
A Rate-Adaptive MAC Protool for Wireless NetworksGavin Holland, Nitin VaidyaTexas A&M University(fgholland,vaidyag�s.tamu.edu) Paramvir BahlMirosoft Researh(bahl�mirosoft.om)Tehnial Report TR00-019Dept. of Computer SieneTexas A&M UniversityAugust 7, 2000AbstratWireless loal-area networks are beoming inreasingly pop-ular. This is due, in part, to the reent availability of de-vies apable of ommuniating at data rates approahingthat of onventional wired networks. These high rates aremade possible through new modulation and oding teh-niques that dramatially inrease bandwidth eÆieny. How-ever, maintaining reliable ommuniation at higher datarates requires more signal power. Consequently, wireless de-vies often support multiple data rates, providing the userthe ability to hoose the rate that best suits their applia-tion. Alternatively, an automati rate adaption mehanismmay be used. Rate adaption is the proess of automatiallyseleting the rate that gives the optimum throughput for thehannel onditions. Although rate adaption mehanismsfor ellular wireless networks have been studied at length,few have been proposed for wireless loal-area networks.This paper presents one suh mehanism: a rate adaptiveMAC protool based on the RTS/CTS ollision avoidanehandshake, alled the Reeiver-Based AutoRate (RBAR)protool. The protool is unique in that the rate adap-tion mehanism is loated on the reeiver, instead of thesender. Simulation results of an implementation of RBARinto IEEE 802.11 show that this arrangement performs well,in omparison to an existing protool.1 IntrodutionWireless loal-area networks are beoming inreasingly pop-ular. This is due to the rati�ation of standards, like IEEE802.11 [11℄, that have laid the foundation for wireless de-vies apable of transmitting at data rates approahing thatof onventional wired networks. For example, devies arenow available that an transmit at 11Mbps, with 54Mbps
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Figure 1: Theoretial bit error rates (BER) as a funtionof the signal-to-noise ratio (SNR) for several modulationshemes and data rates in an AWGN hannel.expeted in the near future. With the promise of anytime,anywhere ommuniation, at rates previously available onlyon the desktop, it is easy to see why wireless loal-area net-works are beoming popular.Higher data rates are ommonly ahieved by inreas-ing the bandwidth eÆieny of the modulation sheme.Modulation is the proess of translating an outgoing datastream into a form suitable for transmission on the physialmedium. For digital modulation, this involves translatingthe data stream into a sequene of signal pulses, or symbols.Eah symbol may enode a fration of a bit, or several bits,depending on the sheme. The ratio bits=symbol is alledits bandwidth eÆieny. The symbol sequene is then trans-mitted at a ertain rate, the symbol rate, whih is usually�xed. The data rate, then, is determined by the symbolrate and the number of bits enoded per symbol. High ratemodulation shemes simply enode more bits per symbol {i.e. they are more bandwidth eÆient.The performane of a modulation sheme is measured byits ability to preserve the auray of the enoded data. Inmobile wireless networks, path loss, fading, and interferenein the hannel all ontribute to variations in the reeivedsignal-to-interferene plus noise ratio (SINR). The variation1



50 100 150 200 250

Distance (m)

0

1000

2000

3000

4000

U
D

P
 T

hr
ou

gh
pu

t 
(M

bp
s)

QAM256 (8Mbps)
QAM64 (6Mbps)
QAM16 (4Mbps)
DQPSK (2Mbps)
DBPSK (1Mbps)

