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ABSTRACT

The IEEE 802.11 wireless media accessstandard supports

multiple data rates at the physical layer. Moreover, vari-

ous auto rate adaptation mechanisms at the medium access
layer have been proposedto utilize this multi-rate capabil-

ity by automatically adapting the transmission rate to best
match the channel conditions. In this paper, we intro duce
the Opportunistic Auto Rate (OAR) protocol to better ex-
ploit durations of high-qualit y channels conditions. The key
mechanism of the OAR proto col is to opportunistically send
multiple back-to-back data packets whenewer the channel
quality is good. As channel coherencetimes typically exceed
multiple packet transmission times for both mobile and non-
mobile users, OAR achievessigni cant throughput gains as
compared to state-of-the-art auto-rate adaptation mecha-
nisms. Moreover, over longer time scales,OAR ensuresthat

all nodesare granted channel accesdor the sametime-shares
as achieved by single-rate IEEE 802.11. We describe mech-
anisms to implement OAR on top of any existing auto-rate

adaptation schemein a nearly IEEE 802.11compliant man-
ner. We also analytically study OAR and characterize the
gains in throughput asa function of the channel conditions.

Finally, we perform an extensive set of ns-2 simulations to

study the impact of such factors as node velocity, channel
conditions, and topology on the throughput of OAR.
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1. INTRODUCTION

The IEEE 802.11a and 802.11b media accessproto cols
provide a physical-layer multi-rate capability [13]. With the
original IEEE 802.11 protocol, all transmission takes place
at a single base rate, typically 2 Mbps. With the multi-
rate enhancemer, transmission can take place at a number
of rates according to channel conditions. Higher data rates
than the baserate are possible when the signal-to-noise ra-
tio (SNR) is sucien tly high such that channel-resiliency
demands of error correcting codes and modulation schemes
can be relaxed. Consequerly, with IEEE 802.11athe set of
possible data rates is 6, 9, 12, 18, ..., 54 Mbps whereas for
IEEE 802.11bthe set of possible data rates is 1, 2, 5.5, and
11 Mbps.

As the multi-rate IEEE 802.11 enhancemerns are phys-
ical layer protocols, MAC mechanisms are required to ex-
ploit this capability. The Auto Rate Fallback (ARF) proto-
col [6] was the rst commercial implementation of a MAC
that utilizes this feature. With ARF, sendersattempt to
use higher transmission rates after consecutive transmission
successegwhich indicate high channel quality) and revert
to lower rates after failures. Under most channel condi-
tions, ARF provides a performance gain over pure single-
rate IEEE 802.11.

In [4], a protocol termed Receiver Based Auto Rate
(RBAR) is proposed. The coreidea of RBAR is for receivers
to measure the channel quality using physical-layer analy-
sis of the request-to-send (RTS) message. Receivers then
set the transmission rate for eact packet according to the
highest feasible value allowed by the channel conditions. As
the RTS messageis sert shortly before data transmission,
the estimation of the channel condition is quite accurate, so
that RBAR yields signi cant throughput gains ascompared
to ARF (as well as compared to single-rate IEEE 802.11).
Moreover, as request- and clear-to-send messagesre neces-
sarily sert at the baserate so that all nodes can overhear
them, overhearing nodes are informed of the modi ed data-
transmission times so that they can set their backo timers
accordingly.

In practice, the channel quality of wireless hosts can vary
signi cantly, both for mobile and stationary nodes [16]. In
particular, a node's received signal is composed of both a



line-of-sight component as well as numerous delayed signals
re ected o of surrounding objects. All such signals (plus
random noise) combine and must be decoded by the receiver.
In favorable cases,thesesignalsadd coherently in a way that
enhancesthe channel quality (increasesreceived power, in-
creasessignal-to-noise ratio, etc.). However, in unfavorable
cases, these signals will tend to cancel each other out and
lead to a poor-quality channel. Even for stationary nodes,
any change in the line-of-sight path or any re ected path
(e.g., due to an intermediary pedestrian) will change the
quality of the channel and hence, change the data rate that
is feasible with multi-rate |IEEE 802.11.

In this paper, we introduce Opportunistic Auto Rate
(OAR), an enhancedproto col for multi-rate IEEE 802.11in
wirelessad hoc networks. The key idea of OAR is to oppor-
tunistically exploit high quality channels when they occur
via transmission of multiple back-to-back packets. In par-
ticular, when the multi-rate MA C indicates that the channel
quality allows transmission above the baserate, OAR grants
channel accessfor multiple packet transmissions in propor-
tion to the ratio of the achievable data rate over the base
rate. Consequerly, OAR nodes transmit more packets un-
der high quality channels than under low quality channels.
However, OAR cannot arbitrarily favor ows with the best
channel quality, asaccessfor o ws with perhapsperpetually
bad channels must also be ensured. Consequerily, we ensure
that all o ws are granted the sametemporal-share of channel
accessunder OAR as under single-rate IEEE 802.11.

This assuranceof achieving the sametime sharesassingle-
rate IEEE 802.11implies that OAR inherits the long-time-
scaletemporal fairness properties of IEEE 802.11. Thus, for
scenariosin which all nodes are within radio range of eact
other, OAR can provide ows with dramatically dierent
throughputs as dictated by their channel conditions, but all
o ws will achieve approximately identical time shares. For
example, with OAR, a ow with an average channel condi-
tion providing a data rate of 11 Mbps will obtain approx-
imately 5 times the throughput of a ow with an average
channel condition providing a data rate of 2 Mbps, while
the two ows will both accessthe channel approximately
50% of the time. The distinction between time-share fair-
ness and throughput fairness is critical in multi-rate net-
works. Throughput fairness has received a great deal of
attention in both base-station and ad hoc networks (e.g., [9,
12]and [10, 11, 17, 18] respectively) and indeed, throughput
and temporal fairness are equivalent in single-rate networks.
However, normalizing o w throughputs in a multi-rate net-
work would result in signi cant ine ciency and mitigate the
gains of the multi-rate physical layer, as poor-channel o ws
would consumedisproportionately more time and systemre-
sources. In more complex top ologies, di culties in achieving
equal ow time sharesare well established [10, 11, 17, 18].
With OAR, we do not attempt to equalize temporal shares
but instead extract an opportunistic throughput gain while
maintaining the same temporal shares provided by single-
rate IEEE 802.11.

We utilize two mechanisms to realize the OAR proto-
col. First, OAR requires a multi-rate MA C protocol such
as RBAR or ARF to accessthe medium at rates above
the baserate. While OAR can be applied to both sender-
and receiver-based proto cols, we consider RBAR as it re-
sults in signi cantly higher throughput gains than ARF as
described above. Second, OAR requires a mechanism to

hold the channel for an extended number of packet trans-
missionswhen a high-rate channelis provided by RBAR. We
show how use of the IEEE 802.11 mandated fragmentation
eld provides a simple mechanism for a senderto maintain
channel accessfor the extended opportunistic duration dic-
tated by OAR. While alternate mechanismsare also possible
for multi-pac ket transmission, we nd that RBAR together
with the fragmentation mechanism yields the highest per-
formance solution.

