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Abstract

With the growing number of spontaneously deployed WiFi pots and home networks, end-users
often experience significant performance degradation en etarvation. However, we observe that tuning
individual system parameter (channel, Tx power, carrieisegCS) threshold, and transmit rate etc.) is
insufficient and in some cases may lead to starvation. Inpiaper, we develop a comprehensive analytical
model to characterize throughput of individual flows in d289€2.11 wireless community networks. The
proposed model subsumes existing models for 802.11 MAC ikilmop wireless networks by accounting
for heterogeneous transmission power levels and CS tHosshas well as various sources of packet
collisions. Based on the insight from the theoretical asigland simulation results, we propose a simple
identification mechanism that determines the sources ofaitan using local measurements. Both the
theoretical model and identification algorithm are valkhtising ns-2 simulations.
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Abstract

With the growing number of spontaneously deployed WiFi pots and home networks, end-users often
experience significant performance degradation or evevedian. However, we observe that tuning individual system
parameter (channel, Tx power, carrier sense (CS) threshottitransmit rate etc.) is insufficient and in some cases
may lead to starvation. In this paper, we develop a compraheranalytical model to characterize throughput of
individual flows in dense 802.11 wireless community netwgorkhe proposed model subsumes existing models for
802.11 MAC in multihop wireless networks by accounting fatdrogeneous transmission power levels and CS
thresholds, as well as various sources of packet collisiBased on the insight from the theoretical analysis and
simulation results, we propose a simple identification nae@m that determines the sources of starvation using
local measurements. Both the theoretical model and ideatifin algorithm are validated using ns-2 simulations.
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. INTRODUCTION

In recent years, there has been a rapid growth in the depluyofevireless LANs in a wide variety of settings,
such as residential areas, shopping malls, airports, ddiicecampus buildings. In contrast to managed networks
found in office and campus buildings, which are carefullynpkled with optimized base station placement, channel
assignments, power control, association and access t@Bitr¢l5], home networks and community networks are
generally poorly configured and managed. Spontaneous ydeplt of dense 802.11 wireless LANs can cause
substantial performance degradation to end-users. Fanios, Akellaet al. [2] observed that most 802.11 users
employ default, factory-set configurations for key pararesuch as the transmission channel, which can lead to
serious channel contention in dense deployments. Sewsetrwork advocates the need for distributed coordination
among wireless devices by tuning individual system pararset.e., through power control [2], rate adaptation [10],
[22], channel-hopping [18], channel assignment [16], [1&fhd carrier sense (CS) threshold adaptation [20].
However, two challenges remain to be addressed:

« Characterization of the compound effects and stabilitydjfisting multiple system parameters. For example,
what is the proper time scale to adjust power and transmmgsite for time-varying fading channels? When
and how often should carrier sensing threshold be changed?

« Design of localized algorithms using local measuremenisproving per-node and system-wide performance.
Localized solutions are desirable in allowing incremengagirade of WLAN access points (APs) and client
devices.

As an initial step to address these problems, in this paperfoeus on flow starvation scenarios due to poorly
configured system parameters (or possibly as a result oftiisgd coordination mechanisms). In addition to well-
known sources of starvation suchasrier sense starvation andhidden node starvation, we identify a third cause of
starvation, i.e.asymmetric sense starvation, which is likely to be prevalent in dense wireless communiggworks
with heterogeneous transmission power levels and asyntnogiannel conditions.

To characterize the effect of asymmetric sense, we developmgprehensive theoretical model to analyze the
throughput of link-level flows in 802.11 wireless communitgtworks. Our model subsumes existing analytical
models for multihop 802.11 networks, which assumeommon Tx power level, CS threshold and transmit data
rate among all nodes [7], [8], [21]; and thus may be of indejgen interest in its own right. The key of our analysis
is to model the evolution of channel states observed by ac&ypnode as a renewal process. Using second-order
approximation techniques similar to those adopted in [fi§ throughput of individual nodes is determined by
solving a set of fixed-point equations via numerical methddsderiving packet loss probability experienced by



(a) carrier sense starvation (b) hidden node starvation (c) asymmetric sense starvation

Fig. 1: Flow throughput starvation examples. (Circularkdigiive the CS range; dashed lines indicate the carrier
sense relations of two nodes, and the solid directed lines thie link flows with arrows pointing from transmitter
to receiver.)

individual flows, we take into account collisions caused loges within carrier sensing range, hidden nodes as
well as asymmetric sense.

Our proposed model and simulation study reveal that anteféestarvation mitigation solution requires judicious
adjustment of different system parameters based on thenddimy cause of starvation. To accomplish this,
we propose a simple identification mechanism that can daterithe sources of starvation using solely local
measurements. Effectiveness of the proposed algorithralidated through packet-level simulations in ns-2 [1].

