative scenario exhibiting short-term uﬁe_rm faimess, Wh.'Ch aut_omat|_cally gives rise to the loegrt
airness. If the fairness is defined as the equal share among

fairness (the simulation results presented in Section)INsC " d byious| i ith ti i bl
shown in Figure 3, which has also been discussed in [1]. TRE!VE nodes (o.wous YV varies wi ime), i IS reasonable
assignT.,. with the time required to transmit packets.

dashedline between nodes B and C indicates that the twd .
eover, if all the packets are assumed to have the same

nodes are in the transmission range of each other. ConsiE@th theT imolv b laced by & L
the situation that node A is in control of the medium anfn9": th€lcyc Can Simply b€ replaced by @ansmission

thus node C is not able to respond to any request from no O_IOW I(S""%’ W“yC)’WWh'Ch is equal tor|1 |ntth|§ ]'cs_cen_z?r[{(r)].
D. However, since node D does not know about the ongoi VIOUSIY, Teye OF Weye IS MOrE compiex 1o deniné it the

transmission between nodes A and B, node D may f“t"i& are is not equal for all the active nodes. Moreover, how to
retry, resulting in a large CW at the node. As for the no ecide the value of the sharg; (for nodei) is in itself an issue.

A, after it transmits the packet, it will reset its CW andb\tahlgherlayer, the value ofy; should be determined based

contend for the medium again. Since the CW at node on the application requirement. However, as our focus is to
becomes very large, node A may transmit several packg{shieve fairness in the contention for the shared medium, we

consfecutlvelybefore node _D gets control of the med'u_m’ LAccording to the results presented in [1], in such a scenadde D will
leading to short-term unfairness. However, the mechanismscompletely starved in the MACAW protocol.




simply assume that all the applications have the same weigBt, whenever node A transmits a packet to node B, node
Therefore, at the MAC layer, it is reasonable to assign D cannotoverhear any of the four frames. In order for the
with 1/n whenn nodes are active, implying that eveagtive simplicity of the presentation, we will exclude this viatat
node should transmigxactlyone packet whenever packets case, until Section IlI.E.

are transmitted over the medium. In summary, this can be /7N, "\ ...

formulized as,
{ Tcyc = chc =n (3) Fig. 4. Four Nodes with Two Flows Scenario
¢ =1/n 1) Estimation of the number of active node: (In order

T.ye and ¢;, defined as above, change with the contentido estimate the number of active nodes within the contention
degree (i.e.n), rather than being pre-defined as in most of theinge, every node will maintain a list. Whenever a node
literature (e.g., [6]), and thus are very adaptive to theatiyic overhears a frame (RTS/CTS/Data/ACK), it will insert the ID
network conditions. of the sender of the flow into the list if the ID does not exist

If the actual share (sayy; for nodei) is always equal t@; in the list. This implies that on hearing a RTS/Data frame,
during every window\,.,,., the system behaves like a dynamit¢he nodes should add theource ID into the list, whereas
TDMA protocol, which has thedeal fairness. However, the on hearing an CTS/ACK frame, the nodes should add the
w; may deviate fromg;, especially in the wireless ad hocdestinationID of the frame. In the case that the ID exists
networks due to the issues discussed in Section Il. In pdatic in the list, the node will simply refresh the time of the entry
during a given window of lengthV..,.., a hode may transmit containing this ID. In order to prevent stale entries, ament
more than one packet. We refer to this as ther-useof the is deleted after a timeout interval, sdy., which is set as
medium by the node. On the other hand, if a node does riollows,

transmit any packet during the window, we caluitder-use { when ne <10

when n; > 10

’
e

6xXn
4xn

Naturally,normal-userefers to the case when a node transmits We = (4)
exactlyone packet in the window. Thebjectiveof our ATC, )
is to adjust the rate of all the active nodes as early as dessib Where n, is the previous estimate af. With the above
to compensate for the over-use and under-use in the previdigs every node can easily get the number of active nodes by
window, and thus make; as close ta; as possible to achieve counting the number of IDs in its list.
short-term fairness. 2) Estimation of the actual sharevf) : We now discuss

In order to achieve the above objective, from the contentid¥®w to estimatew;, the actual proportion shared by node
viewpoint, an active node should be in one of the three modésguring the previous window/,,.. This can be done by
aggressiverestrictive andnormalat any given time. If a node maintaining a transmission histérpt eachnode. Whenever a
has under-usedduring the previous window, it should givenode hears a Data or ACK frame transmitted over the medium,
itself more opportunity in contending for the medium, anthe node will insert thesendeis ID of the packetinto its
thus should enter the aggressive mode. On the other hand, lfistory. If a node overhears both the Data and ACK frames
node haver-usecthe medium, it should be in the restrictivebelonging to the same handshaking, it should add the ID only
mode. However, if a node gets fiair share, it should operate once By maintaining such a history, a node can easily know its
in the normal mode. actual sharev; during the latest window by simply checking

