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Abstract The goal of a rate adaptation scheme is to select the PHY mode
in order to maximize a given metric, which is typically thessy
The physical rate adaptation in 802.11 is a deeply investi- tem throughput.

gated, though still open issue. Since 802.11 uses the random The mandatory medium access control mechanism specified
access Distributed Coordination Function (DCF) mechanism in the IEEE 802.11 standard is called Distributed Coordiimat
to access the medium, collisions can occur when two or morefFunction (DCF). This mechanism is based on the CSMA/CA
stations want to transmit data simultaneously. The chakeof  (Carrier Sense Multiple Access with Collision Avoidancaj+
rate adaptation schemes is to adapt the physical transomssi  dom access scheme. Consequently, the transmission failure
rate based on channel-related losses, i.e. collisionslshoot  experienced by a station are due to both channel related nois
influence the choice of the rate. In this paper we propose a newand collisions. Moreover, most of network cards export a-mea
rate adaptation algorithm that behaves like Auto Rate Fatlb sure of link quality and RSSI (Receive Signal Strength Indi-
(ARF), but makes use of the RTS/CTS handshake, when necegator), but their values are unreliable since the standikd |
sary, to decide whether the physical transmission rate shou does not specify how to measure them [3]. The widely-adopted
be Changed. Main advantages of this algorithm are its simple ARF (Auto Rate Fallback) scheme [4] does not work properly
implementation and the good performance it attains in pres- jn multi-user environments because it selects the trarssonis
ence of collisions. We evaluate the performance of this newrate based on a certain number of consecutive unsuccessful o
rate adaptation algorithm, comparing it with other well kmo successful transmission attempts.

algorithms, by using the new NS-3 simulator. Some recently proposed rate adaptation schemes [5, 6] deal
with the problem of packet loss due to contention. These-algo
rithms face the contention issue with the RTS/CTS mechanism
1 Introduction of IEEE 802.11 that will be describe later. The RTS/CTS hand-
shake increases the data overhead, but it can decreasdlithe co
The standard de-facto for indoor broadband wireless net-sion duration in presence of long packets. Indeed, it iebédt
working is the IEEE 802.11 [1]. This standard provides spec- use this mechanism only when losses are due to collisions. So
ification for the MAC (Medium Access Control) layer and for algorithms like CARA [5] and RRAA [6] propose to switch on
the PHY (physical) layer. This technology works in non4istat and off the mechanism based on some heuristics.
environments, hence the standard provides a set of meah&nis Al the rate adaptation algorithms proposed in literature
to adapt the transmission to the system variations. Péatlgy  were evaluated in saturation condition, i.e. when nodesugu
the PHY allows a set of transmission modes that can be USEd’]ever empties_ However, when Considering multimedia traffi
to react to the channel variations. Each PHY mode uses a spetike Voice over IP (VoIP) or video streaming, this hypottseisi
cific modulation and channel coding scheme, offering d#ffér  not satisfied. Infact, the time between two consecutivestran
performance in terms of throughput and robustness aga&nst r mjssion attempts could be greater than the channel coterenc
ception noise and interference. The IEEE 802.11a stan@@rd [ time, so that the PHY rate used for the former transmission
which is considered in this paper, specifies eight PHY modes.could be not anymore optimal. In this work, we propose a new
*This work has been done during the author’s internship atPlaeete rate adaptation algorithm’ named AARF-CD (Adaptive Auto
project, INRIA. Rate Fallback with Collision Detection). It is a modificatiof