Main Contributions: In the paper, we make the following contributions:

« A classification of sources of flow starvation in dense 802virkless community networks.
« A comprehensive model for performance analysis in multiBOg.11 wireless networks with heterogeneous
Tx power levels and CS thresholds.

« A simple starvation identification mechanism that deteesisources of starvation via local measurement.

The rest of the paper is organized as follows. In Section d,discuss three sources of starvation and summarize
existing solutions. The physical layer models and notatiare introduced in Section Ill. In Section IV, we derive
the throughput of individual link flow using the renewal timpgoThe analytical results are validated in Section V.
A starvation identification algorithm is proposed and ea#dd in Section VI, and finally we conclude the paper in
Section VII.

Il. MOTIVATION AND RELATED WORK

Nodes in dense wireless community networks may suffer fimemisive contention from neighboring transmitters.
As a result, some flows may be starved and refrained from riressgons for a prolonged period of time. MAC
layer starvation has serious implication to the perforneaoloserved by end-users when interacting with TCP-like
congestion control protocols or QoS-sensitive streamppieations. We have identified three types of starvation:

o Carrier sense (CS) starvation results in low transmission opportunities due to the innattairness of the
IEEE 802.11 DCF protocol. As shown in Fig. 1(a), there areeahparallel flows where node 2 can sense both
node 1 and 3. Node 1 and 3 cannot sense each other. The traimsmisf nodes 1 and 3 can overlap for a
prolonged time. As a result, node 2 almost always finds a bbayrel and freezes its back-off counter.

« Hidden node starvation arises when there are concurrent transmitters outsideathi@icsensing range of a
transmitter node but within the interference range of itseieéer node. In Fig. 1(b), node 2 cannot sense the
transmissions of node 1, but it can interfere with its reeeivodel’. As a result, packets sent by node 1 will
be lost at nodd’, and flow 14’ is starved. It should be noted that if node 1 and 2 are hiddelesiovith
respect to each other, then both flows can still contend thara fairly and no single one is starved.

« Asymmetric sense starvation is caused by heterogeneous transmission power levels, r€shtilds or asym-
metric channel conditions among pairs of transmitter nolteBig. 1(c), hode 1 cannot sense node 2, but node
2 can sense node 1. As a result, transmissions from node lotiate avith node 1's ongoing transmissions due
to hidden node. Furthermore, node 1 always finds the chaari® idle and can access the channel whenever
it has packet to send, while node 2 has to freeze its backeafifiter when it detects node 1's transmissions.
Therefore, asymmetric sense starvation is a combinatidridafen node and carrier sense starvation.

Note that we cannot distinguish between asymmetric sendeaatombination of hidden node and carrier sense starvatosed by
different nodes without detailed packet traces.



Existing work: Several studies show that the flow starvation can be mitighietuning the system parameters
individually (e.g., channel, Tx power, CS threshold, anddBta rate etc.) of the wireless devices. For example, in
[8], Garettoet al. investigate the starvation problem in multihop wirelessmoeks and propose a centralized rate-
limiting policy. In [14], Mhatreet al. investigate the problem of tuning the transmit power to gaité interference

in high density 802.11 WLANS. In [19], a multi-channel comration protocol is proposed to address the starvation
problem.

The idea of tuning the transmit power and CSMA parametershbieasn explored for improving the network
performance for both wireless LANs and multihop networks[2], Akella et al. propose power control and rate
selection algorithms and their results shown significamelfies can be gained from these algorithms. In [20], Vasan
et al. propose the ECHOS algorithm that aims to improve the capa€i802.11 hotspots by dynamically adjusting
the CS threshold. In [23], Yang and Vaidya study the impagbtofsical carrier sense on spatial reuse in multihop
wireless networks. In [11], Kinet al. show that network capacity depends only on the ratio of Txgyoand CS
threshold, and propose an algorithm to adjust the Tx powdrdata rate based on perceived SINR at the sender
side. Zhai and Yang [24] propose a spatial reuse optimizaution for multihop, multi-rate wireless networks.
They consider variable transmission distances, differecgiver sensitivities and multihop forwarding effectsn L
and Hou [12] consider the MAC layer behavior of IEEE 802.11FD&hd derive the network capacity based on
Cali's model [5].