It is clear that the ATC is based on the knowledgenof how many times (sayn) its own ID appears in the window
(the number of active nodes) ang; (the actual share of Wey.. Therefore,
nodei)._ Howevgr, in the ad hoc network;, every node has to Estimation(w;) = m/n (5)
dynamically estimate these two values idistributedmanner, As an example let us consider the history (beginning with

which is discussed in the next subsection. the most recent entry)1, 1,2,3,1,3,2,1, ...} wherel, 2, and
3 are the IDs of the senders. Assuming that the estimation of
n from the ID list is equal to 3, then the estimationsugffor
Whenever a node transmitpacketover the medium, other nodes 1. 2. and 3 are 2/3, 1/3, and 0, respectively, since we
nodes within the contention range can generally overhear thaed to look at first three entries in the history, {&,1,2}. In
RTS/Data, the CTS/ACK, or all theames(note that the word t5ct, in estimatings; at nodei, the node does not need to know
‘packetimplies the protocol data unit (PDU) of a higher layethe exact IDs of the senders of the packets transmittemttisr
whereas frame is the MAC layer PDU). For example, in nodes. For example, when estimating, node 1 does not
the scenario shown in Figure 4, whenever node B transmitg,ged to know the IDs of the sender of the packets transmitted
packet to node A, node C can overhear the RTS/Data frang@,. nodes2 and 3. Obviously, a node will always know the
In the hid(_jen-terminal scenario (see Figure 1), whenevdengp of the sender of a packet if the node is the sender or
A transmits a packet to node B, node C can overhear th&eijver of the packet. The above properties are very iraport
CTS/ACK frame. In the scenario that all the nodes are withif the situation that the Data/ACK is not interpretable doe t

one-hop (e.g., scenario in Figure 2), every node can overhggjiisions or large sensing range as discussed below.
all frames. However, the above observation is not always true.

For example, in the concealed information scenario (se@r€&ig 2it is different from the ID list maintained for the estimatioh m

/
€

B. Estimation Algorithm



3) Estimation when Sensing Rangelransmission Range: receiver have wrong estimation ofdue to a very large sensing
So far, for the convenience of presentation, we have simpignge, which is not very likely. Alternatively, we can estit®
assumed that the transmission range (TR) is equal to tihe n using some heuristics method as done in [3] and [4].
sensing range (SR) as done in [6] and [10]. In practice, the
SR may be greater than the TR. Therefore, our estimati@h Tuning CW based on the Estimation
algorithm, as well as other algorithms (e.g, [6], [10], ahd t As discussed in Section Ill.A, based on the estimation of

Virtual Carrier Sensing mechanism in IEEE 802.11) based WPdw;, a node enters one of the following modes: aggressive,

overhearing may not work. restrictive, and normal to compensate for the over or under

First of all, we should note that the transmission ran : : . : .
’ : age in the immediate past. The compensation can be kalize
of RTS/CTS frames is much greater than that of Data/AC sing two different approaches. One is to make the node that

frames since the length of the control frames (RTS/ C.T 3 in the restrictive mode, to defer its transmission urttil i

%hters the normal mode. This is deterministic approach,

the control frames are always transmitted at the IOWe\%ich achieves the desirable fairness, but leads to sufmtan

rate. On the contrary, the sensing range for all the framgépacity degrade as shown in [10]. The other approach is to
s

(RTS/CTS/ Data/ACK_) ShOUId. be the same since the range on ign larger contention windows (CWs) to the nodes that are
depends on the carrier sensing energy threshold. Theyefor n the restrictive mode. This is jprobabilistic approach as a

the threshold is set to an energy level such that the contfg . . ]
frames (RTS/CTS) are always interpretable, and hence F:Aier V\\/I\I/g]f2||L?,;gti;;\é\:);gﬁétilgp%?giﬁte a small back-off

transmission range of the RTS/CTS frames is equal to t.eln the IEEE 802.11, whenever the medium becomes idle
common sensing range. In fact, as clearly shown in [17], IT{S

is true for the emerging standards IEEE 802.11a/h. In suc aaflter a collision or after asuccessfu_l transmission ofekpt),
a nhode may contend for the medium by generating a new

situation, vyhgnever a pa_cket IS transmnted over the med'u@ack—oﬁ timer, or directly using th&fozenback-off timer that
a node within the sensing range will always overhear tthe