To study the performance of OAR, we develop an analyt-
ical model that characterizes the throughput gains of OAR
and RBAR as compared to IEEE 802.11 as a function of
the physical-layer channel conditions. The key technique
is to relate the contention times in IEEE 802.11to those
of OAR and RBAR and to relate physical layer parame-
ters such as path loss, distance, and background noise, to
the data-rate achievable by multi-rate IEEE 802.11. While
necessarily highly simpli ed, the model provides a key link
between media accessperformance and physical layer con-
ditions, in contrast to previous work, which abstracts the
channel as a constant-rate medium (e.g., [2]).

Finally , we perform an extensive simulation study to eval-
uate OAR in realistic scenariosand to isolate the perfor-
mance factors that determine OAR's throughput gains. In
particular, we study the role of node density, node veloc-
ity, channel conditions, node location distributions, network
topology, and interactions with TCP. Example ndings are
as follows. (1) In most cases,we nd that OAR achieves
throughput gains of 40% to 50% over RBAR, on top of
the substantial gains that RBAR achieves as compared to
ARF and single-rate IEEE 802.11. (2) The throughput gain
of OAR as compared to RBAR increaseswith the number
of nodes as OAR also reduces contention. (3) The total
throughput gain of OAR increasesnearly linearly with the
line-of-sight component of the Ricean fading channel, with a
slope greater than that achieved by RBAR. (4) User mobil-
ity a ects gains primarily via the user location distribution
with mobilit y speedsin the range expected by pedestrians.
(5) Small bursts due to OAR's consecutive packet transmis-
sions do not adverselya ect TCP with even moderate node
bu er sizes.

In cellular networks, opportunistic scheduling refers to a
base station's selection of the best-channel-node for packet
transmission [3, 8]. OAR is quite dierent from suc tech-
niques as only the certralized control of a base station can
allow selection among usersusing measuremerts of all chan-
nels. In contrast, OAR applies to ad hoc networks as well
as infrastructure-based networks with accesspoints as no
certralization is required. Instead, nodestransmit multiple
packets when channels are good and a single packet when
only the base rate is available. Regardless, if additional
information is available about other nodes' channel condi-
tions, OAR could be extended to also temporarily defer ac-
cesswhen other nodes have better channels as advocated in
[3, 8].

The remainder of this paper is organized asfollows. First,
in Section 2, we describe the state-of-the-art wirelesschannel
model, and review |IEEE 802.11 and multi-rate RBAR and
ARF. Next, in Section 3, we presert the OAR protocol.
We presert an analytical model of OAR in Section 4 and
presert the results of simulation experiments in Section 5,
and conclude in Section 6.



2. BACKGROUND AND MOTIVATION
2.1 ChannelModel

The transmitted radio frequency signal is re ected by both
natural and man-made objects. Thus, the signal at the re-
ceiver is a superposition of dierent re ections of the same
signal, received with varying delays and attenuations. Based
on the relativ e phasesof di eren t re ections at the receiver,
the dierent copies of the same signal may add coherertly
or tend to cancel out. Coherent addition of the copiescan
result in large received signal powers and cancellation even-
tually leadsto zero received signal power. The signal power
strength is heavily dependert on the spatial location of the
transmitter, receiver, the re ecting objects and the material
of the re ecting objects.

Any motion, bethat of the surrounding environment, the
sender, or the receiver, causesthe strength of the received
signal to vary with time. The speed of variation is di-
rectly governed by the speedof changein the communication
medium (which consistsof all intermediate objects in the di-
rect and re ected space). Physical layer design and analysis
typically consider detailed propagation models that charac-
terize all re ections and their time-variations [14]. An accu-
rate and widely utilized model which considerstime-varying
multi-path propagation [16] ist

p(t)

y(t) = Ai)x(t (1) + z(t); @

i=1
where x(t) is the transmitted signal and y(t) is the received
signal. The time-varying multi-path propagation is captured
by the attenuation of each path A;(t), the time delays i (t)
and the number of paths p(t). The additive term z(t) is
generally labeled as the background noise and represerts
the thermal noise of the receiver. Note that the losssu ered
by the signal during its propagation along di erent paths is
captured in Ai(t), and dependson the distance betweenthe
senderand the receiver.

Typically, physical layer algorithms (error correcting codes,
channel modulation, demodulation and decading) use the
elaborate models in Equation (1). The performance of any
physical layer implementation is well captured by observ-
ing its packet loss rate as a function of the received signal
to noise ratio (SNR). Received signal to noise ratio mea-
suresthe extent of the received signal power over the chan-
nel background noise. Typically, the larger the SNR, the
better the chance of any packet being received error free.
Actual performance (packet lossrate as a function of SNR)
is dependert on a particular implementation. 2

Recognizingthat the received SNR can be usedto capture
the packet level performance of any physical layer implemen-
tation, we usethe following model for the received signal to
noise ratio for transmitter power P at packet transmission
time t,

(tp)

P @

where d(tp) is the distance between the sender and the re-
ceiver at time tp, is the path loss exponert, (tp) is the

1This is a baseband model which assumesperfect carrier
demodulation at the receiver radio frequency front-end.
2For example, we have found in controlled laboratory tests
with hardware-emulated channel conditions, that 802.11b
compliant cards from di erent manufacturers perform dif-
ferently under identical channel conditions.

SNR(tp) = Pd(tp)

average channel gain for the packet at time t,, and ? is the
variance of the background noise z(t).

The short time-scale variation in the received SNR is cap-
tured by the time-varying parameter (tp), known asthe fast
fading componert of the fading process. The time-variation
of (tp) is typically modeled by a probabilit y distribution
and its rate of change[16]. An accurate and commonly used
distribution for () is the Ricean distribution,

p()= —e 225 192K ); ©)

where K is the distribution parameter represerting the
strength of the line of the sight component of the received
signal and 1o( ) is the modi ed Besselfunction of the rst
kind and zero-order[16]. For K = 0, the Ricean distribution
reducesto the Rayleigh distribution, in which there is no-
line-of-sight componert.