[11. M ODELS AND NOTATIONS

We consider a dense 802.11 wireless community network wahynAPs and client stations distributed in close
proximity. The network is operated imfrastructure mode. Thus, all transmissions are either initiated from client
stations to the associated ABplink transmissions), or from APs to the client statiodswnlink transmissions).
We assume that the basic mode of IEEE 802.11 distributeddowied function (DCF) protocol is used. In this
mode, a node needs to detect the channel before it can ttaagacket, which is known gshysical carrier sense.

If the channel is free for a specific time, it can continue tla@$mission, otherwise it has to defer the transmission
and enter a back-off procedure. After the back-off procedsiffinished, the same carrier sense process is repeated
until it sends out the packet. We do not model the exchangeT&&TS messages before packet transmissions,
however, our analysis can be easily extended to this case.

Let P, and P, denote the Tx power at a sender and the received signal gtranghe receiver respectively.
Their relation can be characterized by the path-loss radipggation model a8, = Gﬁm, whered is the constant
antenna gainy is the distance between the sender and the receiverd amthe path loss exponent that typically
ranges from 2 to 4.

According to 802.11 DCF protocol, if the sensed signal légeabove the CS threshold.;, the medium is
assumed to be busy and the node should defer its transmissiod(i) denote the set of nodes that nodwill
sense the medium to be busy if any one of these nodes is triingmiVe have

C(i) = > Tes(7),V, 1

() = {3720 > 70 @
Suppose all nodes adopt the same Tx power and CS threshalthoifle; can sense the transmission of ngde

then nodej also can sense nodeif it is transmitting, we referred this asymmetric sense. The set ofsymmetric

sense nodes of a node is a subset of its carrier sense nodes as
SC(i) ={jli € C(j),Vj € C(i) } multiple (2)
On the other hand, if heterogeneous Tx power or CS threshelcda@opted by different nodes due to power

control or CS adaptation algorithms, a node pair may resyemetric sense that only one of them can hear from
the other. We define the set afymmetric sense nodes as a subset of its carrier sense nodes as

AC(i) = {jli ¢ C(4),Vj € C(i) } ©)
A policy that requiresAC(i) = () Vi is termedsymmetric sense policy.
Let H (i) denote the set of hidden nodes who cannot sense the traismigsiode:, but they can interfere the

receiver node’. Thus, if the transmission from hidden nodes overlaps withttansmission of nodg it will lead
to collision at the receivei’. That is
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t\r/]vhereﬂki? the required signal to interference ration (SIR) thrédisoich that the receivef can correctly decode
e packet.

Nodes within carrier sensing range may be synchronizeirstnission attempts at the same time slot boundaries.
We denote the set afoordinated nodes CO(i) of nodei as the nodes that both sendeand receiver’ are in their

transmission ranges. That is ‘ o o o
CO(z):{] ‘]EC(Z),] GC(z),VJ} (5)

IV. THROUGHPUTANALYSIS

Several models have been developed to analyze link levelgfput in multihop wireless networks in the
literature [7], [8]. However, all the models assume a commianpower level and CS threshold at all nodes.
Furthermore, they often ignore collisions among nodesiwitlrrier sensing range and treat their transmissions as
non-overlapping. Both assumptions are not valid in densenconity networks. Our model also differs from [7] in
that our goal is to compute the throughput of each node in #teark, which is not known a prior and has to be
computed iteratively by solving a set of fixed point equagion

From the perspective of an individual nodethe channel can be in three different statessdi}-channel when
the channel is occupied by the transmission of nodself; (ii) busy-channel when the channel is occupied by the
transmissions of other nodes; (iidle-channel when the channel is not used by any node. Lgt; andz; denote
the probabilities that the channel is seen in these threesshy node, then the throughpu$; of node: is given
by

T
&:%xu—mxmx% (6)

wherep; is the conditional loss probability?; is the data transmission ratg, is the transmission time of the data
payload, and’ = Ty + 11 + DIFS + SIFS + ACK is the overall transmission time for a packet including PHY
and MAC header, data payload and ACK, as well as DIFS and SNWeSassume thaR; is fixed for each node,
and7Ty andT are known a prior, so it is sufficient to obtain the throughipyideriving the transmission probability
x; and loss probabilityp;. In this section, we first derive the transmission probgb#ind loss probability, then
discuss the procedure that iteratively computes these tvamtdgies and obtain the throughput using (6).

A. Transmission Probability

We assume that the channel state observed by a hode be described by a renewal process, where a renewal
period is defined as the time interval between two consetrtansmissions from nodeas shown in Fig. 2, which
is also referred to as the virtual transmission time, gnid the average length of the renewal period.