RTS/CTS clearly. Therefore, if an algorithm assumes-$R as been generated previously. We first discuss the nodes tha

but only relies on the overhearing of RTS/CTS frames, g{enerf?\te a new back-off tlmgr. This occurs for two .kllnds of
nodes: the nodes who have just experienced a collision, and

can work even when SR is greater than the TR for the Datﬁi

. . o7 . e node who has just transmitteghacketsuccessfully. When
frames. With this observation in mind, we only need to make ) :
. e S a node generates the back-off timer, rather than using the CW
a slight modification in the estimation of actual sharewhen

irectly, we propose that the node should use a scaled value

SR>TR. Specifically, a node should add an invalid ID (e.g., -1@, « CWW, whereS is the scaling factor determined by the

whenever it detects a Data/ACK frame but it cannot interprﬁtode,S mode. Th& can be simply set to unity when the node
the contents of the frameTo cope with the situation that a. ) Py y

node can detect both the Data and ACK frames belonging'?oIn the normal mode. When the node is in the aggressive
) : ~maode,S should be smaller than one. On the other hand, when
a given handshake, the node can start a timer on detectin

a L L
Data frame, and will not add -1’ ID into its historgnother g Rode is in the restrictive mode, tiiesshould be greater than

time if an ACK frame is detected before the timer expireso.ne' Therefore,

Moreover, we can further prevent the wrong inserting of ‘-
1’ ID by maintaining timers when RTS/CTS is overheard. As
we have mentioned before, the estimationwaf at node i ] ] ] .
does not need to know the exact IDs of the senders of tH@wever, theS if defined as above, cannot differentiate
packets transmitted by other nodes. Therefore, the modifidgtween the nodes that have differefegreesof over-use
estimation algorithm for actual share can work well when tHf under-use. Therefore, a node also records the number of
SR is greater than the TR of Data frames. The above discussiGhes that it has been in the aggressive or in the restrictive
also applies to the situation that a collision is detectextesi M0des since th&testoccurrence of the normal mode, which
in this case also the frame contents are not interpretatate Nare represented b¥ogg essive 8N Nrcstrictive, r€Spectively.
that we need not make any modification in the estimation 8f"C€ & node cannot enter aggressive mode from the resricti
n since it only relies on the overhearing of RTS/CTS. mode (and vice-versa) without passing through the normal
In the case that the sensing range is even greater than 1€, Naggressive @A Nyesiricrive @re reset to zero whenever
transmission range of RTS/CTS (e.g., under IEEE 802.11197? node’s mode becomes normal. If a node is in the aggressive
the above modified estimation algorithm for the actual shafiePde, theNa g cssive is incremented by one when aogher
will still work, though the estimation of: may not always node transmits a packet. On the other hand, if a node is in the
be precise. However, with our proposed receiver coorainatirestrictive mode, theéV,.c.;rictive is incremented by one when
mechanism (presented in Section III.E), any ill effects tue the nodeitself transmits a packet. Therefore, the scaling factor

wrong estimation will occur only when both the sender and Should be modified as,
1 normal mode
3In such a situation, the type (Data or ACK) of a frame can betitied

based on the duration for which the medium is busy due to thEstnission S=19 2X Nrestrictive restrictive mode (7)
of the frame. 1/(2 X Naggressive) aggressive mode