The rate of change of (tp) depends on a mobile host's
relative speed with respect to its surroundings. Among the
seweral models available in the literature we usethe Clarke
and Gans model [16]. (Also see[16] for a survey.) The mo-
tion of nodes causesa Doppler shift in the frequency of the
received signal, and the extent of the Doppler shift depends
on the relativ e velocity of the senderand the receiver. Let
fm denote the maximum Doppler frequency during the com-
munication betweenthe two nodes. Then according to the
Clarke-Gans model, the received signal is modulated in the
frequency domain by the following spectrum

S(f) = 1572 4

fmb 1 %

In Equation (4), f. represerts the carrier frequency of
the transmitted signal.® The spectral shape of the Doppler
spectrum in Equation (4) determines the time domain fad-
ing waveform and hence the temporal correlation. The in-
verseof the maximum Doppler frequency of f,, T = % is
known asthe coherence interval, and represerts the average
time of decorrelation. In essencethe channel SNR values

() separated by more than T, are approximately indepen-
dent. At mobile speedsof 1 m/s (3.6 km/hr), the coherence
interval is approximately 122.88 ms for a certer frequency
of 2.4 GHz. The coherenceinterval reducesto 24.57 ms,
12.28ms and 6.14 ms for mobile speedsof 5 m/s (18 km/hr),
10 m/s (36 km/hr) and 20 m/s (72 km/hr). In engineering
design [16], a more consenative estimate of coherencein-
terval is used which is around 43% of the above numbers:
51.98 ms, 10.39 ms, 5.20 ms and 2.59 ms for speedsof 1, 5,
10 and 20 m/s. At 2, 5.5 and 11 Mbps, a 1000 byte packet
takes4 ms, 1.45 ms and 0.73 ms. The fact that coherence
intervals are on the order of multiple packet transmission
times provides a key motivating factor for designing oppor-
tunistic scheluling policies.

Finally , we note that in practice, the channelsbetweenany
sender and receiver pair are independert of other sender-
receiver pairs. Namely, received signals are correlated only
if nodes are extremely closeto eact other: for a 2.4 GHz
certral frequency, the critical distance is lessthan 12 cm [5].

2.2 Review of IEEE 802.11

Here, we briey review the IEEE 802.11 Distributed Co-
ordinated Function (DCF) which serves as a starting point

3For 802.11b, carrier frequency is in 2.4-2.481GHz range.



both for development of the RBAR [4] and OAR protocols.

As described in [13], IEEE 802.11 media accessis based
on the RTS/CTS medhanism [1]. In particular, a transmit-
ting node must rst sensean idle channel for atime period of
Distributed InterFrame Spacing (DIFS) after which it gener-
atesarandom backo timer chosenuniformly from the range
[O;w 1], where w is referred to asthe contention window.
At the rst transmission attempt, w is setto CWn in (mini-
mum contention window). After the backo timer reachesO,

the node transmits a short request-to-send (RTS) message.

If successfullyreceived, the receiving node responds with a
clear-to-send (CTS) message.Any other node which hears
either the RTS or CTS packet usesthe data packet length
information to update its Network Allo cation Vector (NAV)
containing the information of the period for which the chan-
nel will remain busy. Thus, all nodesincluding hidden node
can defer transmission suitably to avoid collision. Finally,
a binary exponertial backo scemeis usedsuc that after
ead unsuccessfultransmission, the value of w is doubled,
up to the maximum value CW nax = 2™ CW min , Where m is
the number of unsuccessfultransmission attempts.

2.3 Multi-rate |IEEE 802.11

The IEEE 802.11aand IEEE 802.11bproto cols are multi-
rate in that they provide physical-layer mechanismsto trans-
mit at higher rates than the baserate if channel conditions
permit.* Figure 1 shows a sample channel variation with
time for a mobile speed of 2.5 m/s. The received power
shows wide uctuations such that the supported data rate
varies between 5.5 and 2 Mbps with almost equal proba-
bility. In practice, depending on the line-of-sight factor K
in (3) and the distance from the transmitter d in (2), the
channel rates can vary within the entire range of the lowest
to highest possibledata rate.® As noted earlier, the highest
available rate in IEEE 802.11ais 54 Mbps and 11 Mbps for
IEEE 802.11b.
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Figure 1: lllustration of channel condition variation

The rst commercial implementation that exploits this
multi-rate capability is termed Auto Rate Fallback (ARF)

4|[EEE 802.11ais based on Orthogonal Frequency Division
Multiplexing in the 5 GHz band whereas IEEE 802.11bis
based on Direct SequenceSpread Spectrum in the 2.4 GHz
band.

SAchievable data rates as a function of distance
for 802.11a are available in a white paper from
http://www.atheros.com . For 802.11b, we use the speci -

cations for the Orinoco™ wireless NIC which can be found
at http://www.orinocowireless.c om

[6]. With ARF, sendersuse the history of previous trans-
mission error rates to adaptively select future (attempted)
transmission rates. That is, after a number of consecutive
successfultransmissions, the sender changesits modulation
scheme to attempt transmission at a higher rate, and vice
versa after consecutive losses. Consequerly, if a mobile
user has (for example) a perpetually high-quality channel,
the user will eventually transmit at higher data rates while
accessingthe medium according to the same IEEE 802.11
MA C as described above.

SIFS SIFS SIFS SIFS
RTS RSH DATA

Source o

CTS ACK
Destination o

NAV (RTS)
Others Ll
UL
NAV (CTS)

Delayed Medium Access Channel Access

with Backoff

Figure 2: IEEE 802.11 with RBAR enhancemen t

An enhanced protocol to exploit the multi-rate capabil-
ities of IEEE 802.11atermed Receiver Based Auto Rate
(RBAR) was proposed in [4]. The key idea of RBAR is
for receivers to control the sender's transmission rate. In
IEEE 802.11a,all RTS/CTS messagesnust be sert at the
baserate to ensurethat all stations are able to receive these
messageserror free. RBAR usesphysical-layer analysis of
the received RTS messageto determine the maximum possi-
ble transmission rate for a particular bit error rate. The re-
ceiver inserts this rate into a special eld of the CTS message
to inform the senderand other overhearing nodes of the po-
tentially modi ed rate. This messageis termed resenation-
sub-header (RSH) and is inserted preceding data transfer
as illustrated in Figure 2. With the RSH message,over-
hearing nodes can modify their NAV valuesto the new po-
tentially decreasedtransmission time. In this way, RBAR
quickly adapts to channel variations and extracts signi cant
throughput gains as compared to ARF.

3. THE OAR PROTOCOL

In this section we presert the Opportunistic Auto Rate
(OAR) MAC protocol. The key obsenation is that channel
coherencetimes (durations for which mobile stations have
better-than-a veragechannels) are typically at least multiple
packet transmission times. Consequerly, when a mobile
user is granted channel accesswhile encourtering a high-
quality channel, OAR grants the user a channel accesstime
that allows multiple packet transmissions. As the subse-
quent packet transmissions are also highly likely to be suc-
cessful at the higher data rate, OAR obtains a through-
put gain as compared to RBAR and ARF. However, OAR
must also limit the extent to which it is opportunistic in
order to ensure that users with perpetually bad channels
obtain their fair share of time accessingthe channel. Hence,



OAR is opportunistic to the largest extent possible while
maintaining the temporal fairness properties of the base-
rate IEEE 802.11 proto col.

The OAR protocol is designedas an enhancemern to any
automatic rate adaptation protocol for IEEE 802.11. We
next describe OAR in the context of RBAR, and below dis-
cussalternate realizations.

3.1 Protocol

The key OAR mechanism is for a o w to keepthe channel
for an extended number of packets (instead of for a single
packet) oncethe channel is measuredto be of su cien t qual-
ity to allow transmission at rates higher than the baserate.