Each renewal period consists of idle periods, multiple bpsyiods due to the transmissions of other nodes,
and ends with the transmission by node_et X;,Y;, Z;, denote, respectively, theelf-channel, busy-channel and
idle-channel times in a renewal period. Clearly, = | X;| + |Y;| + | Z;|. Since there is only one transmission from
nodei in each renewal period, we hav&;| = T. For idle period, as seen from Fig 2, nodevill defer the
backoff procedure as soon as the channel is busy, and retenpedcess when the channel is free. We assume that
nodes attempt to transmit in an idle slot following indepemcBernoulli distribution with probability;. Therefore,
|Z;| = 1/7;, wherer; is the attempt probability in an idle slot, which is a functiof packet loss probability; as
derived in [4]. 2(1 — 2p)

T— 20 (W + D) + paWol1 — 20)") 0
where W, is the minimum contention window size ad is the maximum number of backoff stages, that is, the
maximum contention window size is equal 28 W,.

Using the regenerative property of the renewal processtrémsmission probability, busy probability and idle
probability are given by

T =

. RO T
ti X+ Y+ | Zi]
-y |Yi|
vi ti X+ il + | Zi]
A 1/

Za = =
' ti Xl + Vil + [ Zi]

Therefore, the transmission probability can be expressed as a function of the idle probabilitgs
v, =z X1 X T (8)
Sincez; =1 — z; — y;, from (8) we have
vi=01—z—y)x1 xT 9
To find x; from Eqg. (9), we need to derive the busy probabiljty Note that thebusy-channel time Y; seen by
node: is the union of the transmission times of nadke neighboring nodes, that is,

vil=1 U Xl= > 1X50— Y X[ )Xal (10)

JEAC(i) JEAC(i) m,n€AC(i)

where the union of the transmission time is decomposed ukmgnclusion-exclusion principle and approximated

by the second-order intersection of transmission times.

The intersection of the transmission time of any two nodeandn depends on their topological relations. In
the following, we derive this value by considering two sa@rs (i) nodesm andn have no common neighbors,
(i) nodesm andn cannot hear each other, but they have common neighbors.

If nodesm andn have no common neighbors, there are three possible caséswas 5 Fig. 3:

(1) Nodesm andn cannot sense each other, thatsns,¢ C(n) andn ¢ C(m), we assume their transmission
times can overlap arbitrarily. Consider a specific transiais from noden with duration?’, since node: can
start transmission at any point during this interval, theested overlapping length of their transmission time
is (1 — (1 — z,7)7) * T/2, wherez,7, is the attempt probability per time slot. Similarly, if nodestarts
transmission first, the expected overlapping length duaingansmission i$1 — (1 — z,,7,,)") * T'/2. Since the
number of transmissions from node andn~ in a renewal period argx,,, /T andt;z, /T respectively, we can
obtain the intersection of transmission time of nodesndn as

X () Xnl = tizm(1— (1= zam)7) /2
+ tixn (1 — (1= zpmn)T) /2 (12)
(2) Nodesm andn havesymmetric sense, that is,m € C(n) andn € C(m), so they can sense the transmission
of each other. We consider two scenarios: (i) nodesand n are coordinated nodes, so their transmissions
may overlap if they attempt to transmit at the same time $i6thout loss of generality, suppose that node

attempts at the same time as nade then the expected overlapping lengthzjg,, 7", which is equal taz,,.
Given that on average there dfe,, /T transmissions from node, the overall intersection of their transmission
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times is given byt;x,,,z,,/T. (i) nodem andn are not coordinated nodes, we assume that their transmsssio
are not synchronized, the intersection of their transmissime is zero. In summary, the intersection of the
transmission times in these two cases is
tizmzy /T, if meCO(n)
| Xom () Xl = andn € CO(m) (12)
0, otherwise.

(3) Nodesm andn haveasymmetric sense. Without loss of generality, we assume € AS(n) andn ¢ AS(m)
as shown in Fig 3(c). In this case, their transmission timas averlap only if node: transmits first, and
nodem starts transmission during this interval since it cannosseghe transmission of node Following the
derivation of first case, we have

| Xon () Xl = tizn(1 = (1 = 2007m) ") /2 (13)

If node m andn cannot sense each other, but they have a common neigh@dreir relations with nodé can
be either symmetric sense or asymmetric sense, therefere #ne five possible scenarios as shown in Fig. 4:

(1) Both nodem and n have symmetric sense with nodé:, we assume that they cannot transmit during the
transmission time of nodg, so the “sample space” within whiclh andn may overlap ist; — | Xj|.

(2) Nodem and k have symmetric sense, buthas asymmetric sense with node(i.e, k € AS(n)), then the
amount of time that transmissions from nadenay overlap with noden is given by(|X,,| — | X () X,|), and
the “sample space” within which. andn may overlap ist; — | Xx|.