1 normal mode
S=4 2 restrictive mode (6)
1/2  aggressive mode



( Transmission history ]Eslimalion

To limit the scaling factor, wheneverN,ggressive (OF
Niestrictive) F€AChEs a maximum value (e.g., 8 in our imple-
mentation), it is not allowed to increase any further. e
Several points should be noted in the above discussion. §|Dmdc b1 |—{ Compare AT
The first one is that Nyggressive and Nyestrictive Will be \\
updatedonly after a successful transmission over the medium, ‘ 3
. .. . |under—usc | | over-use | | normal |
and whenever, there is a collision, they remain unchanged. :
The secondpoint is that in our algorithm, we still keep the
main feature of the Binary Exponential Back-off (BEB) for
its efficiency in resolving collision. For example, as in the
BEB, after a collision, the CWs at the colliding nodes will be ,
doubled, while the CW is reset after a successful transamssi Fig. 5. Overall Process of ATC at the Sender
Thethird point is that we adopt the scaled CW (i.8.x CW)
to achieve fairness, rather thdirectly manipulating the CW. presented in Figure 3, since node A cannot overhear any of
The reason is that the CW gives a good indication of tithe frames exchanged between nodes D and.Gstimated
contention degree; otherwise we will lose the measure af node A is always equal to one. Similarly, at node D
how intense the contention is. For example, consider thatisaalso always equal to one. Therefore, both nodes A and D
node enters the normal mode from restrictive, and thenwiill always operate in thenormal mode, and thus, in this
experiences a collision. If we increase the actual value tfpology, the algorithm proposed thus far will show g@me
the CW when the node is in the restrictive node, then aftperformance as that under the IEEE 802.11.
the collision, the CW will be doubled from a value that is In order to cope with the above problem, we notice that the
larger than what should be to reflect the contention degree. leceiver node C can overhear the ACK frame whenever node A
summary, since aeparatedscaling factor is used to achievetransmits a packet to node B. Therefanggestimated at node C
fairness, the ATC can also resolve collisions in an effectivis equal to two. This is also true for the node B. In light ofthi
manner. we propose thesceiver coordination mechanisiim particular,
. whenever a receiver, based on its own understanding, sotice
D. Early Reset Mechanism that the sender hasver-usedin the previous window, the
Whatever has been discussed only applies to the nodeseiver should try to slow down the sender. This can be
that generate a new back-off timer while contending for thealized through several ways. One method is that the rexceiv
medium. However, if a node already has a non-zero back-@ist conveys its estimated. to the sender. Therefore, the
timer, the scaling facto6 does not have any effect since thesender will have two estimates afand it should choose the
node will not generate a new back-off timer from the< CTW. maximumone, since both the sender and the receiver may
This will lead to a problem if the node is supposed to enter thder-estimate in different scenarios. Using this methad,
aggressivanode. Consider that a node generates a large baaknodes A and D (see Figure 3) is equal to two, which reflects
off timer, and waits for the back-off timer to expire. Duringthe real state of the medium. However, since the transnnissio
the waiting period, due to the freezing mechanism, otheesodhistory at node A willnevercontain node D’s ID, node A will
may transmit more thafn-1) packets, and therefore, the nodalways operate in theestrictive mode. The same is true for
should enter the aggressive mode. However, the back-odirtinD, leading to drastic throughput degrade.
may still be greater than zero and therefore it has to waitAlternatively, to slow down the sender, the receiver can
further, which potentially keeps the mediuidle as other choosenot to respond to the sender’s transmission request,
nodes are in the restrictive mode. or responds to the requebut can piggyback an over-use
To solve the above problem, we introduearly reset notificationin the ACK frame. The pros and cons of these
mechanismin particular, whenever a node is supposed to entevo methods have already been discussed in [10] in a slightly
the aggressive mode from thermalbut it still has a non-zero different context, and we choose the piggyback method to
back-off timer, it should stop the current back-off timexset regulate the sender’s rate. Whenever the sender receives the
the contention window (CW), and then generate a new backatification from the receiver, in addition to the back-off
off timer from theS x CW window. Note that the early resetprocess as defined in the IEEE 802.11, the sender defers
mechanism is not used if the node is already in the aggressiue a certain long time (saylycfer). The Tyeper in OUr

|Aggressive mode| |Restrictive mode| INormal modeli

| Early-reset | | Tuning CW |

mode. implementation is set t@xTime(packef)which is the time
The adaptive transmission control (ATC) algorithm demeeded to send outmacketincluding overheads of RTS, CTS
scribed so far can be summarized by Figure 5. and ACK. Note that the sender should ignore the notification

. o if it is already in the restrictive mode.
E. Receiver Coordination

Now we address the problem for the violation case de- IV. SIMULATION RESULTS

scribed in Section 111.B, where a node can heaither the In this section, we present the simulation results to compar
Data nor the ACK frame. For example, in the topologythe proposed adaptive transmission control (ATC) schertie wi



the IEEE 802.11. The simulations were performed under the T
NS-2 with CMU wireless extensions [5]. All the flows are
single-hop and each of them uses a Constant Bit Rate (CBR)
traffic generating 200 packets per second. Each packet & 100
bytes long, resulting in a traffic source rate of 1.6 Mbps.
The raw bandwidth is set to 2 Mbps, leading tanaximum

—X—ATC-2 & ATC-3
——ATC- 1
—o—| EEE 802. 11

o [S)
® ©

\ :
*‘\‘\

Average Jain's Index
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throughput of about 1.4 Mbps due to the overheads of IEEE 0.6

802.11. The source rate is made greater than the medium ol
capacity to ensure that the contending nodes always have 2 iaifcsslﬁcﬁmﬁmz@;nigw?sacifmfz o
packets to send. The static routing is used. The sensing iang Fig. 6. Fairmess Index in Hidden-terminal Scenario

equal to the transmission range. Mobility, capture and lesi®
errors are not considered in the simulation. The simulationThe long-termfairness can also be reflected by teerage

time is 200 seconds. throughputs, which have been tabulated in Table Il. We eotic
The well-known Jain’s index [11] is used as the maithat, under each of the schemes, the average throughput of th
measure, which is defined as follows: two flows are quite close to each other, which implies that the
Fy = (Zij\il 7))/ (N Zf\; ~2) ®) long-term fairness is achieved in all the schemes. Howdéver,