With RBAR, the receiver measuresthe channel quality
and transmits the channel transmission rate in the CTS and
RSH messages. As all overhearing nodes can decade the
CTS and RSH messagessert at the base rates, they can
appropriately settheir NAV valuesto the potentially shorter
transmission times due to sendinga xed amount of data at
a higher rate.

With OAR, the sametime is granted to a senderasif the
senderis transmitting at the baserate. For example, if the
baserate is 2 Mbps and the channel condition is measured
such that transmission at 11 Mbps is feasible, the senderis
granted a channel accesstime to send bl1=2c = 5 packets.
Thus, OAR inherits the same temporal fairness properties
as the IEEE 802.11 base-rate proto col.®

In afully connectedtopology in which all nodesare in ra-
dio range of each other, base-rate IEEE 802.11indeed pro-
vides long-term fairness. With OAR, if all nodesare in radio
range, they will still obtain identical long-term time shares
but will obtain quite dierent throughputs. For example,
supposethere are two o ws, one with a low SNR such that
it can only transmit at the baserate of 2 Mbps and the
other with a high SNR so that it can transmit at rate 54
Mbps. If the channel conditions remain identical, OAR will
provide equal time sharesto the two ows but the latter
ow will obtain 26 times the throughput of the former o w.
Thus, in contrast to the focus on throughput fairness of [9,
12] which attempt to normalize o w throughputs, temporal
fairness is more suitable for multi-rate networks as normal-
izing ow throughputs would cancel the throughput gains
available due to a multi-rate physical layer.

More formally, to make the distinction betweentemporal
and throughput fairness, we de ne i(t1;t2) asthe service
in time that ow i receivesduring (t1;t2). The measure of
fairness for OAR with equal o w weights is therefore

jiltytz) g (tast2)j (5)

Moreover, denoting B (t1;t2) asthe time share for ow i

using base-rate IEEE 802.11and ;°*% (t1;t2) as the time
share under OAR, we also consider the fairness index

j P (tit) 0% (tat)] (6)

asthe deviation of OAR time sharesfrom IEEE 802.11base-
rate time shares. As ensuring that Equation (5) is closeto

5As described in the Intro duction, it is well established that
IEEE 802.11 ad hoc networks will not in general attain
global fairness and equal ow time shares. As solving the
general fairness MA C problem is beyond the scope of this
work, we match the IEEE 802.11 time shares. Enhance-
ments to OAR to provide global fairness along the lines of
[10, 11, 17, 18] is an important topic for future work.

0 requires sophisticated mechanisms such as[10, 11, 17, 18],
we target ensuring that the fairness measureof Equation (6)
is closeto 0 to ensurethat OAR provides near base-ratetime
shares.

We next describe a medchanism for how to hold the channel
for these extended times using the fragmentation eld in
IEEE 802.11.

3.2 Fragmentationin IEEE 802.11

Figure 3 illustrates the IEEE 802.11time-line for trans-
mission of a fragmented data packet. Each frame contains
information that de nes the duration of the next transmis-
sion. The duration information from the RTS/CTS frame
is used to update the NAV to indicate that the channel is
busy until the end of ACK 0. Both Fragment 0 and ACK
0 also contain information to update the NAV to indicate a
busy channel until the end of ACK 1. This contin ues until
the last fragment which carries the duration of one ACK
time plus one SIFS time in its duration eld. The ACK for
the last fragment has the duration eld setto zero. Each
fragment/A CK acts as a virtual RTS/CTS so that no fur-
ther RTS/CTS frames are used. Also eadt fragment (except
the last one) has the more_fragments.indicator in the MAC
header set to 1. The MAC header of eath fragment also
carries the fragment number which is used by the destina-
tion to reassenble the data packet. For an un-fragmented
data packet this is setto 0. Also note that eat subsequern
fragment is sert after a time interval SIFS after receiving
the ACK (instead of the DIFS period for data).

3.3 Integration of OAR with IEEE 802.11via
the Fragmentation Field

The fragmentation mechanism de ned as part of the
IEEE 802.11 standard and mandated for implementation
provides a simple and practical way for nodes to hold the
channel for multiple packets when high data rates are mea-
sured. In particular, asin RBAR, the receiver indicates the
available physical-layer rate via the RTS/CTS messages.If
the data rate is above the baserate, the more fragments ag
in frame control Field of MA C header is set by the sender
until btransmission_rate / baseratec packets are transmit-
ted. The duration eld carried by the data and the sub-
sequent ACK is also updated to indicate that the medium
will be busy until the end of next data packet. Thus, asde-
scribed above, eath data packet and ACK serve as a virtual
RTS/CTS sothat no additional RTS/CTS frames need to
be generated after the initial RTS/CTS handshake.

The sendermust also set the fragment number sub eld in
the sequene control eld of the MA C headerto be 0. This
prevents the receiver from treating the data packet asa part
of an actual fragmented packet.

3.4 Traf ¢ and Channel Conditions

Two issuesarise while using the OAR protocol. The rst
issue revolves around the behavior of the OAR protocol in
case there are no data packets available in the interface
queu€’ to exploit the high-rate channel. In this case, the
protocol reverts back to the default RBAR protocol and
sends as many packets as are available subject to the up-
per bound imposedby the above time-share criterion. Since
ead data packet carries the \more fragments" indicator for

"The queue betweenthe link layer and MA C layer.



SIFS SIFS SIFS SIFS

RTS
Source

DATA/FRAG 0 DATA/FRAG 1

SIFS SIFS SIFS DIFS

DATA/FRAG 2

CTS ACK O

Destination

ACK 1 ACK 2

NAV (RTS) NAV (DATA)

Others

NAV (DATA)

NAV (CTS)

NAV (ACK)

NAV (ACK)

Delayed Medium Access

Figure 3: lllustration

only the next data packet, the sendercan revert back to the
default RBAR at any time without any lossin throughput
resulting from incorrect settings of other nodes' NAVs.

Second, while coherencetimes are on average su cien tly
long to allow multiple packet transmissions at the samerate,
it is possible that the channel condition will signicantly
change during the opportunistic multi-pac ket-transmission
sequence.If transmission at the original rate is maintained,
error rates may become unacceptably large if the channel
quality worsens,or further throughput gains are foregone if
the channel quality improves.

To addressthis issue, OAR receivers contin ually monitor
the channel quality, and if a signi cant change is detected,
additional RSH messagesare usedto notify the receiver and
adapt the rate. The subsequen transmission rate can bein-
creasedor decreasedprovided that the o w hasnot exceeded
its base-rate time share.

3.5 Example

A represertativ e example of the protocol time-lines for
OAR and RBAR is shawn in Figure 4. In the example,
node 1 has a good channel resulting in a 11 Mbps rate.
Node 2 has a poor channel which can only support the base-
rate of 5.5 Mbps. Node 1 gains accessfor both OAR and
RBAR, which results in a packet transmission at the high-
est rate. In OAR, node 1 retains channel accessand sends
four more packets without any channel contention. On the
other hand, RBAR goesinto contention immediately after
the transmission of node 1 is completed. The backo counter
for node 2 was frozen while node 1 was transmitting, and
node 1 picks a new backo counter after nishing its trans-
mission. Thus, with high probabilit y, node 2 gets accessto
the channel and sendsits data at 2 Mbps. Thus, RBAR loses
in throughput due to extra contention after every packet in
addition to not capitalizing fully when good channels are
encountered.