(3) Nodem and k have asymmetric sense, butand k has symmetric sense (i, AS(k) andk € SC(n)).
Similar to the previous scenario, the amount of time thaigmaissions from node: may overlap with node
m is (| Xm| — | Xim N Xk|), and the “sample space” within whieh andn may overlap ist; — | Xj|.

(4) Bothm andn have asymmetric sense with(i.e., m € AS(k),k € AS(n)), then the amount of transmission
time of nodem that may overlap with that of nodeis (| X,,| — | X,. ) X%|), and the amount of transmission
time of noden that may overlap with that of node is (| X,,| — | X () X»|). The “sample space” within which
m andn may overlap ist; — | Xx|.

(5) Bothm andn have asymmetric sensing witlfk € AS(m), k € AS(n)), similar to previous cases, the amounts
of transmission time of node: and noden that may overlap with each other afeX,,| — | X, () X,»|) and
(IXn| — | Xk () Xn|) respectively, and the “sample space” within whighandn may overlap ist; — | Xj|.

In summary, the intersection of the transmission times afesan andn in these five scenarios can be expressed
as
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B. Packet Loss Praobability
The transmission of nodécan fail due to the concurrent transmissions from neighgoriodes. We identify

three events that will lead to packet loss: (i) collisionvibietn coordinated nodes; (ii) collision due to hidden nodes,
and (iii) collision due to asymmetric sense. lzggt denote the loss probability due to the collision by néd¢hen
the overall packet loss probability on link,i') can be expressed as

pi)=1— JI =pa) T] C=pa) [] (1—pur) (15)

keCO(i) keH(i) ke AS(i)

Coordinated Node Collision: Suppose that node is a coordinated node of nodethen the collision between
them occurs if and only if nodé detects the channel to be free and attempts to transmit atatine time slot as
nodei. Therefore, the probability of collision caused by nddé equal to its attempt probability in an idle slot,
that iS,pik = Tk-

(a) (b)
Fig. 5: Hidden node collision scenarios

Hidden Node Callision: We consider two hidden node scenarios as shown in Fig. 5:

(a) Nodek is a hidden node of node and node’ is within the interfering range of nodeas shown in Fig. 5(a). In
this case, the collision will occur at nodef node & starts its transmission before nodand their transmissions
overlap with each other, or it starts its transmission duthre transmission of node Therefore, the maximum
possible overlapping length is twice of the payload traission time, or27;. Consequently, the collision
probability is the probability that node makes an attempts in this interval, that is

pir =1— (1 — z7)*" (16)

(b) Nodek is a hidden node of linki,i'), and the receivei is outside the interfering range of nodeébut within
that of nodek’ as shown in Fig. 5(b). In this case, the collision will occirn@des’ if node k starts its
transmission before nodeand the ACK sent by node collides with the data at nodé However, since data
transmission from nodé is subject to collisions caused by other nodes, nidwill not send an ACK if it
fails to receive the packet. As a result, the effective pbilig of node &’ sending ACK is onlyzy 7 (1 —p(k)).
Since the possible overlapping length of their transmissimes is7}, the collision probability is given by

Pik = 1-— [1 — Zka(l — p(k))]Tl (17)

Asymmetric Sense Collision: There are two possible scenarios where asymmetric senséeazyo collision as

shown in Fig. 6:

(a) Nodesi andk have asymmetric sense as shown in Fig.6(a), and kocknnot hear the transmission fram
In this case, nodé may start its transmission during the transmission of nigdehich will lead to collision
at nodei when the ACK is sent back from nodé The possible overlapping time & . We then have

pir=1— (1 — z)" (18)



(a) (b)
Fig. 6: Asymmetric sense collision scenarios

(b) Nodesi andk have asymmetric sense as shown in Fig.6(b), and n@@@&not sense the transmission frém
but its receiver’ is within the interfering range of node In this case, nodé may start transmission during
the transmission of node, since receivet’ is interfered by the transmission from nokecollision will occur.
The possible overlapping time duration is alBg so the collision probability is

pir=1—(1—zm)" (19)

C. Throughput Computation

With the transmission probabilities’s, by substituting them in (10) and (15), we can obtain thgylprobabilities
y;S and packet loss probabilitiegs, from which we can derive the attempt probabilitie’s using (7). Plugging
;S andr;s in (9), we can obtain new set of transmit probabilities. This process can be repeated iteratively
as that used in [4] and [7] for single-cell and multihop 8@2rietworks. Finally, we can obtain the transmission
probabilitiesz;s and loss probabilitieg;s, and compute the through of all flows using (6).