) ) standard deviatiorof the throughput under different schemes
whereN is the total number of flows who share the wwelesg quite different, implying that different magnitude sfort-
medium, andh; is the fraction of the bandwidth utilized by o faimess has been achieved. In fact, the faimess conveyed

flow i over a certain number Of, paqkets_transmitted, Bay by the averageand thestandard deviatiorhas already been
called fairness measurement windoiw this work. As the  iqo tad by the Jain's index,Fwith varyingw.

computation ofy; depends omv, the value of the Jain’s index While the ATC greatly improves the fairness, from the

Z!SO cllepends OTII’ thrc])ughw ?Oe§ not appear ::vthi) folrmmaaggregate throughputs presented in Table Il, we see that, th
f'FeCt y..Genr(]a_ra ya t ﬁ F Vﬁ ue Lnlcreﬁsets) Wl't ’ Afsp ute throughput degrades by about 10%. This shows the fundamen-
airnessis achieved when =1 while theabsolute unfalmess | ., qgjicy betweenmaximizing capacityand achieving fair-

is achieved when :F,:UN,' As in [11], the index has been ness(see [12]). In particular, under IEEE 802.11, as explained
averagedover all sliding windows ofw packets, which occur in Section 11.B, whenever a node (say node A) gets control

in the S|mular:|or_1 run. i ) hof the medium, it can transmit packets consecutively withou
To study the improvements contributed by various mechgseriencing any collision. On the contrary, under the ATC,

nisms proposed in Section Ill, we divide the ATC into thregj, e the other node (i.e., node C) is in the aggressive mode,
different categories where each has differestentof the i iyl contend with node A, which may lead to collisions
mechanisms as shown 'r]T';rEit)EI? . since the condition presented in equation (2) is difficult to
- c ATC achieve. In fact, in the hidden-terminal topology, to immo
HREE-ATECORIES OF the fairness, the node that has under-used in the recent past

Scheme Mechanisms has to contend aggressively even at the cost of the colfision

ATC-1  |Estimation, Tuning CW However, note that the throughput degradation under ATC is
ATC-2 |ATC-1 plus Early Reset much less than that under the scheme presented in [10], which
ATC-3 |ATC-2 plus Receiver Coordination is typically more than 25%. This shows the advantage of using

the probabilistic approach as discussed in Section III.C. Also
note that the aggregate throughput under ATC-2 is slightly

The Jain’s index for the hidden-terminal topology (of Figurbetter than that under the ATC-1, which is attributed to the
1) is presented in Figure 6. For the IEEE 802.11, wheis early reset mechanism.

A. Hidden-terminal topology

small (e.g., 2), the index is very small (about 0.52) comgare TABLE |l

to the absolute fairness (i.e., unity), Implylng substrghort- THROUGHPUT UNDER HIDDENTERMINAL TOPOLOGY
term unfairness. On the other hand, wheis very large, the Torosghout (noms | ez a0zt | ATG [ATC-2]ATC
index is close to unity (though not shown in the figure due

to the constraint of the figure size), implying the long-term Average 00| 0678 0609 06750615
fairness. Compared to the IEEE 802.11, the ATC-1 greatly CtoB| 0676 |0.604]0.613)0.613
improves the fairness as shown in the figure. The ATC-2, Standard| AtoB| 0.239 |0.057 |0.022|0.022
which incorporates the early reset mechanism, improves the deviation | ¢ 1o | 0.238 |0.058 |0.022|0.022
fairnessfurther. However, in this topology, the ATC-3, which Aggregate 1354 | 1.213 |1.228]1.228

further incorporates the receiver coordination mechanisas ] -
not show any advantage in comparison to the ATC-2. TR High-contention fully-connected topology

reason is that the senders in this topology can get the coenple In this subsection, we present the results for the high-
information about the contending flows, and thus the receiveontention scenario shown in Figure 2. The Jain’s index
coordination mechanism does not play any role. is displayed in Figure 7. Again, the IEEE 802.11 exhibits



substantial short-term unfairness. On the contrary, th€-AT deferring by an EIFS duration, it will defer for a large enbug

1 greatly improves the short-term fairness compared to tharation enabling transmission of the Data frame. We call
IEEE 802.11, and the ATC-2 improvesfitrther. The receiver this as thd_arge-Col-EIFSmechanism. In this subsection, we
coordination mechanism again does not play any role in thpsesent the results assuming that this mechanism is intlude
topology. in all the schemes.