If node 2 had gained accessrst (instead of node 1), then
again OAR would have gained over RBAR. In this case,
whenever node 1 gets access(possibly after node 2 is done
transmitting), it will transmit 5 packets since the channel
will still bein a good state with high probabilit y. But RBAR
would have again contin ued to contend for each packet, los-
ing time in both contention and transmission at low rates.

3.6 Alter nate Implementation Mechanisms

In the discussion above, OAR is described using RBAR
rate adaptation and fragmentation to hold the channel.

of fragmen tation

Channel Access
with Backoff

in IEEE 802.11

OAR can also be applied to sender-basedproto cols. For
example, with an ARF-lik e protocol, senders control the
transmission rate. In such cases,senderscan also hold the
channel for extended durations as de ned by OAR. How-
ever, the throughput gains of OAR for sender-basedproto-
colswould bereducedsince, asdemonstrated in [4], receiver-
basedcontrol of transmission rates results in a signi cant in-
creasein throughput ascompared to sender-basedcontrol.

Second, alternate mecdhanisms other than the fragmenta-
tion eld could be employed for sendersto hold the chan-
nel for the extended durations de ned by OAR. For exam-
ple, after a successfultransmission above the base-rate, a
sendercan setits contention window to 0 making the sender
highly likely to re-capture the channel. This processcan
be repeated for the number of packet transmissions de ned
by OAR. Compared to use of fragmentation, such an ap-
proach would result in higher overhead due to the addi-
tional RTS/CTS messagesand potential collisions if other
senders have low values of the contention window (recall
that contention windows are generated uniformly random
between 0 and 64 slots). The other alternate mechanism is
the use of packet bursting, which is a measureintro duced in
IEEE 802.11€® to better utilize the medium and enhancethe
performance [7]. With packet bursting, a station is allowed
to transmit asmany asframesit wisheswithout contending
for the medium again after accessingthe channel, aslong as
the total accesstime doesnot exceeda certain limit.

4. APERFORMANCE MODEL FOR OPPOR-
TUNISTIC MEDIA ACCESS

In this section, we analyze the throughput of OAR and
RBAR for fully connectedtopologies. Without channel vari-
ations, nodescan hear transmissions from other nodesif they
are within a critical distance from ead other.® With chan-
nel variations, the path lossesare time-varying sothat nodes
are not guaranteed to hear all transmissions of other nodes,
even if they are within the critical distance. Regardless,in
the discussionbelow, we consider a (deterministically) fully
connectedtopology in which all nodescan hear one another.

4.1 Contention

By sending more packets when the channel has high SNR,
OAR reducesthe averagetime spent in contention per packet

8An extension to IEEE 802.11with goal of enhancing the
accessmechanisms and providing service di eren tiation

9250 meters is a value typically usedin ns-2
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Figure 4: lllustration of OAR and RBAR Time-lines
state than node 2 (11 versus 5.5 Mbps).

as compared to RBAR. We denote this gain as the oppor-
tunistic contention gain. The following obsenation quanti-
es this gain.

Observation 1 (Contention time) . Lettc, represent
the averagetime (in seconds) per packet spent in contention
for the single-rate IEEE 802.11 protocol (operating at 2 Mbps).
Denote the total time spent in contention (in seconds) by
single-rate IEEE 802.11 for an exgeriment spanning T sec-
onds by Teo. Then for a system with constantly backloggel
gueuesand equal-size packets, the following statements hold:

1. The time spent in contention per packet by RBAR is
exactly equal to teo.

2. The total time in contention by OAR is approximately
equal to Teo.

Pr oof: Both obsenations regarding the contention time
rely on the fact that both RBAR and OAR use the same
contention resolution mechanism as single-rate IEEE 802.11
at transmission rate 2 Mbps.

1. In RBAR, the system state during contention is ex-
actly the sameasthat in base-rate [EEE 802.11. That
is, when nodes are contending to gain accessto the
channel, the system undergoesthe samestates asbase-
rate IEEE 802.11. Since the contention mechanism
also operates at the same data rate in RBAR and
single-rate IEEE 802.11,the time spent in contention
for any packet is identical for the two protocols. The
only dierence betweenthe two protocols is the time
used to send the actual data. Since the local timers
of all nodesare frozen during data transmission (since
all nodes can hear each other), the system state dur-
ing contention is una ected by the packet transmission
rates.

2. In OAR, the total packet transmission times for the
three data rates are approximately equal. In other
words, the times taken to send 5 packets at 11 Mbps,
3 packets at 5.5 Mbps, and 1 packet at 2 Mbps are
approximately the same. Again, the contention resolu-
tion operatesat the base-rateof 2 Mbps asin base-rate
IEEE 802.11. Thus, if we were to operate OAR and
base-rate IEEE 802.11in parallel, we would observe
that the times at which nodes contend for the chan-
nel are nearly identical. Thus, the total time spent in
contention in OAR is the same as that for base-rate
IEEE 802.11.

In RBAR, the total time spent in transmitting any packet
is the sameasfor single-rate IEEE 802.11. Thus, the gain in
throughput can be completely attributed to receiver-based
rate adaptation based on channel conditions. Thus, the

RANDOM
BACKOFF TIME

for a two node system. Node 1 is in a better channel

gain in RBAR throughput is due to reducing data trans-
mission time and not due to reducing contention time. On
the other hand, in OAR gains are also extracted from re-
ducing contention time since OAR doesnot contend for ev-
ery packet in good channel conditions. Moreover, by reduc-
ing contention and transmitting multiple packets at instants
of high-quality channels, OAR obtains further throughput
gains. The claims made in Observation 1 are veried us-
ing ns-2 simulations, and a sample output is summarized in
Table 1.

Table 1: Verication of Observ ation 1 using n=2 sin-
gle hop o ws for a simulation time of 25 seconds.

n tCO TCO

RBAR IEEE 802.11| OAR | IEEE 802.11
8 805 10 *| 820 10 * | 3.45 3.82
20830 10 *| 850 10 * | 3.50 3.94
40845 10 %] 866 10 * | 3.63 4.00

4.2 Throughput

Given the channel model of Equation (2) and its distribu-
tion of Equation (3), the distribution of available data rates
can be calculated as follows. Let SNR2, SNRs:s and SNR11
denote the minimum required SNR to support 2, 5.5 and
11 Mbps transmission rates, respectively. Then the proba-
bilit y that rate R is feasibleis calculated as follows:

p(R=0) = Pp(SNR < SNRy)

p(R=2) = Pp(SNR2; SNR < SNRs:5)
p(R=55) = p(SNRss SNR < SNRi1)
p(R=11) = p(SNRss SNR)

where p(SNR) = p(  2d(t,) P 1) is the distribution of the
received SNR, SNR(t,). Using Observation 1, the through-
put of OAR and RBAR can be characterized in terms of
tco and Teo as follows. For the rest of this section, RTS,
CTS, DIFS, SIFS, ACK, PHY-HDR and MAC-HDR repre-
sert the respective time required (in seconds)for RTS, CTS,
DIFS, SIFS, ACK, physical-layer header transmission, and
MA C-layer header transmission.