V. SIMULATION AND MODEL VALIDATION

In this section, we validate the analytical model using nsiBulation. All the flows in the simulation are
assumed to be saturated sending UDP packet at the maximunratat(i.e., 11Mbps). The parameters used in
the simulations are listed in Table I. Some insights are disavn on the effect of adjusting individual system
parameters. To %uan}ify the starvation problem in theseetlsettings, we adopt the fairness index as introduced
in[9],ie., F= (nz—ss)z whereS; is the throughput ofth flow. F' is a value between 0 and 1, and the maximum
value of 1 is achieved if alh flows receive equal throughput.

TABLE |: Parameters Setting for Simulation

| Parameter | Value |
Propagation model| TwoRayGround
Packet size 1500 bytes
ACK size 44 bytes
UDP header 20 bytes
MAC header 28 bytes
PHY header 24 bytes
BasicRate 1 Mbps
DataRate 11 Mbps
Slot time 20 us
SIFS/DIFS/EIFS 10/50/363 us
(CWinin, CWinaz) | (31, 1023)
Retry limit 7

A. Random topology

In this section, we compare the analytical and simulatisults on a random network with 15 links randomly
distributed over a000m x 1000m square, and the link distances are drawn randomly in [0, &@¢r. We consider
three different settings for Tx power and CS threshold taesgnt for typical power control schemes:

o Common Tx Power and CS threshold: transmission range and CS range are set equal to 200m amd 400

respectively for all nodes.



[ ns-2 (F = 0.60, avgThput = 2.83Mbps) [ ns-2 (F = 0.73, avgThput = 3.68Mbps)

I ns-2 (F = 0.60, avgThput = 2.52Mbps)
I mode! (F = 0.63, avgThput = 2.66Mbps)

[ model (F = 0.61, avgThput = 2.50Mbps) I model (F = 0.73, avgThput = 3.72Mbps)

o o~
o o~
o o~

=
=
=

Throughput(Mbps)
Throughput(Mbps)
Throughput(Mbps)

o kN w
o kN w
o kN ow

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Flows Flows Flows

(@) Common Tx power (b) Heterogeneous Tx power (c) Symmetric Tx power

Fig. 7: Flow throughput in a random network

« Heterogeneous Tx Power and CSthreshold: transmission range are set equal to the link distance, &ch@ge
is set equal to twice of the link distance.

o Symmetric Tx Power and CS threshold: transmission range are set equal to the link distance, &th@shold
is set to a value such that the product of Tx power and CS thlésh kept constant and equal to that in
the common power case. It is proved in [14] that this condioffices to remove asymmetric links in the
network under symmetric channel models.

Fig. 7 compares the analytical and simulation results unierthree settings in the random network. From
Fig. 7, we can see that the analytical results generally Ime#ell with the simulation results, and the fairness
index computed by our model is very close to that obtainethftbe simulation. As shown in Fig. 7(a), for the
common Tx power setting, five flows are close to starvationtduehannel contention and hidden node problems.
The starvation problem is partially alleviated by adjugtthe Tx power proportional to the link distance as shown
in Fig. 7(b). However, some flows still experience low thrbpgt since the Tx power and CS threshold setting
in this case is insufficient to remove the hidden node problearthermore, heterogeneous Tx power also leads
to asymmetric sense collisions to some nodes. In the thittthgeby adjusting the Tx power while maintaining
the product with the CS threshold of all nodes, asymmetnkslican be avoided in the network. The starvation
problem is alleviated compared with previous two settingsslhown in Fig. 7(c). However, this solution cannot
entirely solve the starvation problem as demonstratederidw throughput of flow 4 and 11. From the perspective
of the fairness index, we can see that the first setting is thiestwvhere the fairness index is around 0.6, and the
third setting can improve the fairness index to around 0.7.

B. Grid Topology

-2 (F = 0.74, avgThput = 3.90Mbps)

s-2 (F = 0.68, avgThput = 4.03Mbps) =
[ mode! (F = 0.69, avgThput = 3.99Mbps)

s-2 (F = 0.50, avgThput = 2.85Mbps) =
I mode! (F = 0.69, avgThput = 3.99Mbps)

[
[ mode! (F = 0.53, avgThput = 2.70Mbps)

Throughput(Mbps)
Throughput(Mbps)
e S
Throughput(Mbps)

2 oo~

R R S - S

o kN w

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Flows Flows Flows

(@) Common Tx power (b) Heterogeneous Tx power (c) Symmetric Tx power
Fig. 8: Flow throughput in a grid network