Table 11l shows that the aggregate throughput degradationThe Jain’s index is presented in Figure 8 and the aggregate
under ATC-1 is negligible compared to the IEEE 802.1%hroughput in Table IV. We notice that the aggregate threugh
The ATC-2 even slightly increases the aggregate throughppit in IEEE 802.11 with theLarge-Col-EIFS mechanism
which is again an attribute of the early reset mechanism thgeatly improves. As for the fairness, IEEE 802.11 exhibits
facilitatesdistributed cooperation. substantial short-term unfairness. Moreover, the ATC-#i an

Similar fairness and throughput benefits were observegC-2 do not improve the fairness, which has been discussed
when the number of contending nodes Wasyer than five in Section IIIl.E. On the contrary, the ATC-3, which incorpo-
but the nodes were within the one hop distance. rates the receiver coordination mechanism, greatly imgsov

1T the fairness. However, under the ATC-3, the fairness index
still does not approach to unity even when theis large
(e.g., 50), implying that the unfairness remains. Moreptrex
aggregate throughput degrades by about 25%. The reason is
as follows. Consider that the receiver (say node B) notices

o
©

o
©

—x—ATC-2 & ATG-3

o
<

Average Jain's Index

——ATC 1 that the sender (i.e., node A) has been aggressive in the

0.6 oI EEE 80211 recent past, and thus B piggybacks an over-use notification.
P Upon receiving the notification, node A will defer for a long

5 10 15 20 25 30 35 40 45 50 enough duration enabling the node D to transmit a packet, as

Fairness Measurement Window (packets)

discussed in Section Ill.E. However, since node D is unaware
that node A is gracefully deferring and the CW at node D may
be very large due to its futilely retrying during the prewou
transmission between nodes A and B, the node D may not
Throughput (Mbps)| IEEE802.11 | ATC-1 |ATC-2|ATC-3 recognize this opportunity to transmit its packet. Therefo
Aggregate 1.410 |1.408 |1.416|1.416 the medium is unnecessaigile for a long time, and then
node A may get control of the mediuagain explaining the
C. Four-nodes topology large throughput degrade and the short-term unfairneg4],in
In this subsection, we present the results for the twhe authors introduce the Request RTS (RRTS) frame at the
topologies shown in Figure 3 and Figure 4. receiver to help the sender to identify thentention period
Concealed Information Topology of Figure 3: Under We include this mechanism here. In particular, whenever a
IEEE 802.11, each of the two flows gets only about 0.2%ceiver (e.g., node @verhearshat some other receiver (i.e.,
Mbps, which is much less than the expected 0.7 Mbps. Thede B) has sent out awver-use notificationthe receiver (i.e.,
reason is as follows. Consider the situation that node Asengbde C) should send out a RRTS to #stive sender (i.e.,
out a RTS to node B, and then node B sends back thede D). Upon receiving the RRTS, the sender (i.e., node D)
CTS. As node D is unaware of this CTS, it may send ouill transmit immediately. We call this ATC-4, which extend
a RTS, leading to a collision at node C. A node (e.g., noggrC-3 by including this mechanism. Figure 8 and Table IV
C) that detects a collision will defer for the Extended Intershow that the ATC-4 greatly improves the fairness as well as
Frame Space (EIFS) duration, which is much smaller than thg aggregate throughput compared to the ATC-3. Note that
time needed for the complete transmission of a Data framge have included thearge-Col-EIFSand RRTSmechanisms
Since the RTS/CTS handshaking is successful for the nogigly in the simulations presented this subsection, but not in
A, it will transmit the Data frame. During the transmissiongthers, since the pros and cons of these two mechanisms need
D may initiate its RTS again. If the RTS arrives at node @urther investigation.
after the EIFS deferment is over, C will respond with CTS,
which will collide with the Data frame from node A to B, e XX XX X X
and thus node B will discard the Data frame and defer by
an EIFS. Now, for node D, since the RTS/CTS is successful,
it transmits the Data frame. The Data frame is likely to be
destroyed by node B’s CTS in a similar manner, resulting in
substantial bandwidth wastage. The dual busy tone multiple

Fig. 7. Fairness Index in High-Contention Topology

TABLE IlI
THROUGHPUT IN HIGH-CONTENTION TOPOLOGY

—0— | EEE 802.11 &
ATC- 1 & ATG-2

Average Jain’s |ndex

access (DBTMA) proposed in [7] can solve this problem, but 0.6 mATes
two additional busy-tone channels are required. Howewer, f o5l A
simplicity, here we make a slight modification in the IEEE 2 6 10 14 18 22 26 30 34 38 42 46 50

Fai rness Measurenent W ndow ( packets)

802.11, that is, whenever a node detects a collision, ratiasr ] ) i
Fig. 8. Fairness Index under Topology of Figure 3



TABLE IV
THROUGHPUT UNDER THE TOPOLOGY OFIGURE 3 fairness as ATC-2, since the receiver coordination meshani

does not play angirect role. However, the simulation results
are somewhat different. The reason is that the receiver- coor
dination mechanism of ATC-3 will affect the performance of
Topology of Figure 4: The Jain's index is presented inflow f5, which in turn affects flow §, and thus the ATC-3 in