Result 1 (Full y connected topologies) . Let p(r)
denotethe probability distribution of the instantaneous trans-
mission rate r obtained when a node gains access to the
channel. Further assuming that all sender-receiver pairs
have statistically identical and independent channels, de-
note the average transmission rate of any node by
ravg = ; rip(ri). Let te and Teo respctively denote the
contention time per packet and the total contention time for
n nodes over T seconds. Also let T, represent the over-
head time spent per packet equal to (DIFS+3SIFS+2PHY-
HDR+2MA C-HDR+A CK). Then the number of packets



transmitted by RBAR and OAR over T seconds is approxi-
mately:
y FavgT ; 7
L + ravgtco + ravgTo
Tavg (T Teo),
L+ ragTo

where L is the length of the packet.

RBAR

OAR

(8)

Deriv ation : To derive rsar and oar , We use the fol-
lowing fact in addition to Observation 1. For fully con-
nected topologiesin base-rate [IEEE 802.11,the probabilit y
of channel accessfor any node is nl For a large number of
nodes, the probabilit y that a node can accessthe channel
for k consecutive transmissions is approximately n—lk— Thus,
for large node densities, we can assumethat any node can
capture channel for multiple consecutive transmissions with
very low probabilit y. Therefore, with very high probabilit y,
subsequen packet transmissions by the same node seeap-
proximately independert channels; this is especially true if
n times average packet transmission time is on the order of
Tc. As we also veried the above obsenation by extensive
simulations, we do not accourt for the time correlation in
the channel in the following derivation.

For RBAR, since the contention time per packet is the
same as for single-rate IEEE 802.11, the total throughput
in bits, L rear , iS given by

Favg(T To rear ): 9)

Solving (9) for rear givesEquation (7).

For OAR, sincethe total contention time is approximately
Teo, the amount of useful data time is (T Teo oar To).
Thus, Equation (8) follows.

To compute te, and Te, for base-rate IEEE 802.11, we use
the following results from [2],

Result 2 (802.11 Contention time [2]). Let CWmin
denote the minimum contention window size (in number of
slots) and assumethat the binary exponential back-o dou-
blesits contention window size a maximum of m times, i.e.,
CWmax = 2" CWnin . Then, for a fully connected topology
with n nodes,

Teo = (T Tp);

Teo .

L RBAR tCO RBAR

tCO -

The utilization  for an average packet length of L bits is
calculated as follows

_ PsPy L
(1 Pu)S+ Py PsTs+ Py (1 Ps)Te
P = 1 (1 )"
_ n@ >
P = Py
Tc = RTS + DIFS +
Ts = TC+38IFS+3+CTS+2L06+ACK

where is obtained by solving the two equations =

2(1 2p) — 1
T 2 CWom 3D W@ @y @d P =1 (1 )"~
The parameter represents the propagation time and S is
the slot duration. The average packet time T, is calculated

using

L .
108°

Tp = PHY-HDR + MAC-HDR + ACK + 5

Table 2: Comparison
OAR (T=25 seconds).

of simulation and analysis for

n Simulation Analysis
Te (sec) | Rate (Mbps) | Teo | Rate
8 3.45 6.02 3.53| 6.00
20 3.50 6.00 3.51| 6.00
40 3.63 5.96 3.59 | 5.98

Table 3: Comparison of simulation and analysis for
RBAR (T=25 seconds).

n Simulation Analysis

tco (SEC) Rate (Mbps) teo Rate
8 | 805 10 ° 4.26 7.47 10 * | 4.09
20830 10° 4.24 7.42 10 * | 4.03
40| 8.45 10 * 4.20 7.61 10 * | 4.01

Contention times and throughputs of OAR and RBAR
calculated using ns-2 simulations and Result 2 are shown in
Tables 2 and 3. In this simulation, the distance between
sender-receiwer pairs is 50 m, and thus all channels are sta-
tistically identical but independert. In this example, the re-
sults from theory and simulation matched well for the case
of OAR. For RBAR, the predicted throughputs were less
than those obtained in the simulations. The primary reason
for that di erence stems from ignoring the coherencetime
in the analysis, and for RBAR, its impact is more signi cant
comparedto OAR. For a small number of nodesand low mo-
bilit y, nodes can gain accessto the channel more than once
in the same coherenceinterval, a fact which is ignored in
our analysis. In our analysis, the nodeshad a good channel
(11 or 5.5 Mbps) with high probabilit y, thus RBAR simula-
tion performance is consistertly better than prediction. We
conjecture that asthe number of nodesbecomeslarger, our
analysis will be more accurate for RBAR since the approxi-
mations usedin Result 1 becomemore exact.

4.3 Discussion

Typically, the analysis of CSMA/CA proto cols for wireless
channels abstracts the physical link as a constant-rate chan-
nel [2, and referencestherein]. In contrast, we have included
the channel variations in the analysis of the MA C proto col.
The dicult y in modeling such systems stems from the fact
that both the MAC protocol and the channel are random
processeswvith memory. In the IEEE 802.11 MA C, the con-
tention resolution proto col has memory (nodesresumetheir
counters while waiting for other nodes to nish transmit-
ting, instead of resetting them). That results in requiring
a sophisticated mathematical analysis (see[2] for example).
In our case,in addition to the MAC memory, the channel
is slowly varying and has strong correlation in time. To
complicate the analysis further, OAR usesthe channel cor-
relation to increase throughput, but in turn, changes the
memory structure of the MA C protocol (especially true for
arbitrary multi-hop topologies).

In light of such complexities of the throughput analysis,
we note the importance of Observation 1. Though decep-
tively simple, Observation 1 clearly identi es the source of
gain in throughput for OAR over RBAR. In addition, we
show how both RBAR and OAR perform in relation to
the base-rate IEEE 802.11and show how they obtain their
respective gains. This comparison to IEEE 802.11 allows



us to use any available analysis or simulation for base-rate
IEEE 802.11to compute RBAR and OAR throughputs. We
also note that the result regarding the total contention time
for OAR in Observation 1 holds for arbitrary topologies,
as well as for fully connected topologies, since the packet
times in OAR have been normalized to those of base-rate
IEEE 802.11. However, the actual throughputs of RBAR
and OAR are topology dependert, and are tractable only in
fully connected topologiesthat we considered above.

5. SIMULATION EXPERIMENTS

In this section, we use ns-2 simulations to evaluate the
performance of OAR as compared to RBAR and base-rate
IEEE 802.11. Our methodology is to isolate the impact of
eath performance factor to the largest extent possible and
then consider more complex scenariosto study the joint ef-
fects of numerous factors. We begin with a fully connected
topology and study the e ects of node density, channel con-
ditions, mobility, and node location. We then consider more
general top ologies consisting of a simple asymmetric top ol-
ogy and more complex random topologies. Finally, we con-
sider interactions betweena multi-rate MA C-layer and TCP
for multi-hop o ws.