the Adaptive Auto Rate Fallback (AARF) scheme [7], where communicated to the sender using a modified CTS frame, and
the RTS/CTS mechanism is turned on before deciding whetherthe data frame is sent accordingly. This scheme is not stdnda
to decrease the rate while it is turned off after a variablmnu compliant since it requires modifications to the RTS, CTS and
ber of successful transmission attempts. Our algorithnasye data frames structure. It should be noted that this algorith
to implement and we show that it achieves better performancebehaves like the ideal protocol described in the previogs se
than RRAA and CARA, in terms of system throughput. AARF- tion, provided that the RSSI is accurate and the RTS and CTS
CD inherits the ARF timer which increases the PHY rate if no frames are always sent using the lowest rate. The difference
new PHY rates are tried for a certain period (time based )imer between the ideal algorithm and RBAR is that the latter has to
This feature could improve the performance when multimedia use RTS/CTS, while it is optional in the former.
sources are used. However, for fair comparison, we consider The Robust Rate Adaptation Algorithm [6] is composed by
the saturated traffic scenario that has been used in thatliter ~ two different mechanisms: the rate selector, which seldets
to test the performance of the other algorithms. transmission rate based on the computation of the packet los
Hence we compare our proposed algorithm with Auto Rate ratio observed in a finite window, and the Adaptive RTS, which
Fallback (ARF) [4], AARF, RRAA, CARA and with an ideal turns on and off the RTS/CTS mechanism based on the results
rate adaptation algorithm that always selects the bestaate  of the last transmission. The parameters of the rate selecto
cordinf to the actual channel conditions. Performanceuaval depend on the used rate and the authors proposed defa@svalu
tion are performed by using the new NS-3 simulator [8]. for them. We will show in our simulations that, with these
The remainder of the paper is organized as follows. Sec-settings, RRAA does not always make the best choice for the
tion 2 presents related works. Section 3 gives the systenmrate (although the authors showed that it works better tHaR A
overview and describes the AARF-CD algorithm. Simulation and AARF in a testbed).
results and comparisons with other schemes are shown in Sec- The Collision-Aware Rate Adaptation (CARA) scheme pro-

tion 4. Finally, Section 5 draws the conclusions. posed in [5] exploits the RTS/CTS mechanism for loss difiere
tiation. CARA-RTS implements an adaptive RTS/CTS prob-
2  Related works ing scheme that reduces the overall RTS/CTS usage. More-

over, the authors proposed CARA-BASIC, which is CARA-
RTS with a further mechanism to detect collisions based on

Physical rate adaptation in IEEE 802.11 is awell known and ¢ clear Channel Assessment (CCA) module. They show that
deeply studied issue. Algorithms have been proposed in thepeir agorithm outperforms ARF in a multi-user scenariat b

literature and part of them cannot be implemented in the real;; is not compared with other mechanisms that are known to
network interfaces because they are not standard compliant perform better, like RBAR.

this section, we describe the most known rate adaptatian alg
rithms, bringing more details to the ones we compare with our .
algorithm. 3 System Overview

ARF [4] is a widely adopted and well known rate adapta-
tion algorithm. The decision whether to increase or deereas  We consider a standard IEEE 802.11a WLAN with multiple
the transmission rate is based on the number of consecutivaéisers contending for the medium. We assume that all the sta-
successfully or unsuccessfully transmission attemptpee tions are within carrier sense range, so that the hiddeot®sdg
tively. This algorithm is widely adopted because it is siepl  terminal issue is not present. The available rates usindeIEE
The main problem of this algorithm is that it cannot distiispu ~ 802.11a are, 9, 12, 18, 24, 36, 48 and54 Mbps, but we dis-
between losses due to collision from losses due to charmmel, s carded theéd Mbps mode from the set of selectable modes be-
it achieves poor performance in multi-user scenarios. Agiot  cause the corresponding available throughput is less tan t
problem, pointed out in [7], is that it tries a higher rate ev- one of thel2 Mbps mode for any Signal to Noise Ratio (SNR)
erytime it obtains a fixed number of successfully transmissi  value [10].