Figure 9. We notice that the ATCs do not improve the pef1 will provide different fairness in comparison to the ATC-2.
formance very drastically compared to the IEEE 802.11. Tthue to thisinteractionamong different contention ranges, the
reason is that, in this topology, since the two flows can quhteATC-1, -2, and -3 achieve different fairness in all the three
efficiently and the contention is not very high, the IEEE 8d2. ranges.

itself delivers good fairness. The results presented ifeTab ~ The throughput is presented in Table VI. We notice that,

show that the aggregate throughput improves slightly in tieader IEEE 802.11, the flows; fand £ are almost starved,
case of the ATC-2. while the flow f, has a very large throughput (i.e., 1.211

Mbps). This is also indicated by the Jain’s index (see theeur
for IEEE 802.11 in Figure 12), as the index is almost equal to
the absolute unfairnesgalue (i.e., 1/N=1/3=0.33). The reason
is as follows. Flow f can get all the information about its

Throughput (Mbps)| IEEE802.11 | ATC-1 |ATC-2|ATC-3|ATC-4

Aggregate 1.405 | 1.405|1.405(1.030(1.133

14

0,91

Average Jain's |ndex

TXTATC2 & ATC 3 contending flows (i.e.,sfand ) and thus it can contend for
0, 85 T, —t—ATC- 1 . ..
’ —o—1 EEE 802. 11 the medium efficiently. On the contrary, flowsdnd § cannot
0,8] contend efficiently, due to the hidden-terminal problem #ned
B concealed information problem, respectively.
2 6 10 14 18 22 26 30 34 38 42 46 50 0,9
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Fig. 9. Fairness Index under the Topology of Figure 4
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TABLE V
THROUGHPUT UNDER THE TOPOLOGY OFIGURE 4

o
)

—0—| EEE 802.11

0,571
047

Average Jain's |ndex

Throughput (Mbps)| IEEE802.11 [ ATC-1|ATC-2[ATC-3

Aggregate 1.440 | 1.438|1.461(1.461

O s 13 15 23 26 35 3 45 48
D. A Comp|ex topology Fai rness Measurement W ndow (packets)
In this subsection, we consider a complex topology shown Fig. 11. Faimess Index for Common Medium C

in Figure 10, which includes all the scenarios discussea@iso f 0.9
For instance, the nodes 0, 1 and 3 higdenfrom each other. Bost
The nodes 2, 3, 5, and 7 form the topology shown in Figure Sl T T T T T T
4, while the nodes 5, 7, 8, and 10 (as well as nodes 5,7,9 and < /
11; and nodes 8,9,10 and 11) form ttencealed information fo'eﬁ/(-ﬂ_ AT 3
topology shown in Figure 3. gosy o2

E

—0—| EEE 802.11

o
IS

It is clear that the flowsf f; and § are in the same
contention range and thus share a common medium (say C —— ey
Similarly, f3, f4 and § share a common medium (say)C S s Neaer cant Window (paskets)
while f5, fg and £, share another common medium (say).C
Note that the flowssf and § are contending in the two ranges
(Cy and G, and G and G, respectively). Since the fairness
is a measure of how evenly@mmonresource is distributed
among the contenders, we will discuss the ressdfgarately
for the three different mediums.

o
w

Fig. 12. Fairness Index for Common Medium C
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Fig. 10. A Complex Scenario

Fig. 13. Fairness Index for Common Medium C
Figure 11-13 present the Jain’s index for the three differen In comparison to the situation under IEEE 802.11, in all the
mediums. It is easy to see that the ATCs substantially improdTC schemes, these two flows (i.es, &nd £) get a certain
the fairness compared to that under IEEE 802.11. In tlaenount of bandwidth, though it is still small compared tosino
common medium ¢ the ATC-3 isexpectedo show the same of other flows. The question, why the throughputs ofahd



f5 are small even in the ATC-3, can be answered as follonthe MAC layer, to address the unfairness problem due to
The flow f; has to contend witliour other flows (i.e., f, f, the location-dependent errorg¢e.g., [13]) and theocation-
f4, and §) and the flow £ also has to contend witfour other dependent contentiom the multi-hop networks (e.g., [9],
flows (i.e., §, f4, fs, and £). On the contrary, each of the othel{12], and [16]). However, to implement the fair scheduling
flows has to contend with onliyvo flows. Therefore, we argue algorithm, global information and global synchronizatisn
that the distribution of the bandwidth in the ATC-3 is quiteeeded, which is difficult to obtain in the multi-hop wiredes
reasonable in such a complex topology (though whether itasl hoc networks. On the contrary, some other works aim to
reasonable or not depends upon how one defines the fairneashieve fairness at the MAC layer itself. Our work belongs to
Note that the throughputs of ind f; flows are less than thosethis category. Most of the MAC fairness studies are based on
of f; and f, is due to the reason explained in Section IV.C.a distributed CSMA/CA-based MAC protocol, which has two