All experiments usethe fast fading model of Equation (2).
In particular, we usethe Ricean probabilit y density (3) im-
plemented in the ns-2 extension [15]. In [15], a packet
level simulation is usedto model the short time-scale fading
phenomenon using the procedure suggestedin [16]. A pre-
computed lookup table containing the componerts of a time-
sequencedfading envelope are modulated in frequency do-
main using the Doppler spectrum in Equation (4). Although
the ns-2 extensions implemented in [15] result in an accu-
rate simulation of the wireless channel for eadh individual
ow, the fading componernts of channels for dierent ows
are identical, a scenario not encourtered in practice. This
arises due to the fact that the index into the pre-computed
channel table is chosenbasedon the simulator's time instant,
which is identical for all ows. Thus, to more realistically
model the wireless channel for multiple usersin a manner
consistert with [16], we modi ed the extensions of [15] such
that channel lookup indexes are a function of the ow and
time. As in [15], background noise is modeled with = 1.

The available rates for both RBAR and OAR, based on
IEEE 802.11b, are set to 2 Mbps, 5.5 Mbps, and 11 Mbps,
so that with OAR, nodes can respectively transmit 1, 3,
or 5 consecutive packets depending on their channel condi-
tion. The values for received power thresholds for di erent
data rates were chosenbased on the distance ranges speci-
ed in the Orinoco™ 802.11b card data sheet!® As speci-
ed by the IEEE 802.11standard, we set the rate for send-
ing physical-layer headersto 1 Mbps for all packets. Un-
less otherwise noted, ead transmitter generates constant-
rate trac suc that all nodesare contin uously backlogged.
Moreover, packet sizesare setto 1000bytes and all reported
results are averagesover multiple 50-secondsimulations.

5.1 Fully ConnectedTopologies

Here, we study the performance factors for opportunistic
scheduling in fully connected topologiesin which all nodes
are within radio range of each other.

0For the path loss componert of the received power, the
distance thresholds for 11 Mbps, 5.5 Mbps, and 2 Mbps are
100 m, 200 m, and 250 m respectively.

5.1.1 Numberof Flows

In this set of experiments, we vary the number of ows
which also varies the number of nodes, as each ow is be-
tween a unigue source-destination pair of nodes. Figure 5
shows the throughput gain of OAR over RBAR for dierent
number of o ws for a Ricean parameter K = 5.
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Figure 5: OAR throughput
number of o ws.

gain as a function of the

Observe that in all cases, OAR results in signicant
throughput gains ascomparedto RBAR in the range of 42%
to 56%. OAR extracts this gain by holding the channel when
it is good to the longest extent possiblesubject to maintain-
ing the base-rate time shares. Moreover, obserwe that as
the number of o ws increases,the throughput gain of OAR
as compared to RBAR also increases. This increaseis due
to two factors. First, with a higher number of contending
o ws, the fraction of time that a ow with a good channel
is accessingthe medium is higher, resulting in increasing
gains. That is, since o ws send a single packet at the base
rate, but up to 5 consecutive packets at higher rates, addi-
tional users provide more opportunities for a ow to bein
a good-channel state thereby extracting further gains from
opportunistic scheduling. Second, OAR reduces the con-
tention overhead since nodes with a good channel exploit
the channel for transmission of additional packets. Since
IEEE 802.11 as well as RBAR have increasing contention
times for an increasing number of nodes, OAR extracts in-
creasedthroughput gains with a larger number of nodes by
decreasingcontention time.

Finally, we note that for both RBAR and OAR, the
throughput gains as compared to base-rate [IEEE 802.11are
signi cant. For example, for 10 o ws, RBAR obtains a gain
of 230%throughput ascomparedto IEEE 802.11,and OAR
obtains an additional throughput gain of 51% as compared
to RBAR, or 398% above IEEE 802.11.

5.1.2 Line-of-SightComponenk

Here, we explore the e ect of the Ricean parameter K on
the performance of OAR and RBAR. For K = 0, the channel
has no line-of-sight component such that only re ected sig-
nals are received and hence, overall channel quality is poor.
With increasing K, the line-of-sight component is stronger
such that the overall channel SNR increasesas described by
Equation (3), and a higher transmission rate is feasible more
often.

Figure 6 depicts the throughput for RBAR and OAR asa
function of the Ricean parameter K for a four- o w scenario.
Observe that both RBAR and OAR exploit the improved
channel conditions represerted with increasing K and obtain
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Figure 6: Throughput as a function of the Ricean

parameter K.

correspondingly greater system-wide throughputs. More-
over, note that OAR achievesa higher throughput compared
to RBAR over the simulated range of K due to its enhanced
exploitation of high-quality channel conditions when they
occur, aswell as OAR's corresponding reductions in the to-
tal contention time.

5.1.3 Mobility

A node's mobility a ects its channel in two ways. First,
it changesthe nodes' location which a ects a pair of nodes'
line-of-sight Ricean parameter K. Second,it a ects the av-
eragechannel coherencetime asa node with higher velocity
has a lower average coherencetime hindering the ability to
exploit opportunistic scheduling.

To study the e ect of mobility on OAR and RBAR, we
consider a single ow, where the receiver node travels to
and from the transmitter node with dierent velocities in
an oscillatory fashion as described in Con gur ation 1 of [4]
with a small di erence : the simulation time is long enough
for any speedof the node sothat it hasenoughtime to nish
the path at least once. This ensuresthat for all velocities,
the average time spent at ead distance is independert of
the node velocity, and thus only speed of channel variations
is the determining factor.
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Figure 7: Throughput as a function of mobile speed.

The throughputs for OAR and RBAR are depicted in Fig-
ure 7 for speedsup to 5 m/s. As described in Section 2, this
corresponds to an average coherencetime of approximately
10 msec, which corresponds to slightly larger than 2 packet
transmission times at the baserate of 2 Mbps and 13 packet
transmission times at 11 Mbps. As showvn, OAR and RBAR
have a throughput that is nearly independernt of velocity
with  OAR having approximately 35% greater throughput
than RBAR. The key reason is that within this range of

velocities, the coherencetime is su cien tly large to extract
the full performance gains of both RBAR and OAR. While
[4] did show more pronounced e ects of velocity, the ex-
periments of [4] jointly consider the e ects of location and
mobilit y, as nodes did not spend the same fraction of time
in eac location independert of velocity.

5.1.4 LocationDistribution

For the nal experiments in a fully connected topology,
we study the e ect of the node location distribution on the
throughput of OAR and RBAR. We considera scenariorep-
reserting aroom such that there are N o ws altogether and
asubsetN° N located in the room which hasarea 1=100"
of the total area of approximately 0.2 km?. Within such a
small room, the N° o ws are highly likely to have high data-
rate channels.
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Figure 8: Throughput as a function of node cluster-
ing densit y.