Figure 2: Comparison of throughput versus distane forseveral modulation shemes. The results were obtained bysimulation of a single UDP onnetion with a CBR sourein an AWGN hannel with Friis free-spae path loss.in SINR results in variations in the bit error rate (BER),beause the lower the SINR, the more diÆult it is for themodulation sheme to deode the reeived signal, resultingin a higher (BER). Sine an inrease in bandwidth eÆienymeans denser enoding, a tradeo� emerges between datarate and power: the higher the data rate, the higher therequired signal power.This tradeo� is illustrated in Figure 1, whih shows thetheoretial BER as a funtion of the signal-to-noise ratio(SNR) for several di�erent modulation shemes in an addi-tive white Gaussian noise (AWGN) hannel. Notie that,for an inrease in data rate, an inrease in signal power is re-quired to maintain the same BER. For example, to ahievea bit error rate of 1E-5, a paket transmitted at 8Mbps(QAM256) requires 158� more signal power (22dBm gain)than the same paket transmitted at 1Mbps (DBPSK).To illustrate the impat that this tradeo� an have onperformane, Figure 2 shows throughput as a funtion ofdistane for eah of the modulation shemes in Figure 1.Here, for the sake of illustration, only free-spae path lossis modeled. Transmit power is onstant. Notie that thelower rate shemes have greater transmission ranges thanthe higher rate shemes. As the distane inreases, thesignal attenuates until the reeived SINR drops below thethreshold required to maintain a tolerable bit error rate.This appears as a sharp drop in throughput in Figure 2,orresponding to the steep urve in Figure 1. Of ourse,fators other than path loss ontribute to variations in theSINR, suh as fading and interferene, whih further impatperformane.Consequently, many onventional wireless loal-area net-working devies are designed with the apability of trans-mitting at multiple data rates, providing users with theexbility to hoose the rate that best suits their environ-ment and appliation. For example, users who value highoverage might opt to use a lower rate. Alternatively, a rateadaption tehnique may be employed.1.1 Rate AdaptionRate adaption is the proess of dynamially swithing datarates to math the hannel onditions, with the goal of se-leting the rate that will give the optimum throughput forthe onditions. A proven tehnique for wireline modems

[5℄, rate adaption has reently attrated attention as a teh-nique that an also be used to great e�et in wireless sys-tems [15℄ [9℄, [20℄, [1℄.There are two aspets to rate adaption: hannel qualityestimation and rate seletion. Channel quality estimationinvolves measuring the time-varying state of the wirelesshannel for the purpose of generating preditions of futurequality. Issues inlude: whih metris should be used as in-diators of hannel quality (e.g. signal-to-interferene plusnoise ratio (SINR), signal strength, symbol error rate, biterror rate), whih preditors should be used, whether pre-ditions should be short-term or long-term, et. [2℄, [8℄.Rate seletion involves using the hannel quality predi-tions to selet an appropriate rate. Tehniques vary, but aommon tehnique is threshold seletion, where the value ofan indiator is ompared against a list of threshold valuesrepresenting boundaries between the data rates [19℄, [2℄.Among the fators that inuene the e�etiveness of rateadaption, of partiular importane is the auray of thehannel quality estimates. Inaurate estimates ause poorrate seletion. Thus, it is advantagous to utilize the bestinformation available when generating hannel quality es-timates. Furthermore, sine it is the hannel quality seenby the reeiver that determines whether a paket an be re-eived, the best information is found on the reeiver { e.g.SINR samples, error rates, and fading estimates providedby the reeiver hardware. It is equally important that, onethe estimates are generated, they be used before they be-ome stale. Thus, it is also advantageous to minimize thedelay between the time the hannel quality is estimated andthe paket is transmitted.Muh of the previous work on rate adaption in wirelesshas assumed a ellular network (e.g. mobile nodes ommu-niating to a base station over a TDMA/TDD link) [2℄, [15℄,[19℄. We have observed that many of these tehniques havethe following harateristis: rate seletion is performed bythe sender; hannel quality estimation is performed by thereeiver and periodially fed to the sender either on thesame hannel (e.g. in alternating TDMA/TDD slots) or ona separate subhannel; and they operate at the physiallayer, adapting rates on a symbol-by-symbol or slot-by-slotbasis, transparent to upper layers.Few rate adaption tehniques have been designed forwireless loal-area networks (e.g. mobile nodes ommuni-ating peer-to-peer over CSMA/CA links). There are twopapers that address rate adaption in wireless loal-area net-works. In [16℄, the authors present a protool for a dual-hannel slotted-aloha MAC, in whih the sender uses ex-pliit feedbak via a ontrol hannel to selet the best ratefor the data hannel. And, in [13℄, the authors present aprotool for 802.11, used in Luent's WaveLAN II devies,in whih the sender uses data pakets to probe for the bestrate, basing rate seletions on whether probe pakets aredropped. Note that, in both protools, rate seletion isdone by the sender, and in [13℄ hannel quality estimationis also performed by the sender. Also note that only [13℄is based on a widely used, wireless loal-area networkingstandard.In this paper, we propose a new approah to rate adap-tion in wireless loal-area networks. Our approah di�ersfrom those in [16℄ and [13℄ in that rate seletion and han-nel quality estimation are both loated on the reeiver,avoiding the ostly transmission of hannel quality feedbakand paket probing. This is made possible by utilizing the2