The aggregate throughput under ATC-3 is about two-thirasain components: collision avoidance (CA) and contention
of that under IEEE 802.11, showing the cost we have to pagsolution (CR). In the literature, papers such as [2] nyainl
for achieving the fairness as this topology involves Wast- focus on the CA part to improve the fairness, while [6], [14],
case contention scenarios (e.g., hidden-terminal, concealadd [15] aim to achieve fairness by replacing the BEB with
information, etc). a new CR algorithm. In contrast, we keep the main feature

TABLE VI of the BEB used in the IEEE 802.11. Also we mainly focus

on the short-term fairness, whereas they mainly consider th
long-term fairness.

The idea of adaptively adjusting the CW based on dynamic
measurements is not new. By tuning the CW, [3] and [4] focus

THROUGHPUT UNDER THE COMPLEX TOPOLOGY

Throughput (Mbps)| EEE802.11 | ATC-1 | ATC-2 [ ATC-3

fi 0.612 | 0.510 | 0.488 | 0.467
f2 0.630 | 0.509 | 0.487 | 0.465

s 0018 | 0.088 | 0.109 | 0.127 on improving capacity, rather than the fairness. To achieve

s 1.211 | 0.391 | 0.287 | 0.335 fairness, [6] follows a similar approach as ours. In patégu

fs 0.000 | 0.076 | 0.070 | 0.145 they also dynamically estimate the sharing of the medium and

:6 8;2: 8;:; 8222 8;23 then tune the CW. Our scheme is different from theirs in many

7 . . . . . .
Aggregate 3051 | 2143 | 2.099 | 2.126 aspects. For example, as they do not estinmt¢he ¢; is

always fixed aD.5 irrespective of the number of active nodes,

which leads to more collisions whem is large. Moreover,
QE [6] the CW isdirectly tuned, and there is nothing similar
S to our proposed early-reset mechanism. More importaritdy, t
yve_also fqund thgt the esnmauon DfCO“YergeS very fast as concealed information problem has not been addressedhwhic
|nd|c.a'Fed " Sechon lIl.B.3. In this Sec"OT" we evalu'duet is common in the multi-hop ad hoc networks, demonstrating
precision of the estimate of when the traffic is dynamically the importance of our receiver-coordination mechanism: An

changing. ;
. . other related work [10] focuses on the topologies wHeng-
Exponential On/Off traffic is used at the nodes. The averagG munfairness exists, and tleterministicapproach has been

”on””t|m”e s 0.3, Wheref_;ls _the average "off" time s 0.7s. _Iﬂsed to implement a FIFO queue among the contending nodes,
the "on” state, CBR traffic is generated as explained ear“%hich results in substantial throughput degrade
The topology depicted in Figure 2 is used. We dynamically '

recordn. andn throughout the simulation time. The interval VI. CONCLUSIONS

between two consecutive samples is 0'095 S which is V€N this paper, we have proposed the adaptive transmission
cI_ose to the time needed for the _transmls_smn of a pac"%ntrol (ATC) algorithm, which is based on the dynamic
Figure 14 preser_lts the r?’S”'ts during a typical du_rat|on of timation of the medium state. The simulation results show
seconds. We notice that is equal ton most of the time. that the ATC greatly improve the fairness without unduly
degrading the capacity utilization. Our ATC is novel in the
sense that it issimple easy to implementfully distributed
adaptive anddoes not require any new control packe®ur
main contributions include(i) identification of general prob-
_______ actual n : lems that lead to short-term unfairness, e.g., hiddenitedm
estimate of n problem, high contention, and concealed information o)l
(i) proposal of a simple but efficient algorithm, which can
dynamically estimate the number attive nodes within the
contention range(iii) proposal of the adaptive transmission
control (ATC) fairness algorithm, which incorporate a suit
V. RELATED WORK of mechanisms, such as tuning CW, early-reset, and receiver
The fairness problem in random wireless MAC protocolsoordination.
was first highlighted in [1]. Recently, several work aim An issue that needs to be pursued in the future is to
to develop a scheduler, which isverlaid on the top of extend the ATC where the fair share is weighted according

E. Verification of Estimation Algorithm

So far, using CBR traffic, we have seen that the AT
substantially improve the fairness. From the simulatiaeés,

Integer Number

20.675 21.675 22.675
Snapshot of 2 Second Interval (second)

Fig. 14. Comparison between Estimate and Actual



to the requirements of applications rather than being equal
and where the packet lengths are not equal.
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