attempts, even if the current rate is the most convenienal-To We assume the reader is familiar with the IEEE 802.11
leviate this problem, the authors of [7] proposed the Adapti mechanism. On the contrary case we refer the reader to [10].
ARF (AARF) algorithm that behaves like ARF with the differ- There are two ways to transmit a frame: basic access and

ence that the number of consecutive successfully trangmiss RTS/CTS handshake. With the basic access, the frame is trans

attempts before trying the higher rate is incremented eapon  mitted and if it is correctly received, the receiver sendskiam

tially every time the higher rate transmission fails. AARE&p  acknowledge frame (ACK). With RTS/CTS, the packet trans-

forms better than ARF in case of single-user scenarios,tbut i mission is preceded by a Request To Send (RTS) frame and the

has the same problems as ARF in a multi-user scenarios. answer from the receiver with a Clear To Send (CTS) frame.
In the Receiver Based Auto Rate (RBAR) scheme [9], the The RTS and CTS frames are shorter than data frames, hence

RTS/CTS handshake is mandatory. The receiver selects theollisions among RTS frames are shorter than collisionsrgmo

best transmission rate on the basis of the RSSI measured dudata packets.

ing the reception of the RTS frame. The selected PHY mode is We assume that the RTS, CTS and ACK frames are always



sent at the minimun rate (i.& Mbps), hence they are robust Py,;77, the rate is immediately decreased (without waiting for
against channel-related losses. Moreover, we noticevitesn the observation window termination). The ARts mechanism
the RTS/CTS mechanism is used in a infrastructure scenarioworks simultaneously with the rate selector and it is indepe
collisions can occur only during the transmission of the RTS dent from it. A counter is used to estimate how many trans-
frame. Therefore, the RTS/CTS mechanism is a good way tomission attempts can be made using the RTS/CTS mechanism.
distinguish between collision errors and channel errors. When the counter is greater thanthe RTS/CTS mechanism

In the following, we describe more accurately how the exist- is used and the counter is decreased by one for each attempt.
ing rate adaptation algorithms work, and then we give amesi It exists a RTS window, initially equal t0, which is incre-

look at the proposed rate adaptation algorithm AARF-CD. mented by one when the RTS is not used and the last transmis-
sion attempt fails. It is halved when the RTS is used and the
3.1 ARF, AARF last transmission succeeds, or when the RTS is not used and

the last transmission fails. Every time the RTS window value
ARE is an ACK-based rate selection scheme proposedis modified, the counter is set to the window value. RRAA has

in [4]. The transmission rate is decreased when two consecPeen implemented in a testbed and it performs better than ARF

utive transmission failures happen, and it is increasedwitie ar_1d AAR.F when a multi-user scenario is considered, with or

consecutive transmission attempts succeed. If the rateis i without hidden nodes [6].

creased and the next transmission attempt fails, the rditbevi

immediately decreased. An additional timer is used to msge

the rate when the same rate is used for a long period. This time3.3 CARA

could be time-based or packet-based. This algorithm pador

well when there are no contenders in the medium. However,

it suffers in multi-user scenarios because it cannot djsiigh The main mechanism of the rate selection in CARA is sim-

losses due to channel errors from those due to contentions. ilar to ARF. There are two counters: the first one stands for
Adaptive ARF (AARF) is proposed in [7] to alleviate the the number of consecutive successful transmissions, whele

inefficiency of ARF due to the automatic attempt of new rates second one counts the number of consecutive failures. When

every ten successfully transmissions. This algorithm beha a packet arrives at the MAC, if its size is greater or equahtha

like ARF with one difference: instead of trying the next eggh  a given threshold, or if the number of consecutive transmis-

rate every ten successfully transmissions, it doublesnilnis- sion failures is greater than another given threshold (fvhic

ber whenever the first transmission attempt with the highter r  is 1 by default), the RTS/CTS mechanism will be used. If

fails. The number of successfully transmission attempts re the RTS/CTS handshake fails, the counters will not be mod-

quired to increase the rate is reset to ten every time the ratdfied; instead, if the RTS/CTS handshake succeeds, the data

is decreased and it does not exceed a given threshold (wich iframe will be transmitted with the current rate, like whee th

equal to50). RTS/CTS mechanism is not used. If the data transmission suc-
ceeds, the counter of successfully data transmissionbeviti-
3.2 RRAA cremented by, while the counter of consecutive data failures