We also design a grid topology as shown in Fig. 9, where evanystnitter node is a hidden node to its left
neighbor flow, while the outer flows on each column may causestaation to the middle flow on the same
column. Fig. 8 compares the analytical and simulation teswhder the three settings in the grid network. With
common transmission power, flow 8 suffers from carrier sestaevation; flow 1, 3, 9 and 11 suffer from hidden
node starvation; and flow 6 experiences both types of siarvaaused by flow 7, flow 10 and 2. The last case
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is similar to asymmetric starvation with the differenceatthidden node and carrier sense starvation are induced
by different flows. The results for heterogeneous Tx power symmetric Tx power schemes are similar. In both
cases, all transmitters use a common but minimum power thréee respective receiver nodes. This effectively
eliminates the hidden node problem as a transmission waatld¢ause interference to its left-hand neighbor flow.
However, carrier sensing starvation still exists as evifiem Fig. 8(b)-(c), where flow 5 — 8 are all starved. Again,
the theoretical model we develop gives very consistentltiesu both throughput achieved by individual flows as
well as fairness indices.

VI. STARVATION IDENTIFICATION

The proposed model and simulation study in the previousaseceveal that an effective starvation mitigation
solution involves judicious adjustment of different systparameters based on the dominating source of starvation.
In dense wireless community networks, it is often difficultiofeasible to obtain information regarding the set
of contending stations and their respective throughputlassl probability. A key challenge is thus how to infer
the possible causes of starvation uslegal information in a robust manner. This is particularly diflicas a
node cannot determine which nodes collide with it in evenpatket losses. In [6], [13], MAC-layer behaviors
are analyzed by deploying distributed sniffer nodes. Dedapacket level traces can be obtained and combined if
the sniffer nodes are well synchronized. We do not assumigahiltly of densely placed sniffers, nor additional
communication between nodes.

Consider a link flow that suffers from a low throughput. Untiex normal protocol behavior, it can be attributed
to several reasons (or a combination of them), namely, §temce of hidden nodes, ii) existence of multiple “mice”
flows on coordinated nodes (i.e., in a single hop network)ignexistence of a small number of “elephant” flows
(as in the case of the carrier sensing starvation). The tigeaf the starvation identification algorithm is to idemti
the dominating cause among the three.

The design of the proposed starvation identification athoriis motivated by the following observations:

« In carrier sense starvation, a flow has little transmission opportunity but can still éavigh packet delivery

ratio once it obtains the channel.

« In hidden node starvation, a flow may suffer from high packet loss in each attempt.

« When a node contends with a large number of coordinated nadegair manner, the number of contention
station can be determined from the measured loss prolyahilid throughput.

o In asymmetric sense starvation, the primary cause of starvation is hidden node starvatidrich leads to
high loss probability and the secondary is the carrier sgnstarvation, which results in low transmission
opportunities.

Let p; and S; be the observed loss probability and throughput of nadé/e define ahypothetical collision
probability p/7 of nodei as the collision probability when a node gets a fair shardefdhannel when contending
with n — 1 coordinated nodes. Under this hypothesis, the transmigsiobability of node is given by:

ri=01—z —y)nT~|[1—2;,— (n— D] T (20)

The second equality is obtained by approximating the buskatnility ¢; with the sum of transmission probabilities
from other contending nodes assuming all nodes have the sansmission probability. Solving this equation for
n, and substituting:; with .S; from Eqg. (6), we have
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Consequently, the hypothetical collision probabilityjé = 1 — (1—7;,)"~1, wherer; is a function ofp; given by
Eqg. (7). By comparing the hypothetical collision probaiilvith the measured loss probability, we can distinguish
starvation due to carrier sensing and hidden nodes.

The asymmetric sense starvation cannot be distinguished fridden node starvation based on packet loss
probabilities since both can potentially lead to high pad&sses. However, we observe that nodes can sense the
transmission of its asymmetric sense neighbors, but caserge the transmissions of hidden nodes. As a result,
the perceived busy time should be higher if the node has amrasjric sense neighbor other than a hidden node.
Suppose that nodehas a hidden/asymmetric sense naddefine thehypothetical Tx probability 2/ to be the
Tx probability of nodek. Combining Eq. (18) and, = 2,7 T, we have

e =T x (1—(1—p)/") (22)

The busy probabilityy; of nodei, can be derived from its throughpS§t and loss probabilityy; using Eq. (6)
and (8) as
SxT

Yi = 1_(1—pi)><Ri><T1(1+1/TiT) (23)

Finally, by comparing the hypothetical Tx probability’ with y;, we can distinguish starvation due to asymmetric
sense from hidden nodes.

Toward this end, we propose a simple identification mecimamisAlgorithm 1, wherex and 8 are two system
parameters.