Figure 8 depicts the results for N = 10. The gure de-
picts the OAR and RBAR throughputs as a function of the
density of owslocated in the room N°N. As showvn asthe
nodes become increasingly clustered into a small location,
the channel conditions improve and both OAR and RBAR
obtain increased throughputs, with OAR's remaining ap-
proximately 50% above RBAR.

Finally, we note that in all experiments, the long-term
temporal sharesof all o ws are nearly identical for the OAR
protocol, since IEEE 802.11 base-rate media accessis tem-
porally fair at long-time-scales when all nodes are within
radio range and are equally likely to obtain channel errors.
We next turn to more complex and asymmetric top ologies.

5.2 Asymmetric Topologies

In systems with topologiesthat are not fully connected,
i.e., all nodesare not within range of eat other, nodescan
have di eren t probabilit y of channel capture due to onenode
hearing an RTS or CTS that another node does not hear.
This unequal channel accessprobabilit y can result in large
di erences in the time sharesof channel accessamong nodes.
Such behaviors are due to asymmetry in information avail-
able to each o w and are well documented in the context of
IEEE 802.11[1].

An illustrativ e example of asymmetric information among
nodes s depicted in Figure 9, in which the receiver of Flow
A (node 2) is in direct radio range of Flow B, whereasthe
sender(node 1) has no knowledge of Flow B. In the scenario
of Figure 9, Flow B obtains a signi cantly higher share of the
channel accessime ascomparedto Flow A, namely 80%vs.
20% when using IEEE 802.11. This disparity in total share
is attributed to the fact that Flow B can hear packets from



/ / \ \
’ ’ \ \
! ' e———1 > , |B )
‘o A Vo2 I}
\ \ /. /

N ST 4

~ PPRACN P

Figure 9: Asymmetric top ology

the receiver of Flow A, and hence knows exactly when to
contend for the channel. On the other hand, the transmitter
of Flow A doesnot hear any packets from Flow B, and thus
hasto discover an available time-slot randomly; hence Flow
A continually attempts to gain accessto the channel via
repeated RTS requestswhich in most casegresult in doubling
of Flow A's contention window. As a result, the probabilit y
of Flow A capturing the channel is signi cantly lessthan
that of Flow B.

In this section we show that in general topologies, even
with asymmetric information, OAR will still have through-
put gain over RBAR and at the sametime complies with
pure IEEE 802.11in senseof channel accesstime shares.

In the experiments for Figure 10, we consider four sce-
narios for the topology of Figure 9. The scenariosfrom the
left to right pairs of bars depict four combinations of high
and low-quality channelsdenoted by H and L. A high quality
channel is most often 11 Mbps whereasa low quality channel
is most often 2 Mbps due to small and large distancesamong
nodes. In particular, the four casesfor channel conditions for
Flow A and Flow B are givenby [L,L], [H,L], [L,H], and [H,H]
respectively. The y-axis of Figure 10(a) depicts the normal-
ized deviation from the single-rate IEEE 802.11 temporal
sharesas in Equation (6) for the total duration of the sim-
ulation. The y-axis of Figure 10(b) depicts the throughput
gain ascomparedto single-rate IEEE 802.11. Thus, the left-
most bar illustrates that when both channel conditions are
low quality denoted by [L,L], both OAR and RBAR provide
the sametemporal sharesas single-rate IEEE 802.11 (20%
and 80% respectively) while achieving throughput gains of
approximately 60% and 35% respectively. However, note
that in other scenarios, RBAR deviates signi cantly from
the IEEE 802.11time shareswhereasin OAR doesnot. Yet,
in all cases,OAR is able to extract signi cant throughput
gains as compared to both RBAR and IEEE 802.11 while
maintaining the IEEE 802.11time shares.

5.3 Random Topologies

Here, we consider random topologies which combine the
previous e ects. In particular, we consider a scenario in
which nodes are uniformly distributed in a circular arena
with diameter of 1250 meters. Moreover, the sender and
receiver of one o w are moving acrossthe arena during the
simulation. Figure 11 shows the throughput of both OAR
and RBAR for di eren t numbers of nodesin the arena. Ob-
serve that the gains of OAR as compared to RBAR remain
in the range of 40% to 50% as in previous experiments, de-
spite the more complex scenario.

5.4 Interactions with TCP

Our nal experiments address the issue of whether the
throughput gains due to opportunistic sceduling at the
MA C layer can be exploited by TCP at the transport layer.
On one hand, OAR provides increased throughput which
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a backlogged TCP ow should be able to exploit. On the
other hand OAR's transmission of multiple packets back-to-
back in casesof good channel conditions could also lead to
increased packet drops at downstream nodes if insu cien t
bu er spaceis available.

TCP Flow 1

TCP Flow 15

Figure 12: Topology for multi-hop TCP exp erimen ts

In these experiments, we explore the net e ect of thesetwo
factors using the topology of Figure 12. In this scenario,
there are 15 2-hop o ws between nodes 1 through 15 and
node B. Each o w represerts a large le transfer using TCP
Reno. Nodes A and B are su cien tly far apart sothat the
path loss coupled with channel variation results in a data
rate of 2 Mbps most of the time. In contrast, the distances
betweennodes1 through 15and node A are su cien tly small
such that a data transmission rate of 11 Mbps is feasible
most of the time.
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Figure 13: Throughput as a function

Figure 13 shows the averagethroughput obtained for both
RBAR and OAR as a function of the queue size in packets
of the intermediate node A. Observe that for queue sizesof
approximately 5 packets, TCP/O AR and TCP/RBAR ob-
tain throughputs nearly identical to that achieved with a
very large bu er size. Thus, as OAR can transmit up to 5

of queue size.
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Figure 10: OAR and RBAR

packets back-to-back, it is critical for the intermediate node
to be able to transmit at least this many packets. However,
as RBAR alsorequires a similar bu er sizeto obtain its full
throughput gain, it is clear that the buer requirement is
primarily due to the mis-match in average channel rates as
opposedto burstinessintro duced by the MA C layer. Finally,
we obserwe that with bu er sizesabove 5 packets, OAR ob-
tains a throughput gain of approximately 30% as compared
to RBAR.

6. CONCLUSIONS

In this paper, weintro duced OAR, an opportunistic media
accessproto col for multi-rate ad hoc networks. With OAR,
nodeswith good channel conditions are granted accesgo the
channel for a duration that allows multiple packet transmis-
sions vs. a single packet when nodes accessthe channel at
the baserate. Consequerly, by exploiting inherent varia-
tions in channel conditions, nodes will transmit more data
during epochs of high-quality channels thereby increasing
the total throughput of all users. Moreover, OAR ensures
that all nodes, regardlessof their channel condition, access
the channel for a time-share equal to that achieved with
single-rate IEEE 802.11. To study the performance gains of
OAR, we developed an analytical model that characterizes
the impact of channel conditions on the throughput obtained
by both OAR and RBAR. Finally, we performed an exten-
sive set of ns-2 simulations with realistic channel conditions
and found that OAR obtains throughput gains of up to 50%
as compared to state-of-the-art auto-rate protocols.
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