will be reset. If the number of consecutive successfullyadat
The Robust Rate Adaptation Algorithm [6] includes two transmission attempts reaches a given fixed threshold (whic

mechanisms: the rate selector, called RRAA-BASIC, and theiS by default equall td_O like ,ARF)’ the rate will be incregsed.
Adaptive RTS (ARts). The rate selector counts the number of'T the data transmission fails, the counter of consecutatad
transmission failures that occur during an observatiordain transmission failures will be mcrem_ent_ed by one, w_h|le the
Then, at the end of this observation window, it computes the counter of successfully data transmission attempt will de r

packet loss ratio and makes its decision: if the packet ktis r set. If the counter of consecutive transmission failureshes
is greater than a threshold calléty;;, (Maximum Tolerable a threshold (which is equal toby default), the current rate will

Loss threshold), the rate is decreased: if the packet ltissisa be decreased. Notice that this algorithm does not provigle an

less than a threshold calléth z; (Opportunistic Rate Increase recovery method vyhen the rate. is increased'and the next trans
threshold) the rate is increased, otherwise the curretisat MiSSion attempt fails. This version of CARA is called CARA-
maintained for the next observation window. The obsermatio 1>

window length (which is in number of transmission units) and  Moreover the authors of CARA proposed a mechanism to
the thresholds values depend on the current rate. Moreoverdetect collisions using the Clear Channel Assessment (CCA)
the authors propose a mechanism to decrease the rate evenvfhen the RTS/CTS handshake is not used: after a Short Inter-
the observing window is not ended: every time a transmissionFrame Space (SIFS) from the end of data transmission, the al-
failure is detected, the packet loss is computed assumatg th gorithm probes the channel through CCA: if the channel igbus
the remaining transmission attempts in the observatiorr win but no ACK is received, then a collision is assumed. In thieca
dow will succeed. If this packet loss estimation is gredtant ~ CARA does not change the counters, as in case of CTS failures.



3.4 1Ideal Rate Adaptation Algorithm [Notation ] Comments [ Value

M nThSucc Minimum success threshold value 10
MaxThSucc Maximum success threshold value 60
In this paper, we use the ideal rate adaptation algorithm| ThSucc Number of consecutively success re-[M nThSucc,
f t d tand d Iv th i < quired to increase the rate MaxThSucc]
as a rererence 1o understand more aeeply e per ormance c'ThFai | Rec Number of consecutive failures required 1
AARF-CD. In order to select the rate that maximizes through- when arr:ew rate is tried in order to de-
: - crease the rate
put, this a_lgorlthm assumes that the sender knows the SNR tha—m Number of consecutive Tallures required 2
characterizes the channel. in order to decrease the rate
i . - nSuccess Consecutive success counter [0,ThSucc]
It _should be notgd thgt, if the RTS_/CTS mechan!sm is used—=-15 Comeecive TRl e oier [0ThEai T]
and if the channel is static, this algorithm behaves like RBA M nRisWid | Minimum RTS window value 1
Max Rt sWhd Maximum RTS window value 40
- Rt sWd Number of consecutively transmissior|s [M nRt sWhd,
neaedr: using the RTS/CTS mechanism MaxRt s\Wad]
ift'ns,ws,on rtsCount er Consecutive  RTS/CTS  handshakes[0, Rt sWhd]
urn_on_rts
if th;re:are_success_wwmuul_RTS counter
reset_RtsWnd
else . .
Loutle Restnd Table 1. List of parameters used in the AARF-CD
rtsCounter=rtsWnd code

if nFailed>=ThFail
turn_off_rts
reset_ThSucc
decrease_rate
nFailed=0

else

rtsCounter=rtswnd

if nFailed>=ThFailRec
turn_off_rts

for

of unsuccessfully transmission attempts reacH&Sai | Rec
\ (i.,e. ThFai | Rec data transmission failures are experienced
iee after the rate increase), the rate is decreased immediately