Algorithm 1 Starvation identification algorithm

1: Given a starved flow,

2 if pf < p; x a or p; > 0.5 then

3: Hidden node starvation detected;
4: if 2fl <y,/p then

5 Asymmetric sense starvation detected;
6: endif
7
8

s dseif pff > p;/a then
Carrier sensing starvation detected;
9: ese
10:  Contention due to coordinated nodes;
11: end if

To validate this scheme, we have conducted extensive diimngain ns-2. Due to space limit, only a subset
of results are presented. In all experiments, each flow Hastely backlogged packets. The loss probability and
throughput of each flow are measured from the simulation;adinelr quantities are derived from the above equations.

Grid topology: We examine the grid network discussed in Section V-B for tammon Tx power case. Recall
that in the grid network, flow 8 suffers from carrier sensengttion; flow 1, 3, 9 and 11 suffer from hidden
node starvation; and flow 6 experiences both types of stanafig. 10 gives loss probability and hypothetical
collision probability for all link flows. From the top graplive can see that the hypothetical loss probability of
flow 8 is much higher than its loss probability, so it is idéietl as carrier sense starvation. Flows 1, 3, 9 and 11
experiences higher loss probabilities than hypothetioliston probability; flow 6 has a loss probability greater
than 0.5. Therefore, they are identified as hidden nodeadtanv In addition, from the bottom graph, flow 6 has
higher busy probability compared with?, therefore it is further classified as suffering from bottidén node and
carrier sensing starvation.

Random topology: In this set of experiments, we conduct simulation runs of &¥domly generated networks
consisting of 15 node pairs. A transmitter sets the minimaigmission power needed reach its receiver node. The
measured and inferred metrics of starved flows (with lesa thh&Mbps throughput) are plotted in Fig. 11 and
Fig. 12. We manually check the topologies to determine tloeignl truth. For comparison, also depicted in Fig. 11
are results from a single hop network consisting of only dowted nodes with links ranging from 5 to 15.
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From Fig. 11, we see that most flows suffering from hidden rsidevation concentrate at the upper left corner,
flows with carrier sensing starvation stay at the lower sectvhereas flows contending with many coordinate flows
are in the middle. By setting = 1.5, one can distinguish with high probability three cases. flaly the effect of
a, we list in Table Il the correct and miss identification prbiliies by categories. We can see that the best value
of o is around 1.5 — 2.0, where high correct identification and foiss classification can be achieved.

TABLE IlI: Setting of parametera(“C"- coordinated nodes, “S’—carrier sense starvation;—Hhidden node
starvation)

Correct Miss Prob.

Prob.

C

S

H

C-S

CH

S-C

SH

H-C

C-S

1.0
15
2.0
25

0.00
0.74
0.95
0.96

0.99
0.96
0.88
0.78

0.98
0.98
0.97
0.95

0.22
0.03
0.01
0.00

0.78
0.24
0.04
0.04

0.00
0.02
0.11
0.21

0.01
0.01
0.01
0.01

0.00
0.01
0.02
0.05

0.02
0.01
0.01
0.00

Fig. 12 plots the busy probability and” of flows that are classified as hidden node starvation in Fig.\ite
further classify them as asymmetric sense starvation agdlae hidden node starvation by settimg= 1. As
expected, the busy probabilities of links with only hiddesda starvation are normally lower than the hypothetical
Tx probabilities, while the links experiencing asymmes@nse starvation have higher busy probabilities. Theteffec
of 8 is summarized in Table Ill. We can see the the best valué isf around 0.8 — 1.0.

TABLE IlI: Setting of parameted (“H"-hidden node starvation, “A'—asymmetric sense stéorg “H/A’- both)

Correct Miss Prob.
p Prob.
H A H-H/A | H-A | A-H/A | A-H
0.8 1.00| 0.87 0.00 | 0.00| 0.00 | 0.13
1.0 | 0.96 | 0.60 0.00 | 0.04| 0.00 | 0.40
15| 0.89 | 0.28 0.11 | 0.00| 0.64 | 0.08
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Fig. 11: Loss probability vs. collision probability of stad flows in 50 randomly generated networks. Diagonal
straight lines correspond @ = 1.5, the horizontal line fop = 0.5

VIlI. CONCLUSIONS

In this paper, we have developed models to analyze the theavithroughput of nodes in high density 802.11
wireless community networks. We have shown that our modekcarectly predict the flow throughput and analyze
the root causes of the starvation problem. Based on thehinfigm theoretical analysis and simulation results,
we design a simple identification mitigation algorithm thailizes local measurement and theoretical inference.
Simulation results demonstrate the effectiveness of tbeqsed algorithm.
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