ThSucc is doubled. Otherwise, if RTS/CTS is used and the
number of unsuccessfully transmission attempts is greater
equal toThFai | , the next lower rate will be used for the
next transmission an@hSucc is reset toM nThSucc. Both

Rt sWwhd andThSucc can grow up to a maximum value, called
MaxRt sWhd for the former andvaxThSucc for the latter.

double_ThSucc
decrease_rate
nFailed=0

/ CTS is not

nSuccess++ received
TxPend && nFailed=0

Ints_is_on if nSuccess==ThSucc
T increase_rate
nSuccess=0
turn_on_rts
reset_Rtswnd

Success

Transmit
Data

Transmit
RTS

7S s received The numerical values of these parameters are shown in Table 1
Note that the RTS/CTS mechanism is switched off every
Figure 1. State diagram of AARF-CD time the rate is decreased and when thesCount er be-

comed); conversely, it is switched on every time the rate is in-

creased or a data transmission failure occurs without iteMo
3.5 AARF-CD over, when a CTS frame is lost, the algorithm does not change

the countersSuccess, nFai | ed andrt sCount er.

AARF-CD is derived from AARF, but it uses the RTS/CTS Two main differences between AARF-CD and ARF can be
mechanism only when it is necessary. Figure 1 shows the stat@bservedi) the adaptation of the number of consecutive trans-
diagram of the AARF-CD algorithm and Table 1 defines the mission attempts needed to increase the ratejiptioe usage
parameters used in this paper. of the RTS/CTS mechanism to react to contention problems.
Before the transmission of a packet, AARF-CD checks While the former is inherited from AARF, the latter is a contri

whether to use the RTS/CTS mechanism or not. This mech-bution of this work.
anism has to be used when thesCount er is greater than The main difference between AARF-CD and CARA is that,
zero; when it is used and the handshake succeeds (i.e. the CT®henever the rate changes, CARA turns off the RTS/CTS
is received), this counter is decremented by one. If the CTSmechanism (if the data packet is smaller than a threshold),
is not received, the algorithm retries to send the RTS dftert while AARF-CD switches on the mechanism whenever it in-
backoff period. If the data frame is successfully transditt  creases the rate and it switches off the mechanism when it de-
the nSuccess counter is incremented by one; this counter creases the rate. The different behavior of AARF-CD guaran-
is incremented by one until it reaches the threshidiGucc. tees that if the first data transmission attempt fails, itrizbp
At this moment, the next higher rate is used and the RTS/CTSably due to channel errors, hence the rate could be decreased
mechanism is turned on setting thé sCount er equal to immediately. To alleviate this problem, the authors of CARA
Rt sWhd. If the data frame is lost, the algorithm increments proposed to detect collision using the CCA. This mechanism
by 1 the consecutive failure countarfai | ed. If the fail- works well when there are no hidden terminals, otherwise, it
ure occurs without using the RTS/CTS mechanism, RTS/CTScould take wrong decisions. Moreover, when two stations col
will be turned on by doublingt sWhd if necessary (i.e. when lide, only the station with the shortest transmission tim w
using the current rate transmission attempts fails withbat  consider the failure due to collision (e.g. if the collidista-
RTS/CTS mechanism). If a new rate is used and the numbettions transmit packets with the same length and with the same



rate, the collision will not be detected by the two stations)
Note that CARA uses fixed thresholds in order to decide

both whether to use RTS/CTS and when to decrease or in-

crease the rate. Conversely, AARF-CD uses adaptive thresh
olds, hence it is more stable when the channel is slowly vary-

ing.
4 Performance Evaluation

In order to evaluate the performance of the algorithm, we
run simulations using the new NS-3 network simulator. The
implementation of ARF, AARF, RRAA and the Ideal rate con-
trol algorithms, are distributed within the main releasg [8
while the code for CARA-RTS and AARF-CD can be found
in [11].

We consider an infrastructure scenario with a variable num-
ber of nodes, each in the transmission range of the others (i.
with no hidden terminals) at a variable distance from the AP.

35

& AARF-CD

ARF-CD
30~ ~4-ARF
<7+ AARF
= 25¢ ~-RRAA
g CARA-RTS
=3 20 ---ldeal
5 --|deal Rts
o
ey
515 —
o SN
= \
F 10 e
J ;\g .
0 i i Brgs. ;
0 50 100 15 200

Distance (m)

Figure 2. Performance without contention

All the nodes are equipped with an IEEE 802.11a interface and

they use the same rate adaptation algorithm. Each node sendsdaptation algorithm with RTS/CTS (named Ideal RTS) shows
saturated UDP traffic (i.e., the transmission queue is neverthat the RTS/CTS mechanism introduces a useless overhead in

empty) with a packet size @000 bytes without the MAC and
PHY headers.

this scenario. Concordantly AARF-CD does not use RTS/CTS.
RRAA performs always worse than ARF. We can also ob-

We consider a path loss channel model where the power reserve some peaks in the regions corresponding to trarsition

ceived in dB is given by
P, =10log(P;) — nl0log(d)

with Py, the transmitted power (Watt), the distance between
the nodes (Meter) and, an exponential factor equal 80

Eight rate adaptation algorithms are compared: Auto
Rate Fallback, Adaptive ARF, Robust Rate Adaptation Algo-
rithm, CARA-RTS, AARF-CD, ARF-CD and the Ideal rate
adaptation algorithm with and without the RTS/CTS mecha-
nism. ARF-CD is a particular version of AARF-CD where
MaxThSucc is equal tol0, i.e. equal toM nThSucc. With
these particular settings ARF-CD behaves like a modified ver
sion of ARF, since it is not able to adapt the success thrdshol

4.1 Single node

As a first step of our analysis, we consider a simple scenario
with one node that transmits packets to the AP. During the sim
ulation, the node is moved away from the AP with a step of
1 m. The throughput of the node as function of the distance
from the AP (which is proportional to the SNR) is plotted in
Figure 2.

As expected, in this scenario ARF and AARF work very
well, especially the second algorithm. We can observe teat t
throughput achieved using AARF is closed to the throughput o
the ideal rate adaptation algorithm. The performance of ARF
CD and AARF-CD are very close to the one of ARF and AARF
respectively. Hence, in this scenario AARF-CD shows a sim-
ilar behavior as AARF, as expected. Moreover, the ideal rate

between two transmission rates. This means that RRAA does
not take the best decision for the transmission rate, and it
presents instability in the transition regions. To emphashe
instability of RRAA we plot the confidence intervals The
parameters used in our simulations are those provided by the
authors of [6].
CARA-RTS performs worse than ARF. This is due to the

fact that every time a new PHY rate is used, two consecutive
transmission failures are required to select again a loater r

4.2 Multi-user

Let us now study the behavior of the algorithms in a multi-
user scenario. We arranged a variable number of saturated
nodes (froml to 20), 50 m apart from the AP. Figure 3 shows
the aggregated throughput (i.e. the sum of the throughput of
all the nodes) as a function of the number of contenders éor th
eight algorithms.

Performance of AARF-CD and ARF-CD are the closest to
the ideal one. As we expected, both ARF and AARF choose
a suboptimal rate whenever the number of contending station
is greater thar2. The reason, as we explained before, is that
these algorithms assume all packet losses are due to transmi
sion errors. Moreover, we can notice that CARA-RTS is ro-
bust against collisions, but it performs worse than AARF-CD
and ARF-CD. This is because, when the level of contention
increases, CARA-RTS always alternates between basicsacces

1We do not plot the confidence intervals of the rate adaptatigarithms
different than RRAA because they are small.
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Figure 3. Performance with contention (50m)

and RTS/CTS, while AARF-CD and ARF-CD, increasing the
Rt sWhd parameter, use predominantly the RTS/CTS mode.

From Figure 3, we observe that RRAA performs poorly with

the set of parameters given in [6]. In particular, it is vengia-
ble when the number of nodes increases.

5 Conclusion
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