RTS/CTS ollision avoidane handshake for the purpose ofrate adaption.2 Proposed ApproahIn this paper, we propose a new approah to rate adaptionin wireless loal-area networks, whih di�ers from existingapproahes in that rate seletion and hannel quality esti-mation are both loated on the reeiver. The motivationfor this approah is based on the following observations:� Rate seletion an be improved by providing more,and more aurate, hannel quality information.� Channel quality information is best aquired at thereeiver.� Transmitting hannel quality information to the senderis ostly.To demonstrate this approah, we have developed the Reeiver-Based Autorate (RBAR) protool, whih is a rate adaptiveMAC protool for wireless loal-area networks.2.1 The Reeiver-Based Autorate (RBAR) ProtoolThe Reeiver-Based Autorate (RBAR) protool is based onthe RTS/CTS ollision avoidane handshake, ommon inMAC protools for wireless loal-area networks (e.g. SRMA [18℄,MACA [14℄, MACAW [3℄, FAMA [7℄, IEEE 802.11 [11℄).The purpose of the RTS/CTS handshake is to reservethe wireless hannel for the duration of a paket transmis-sion, to avoid ollisions aused by hidden terminals. Hiddenterminals are nodes that are in range of the reeiver but notthe sender. Collisions our when hidden terminals, unableto sense the sender's transmission, attempt to transmit si-multaneously, ausing a ollision at the reeiver. In on-ventional RTS/CTS protools, the sender selets the datarate at whih to transmit the paket, and then alulatesthe duration of the reservation based on the paket sizeand the seleted rate. The reservation is then transmittedin an exhange of RTS/CTS ontrol pakets with the re-eiver. The RTS (Ready to Send) and CTS (Clear to Send)pakets serve two purposes: 1) to request and aknowledgethe reservation between the sender and reeiver, and 2) toannoune the duration of the reservation to all nodes thatare in range. Nodes that overhear the RTS/CTS messagesreat by deferring their own transmissions for the durationof the reservation.In RBAR, the RTS/CTS handshake is modi�ed to allowthe reeiver to hoose the rate at whih the paket willbe transmitted. Instead of ontaining the duration of thereservation, the RTS/CTS pakets arry two �elds: datarate and data paket size. Together, these �elds provide theinformation needed to allow nodes that overhear either RTSor CTS paket to alulate the duration of the reservation.However, in the RTS, the rate �eld arries the rate whihthe sender intends to use for the data paket. Whereas,in the CTS, it arries the atual rate that will be used, asseleted by the reeiver. When the rates di�er, reservationsbased on the outdated rate in the RTS are updated by thedata paket's header.The protool is illustrated in the example shown in Fig-ure 3. Here, node S has a data paket of size n to sendto node R, and A and B are nodes in range of S and R,respetively. The protool behaves as follows.
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Figure 3: Example paket transfer using the proposedReeiver-Based Autorate (RBAR) protool.� S hooses a data rate r1, using some heuristi, andsends r1 and the size of the data paket n in the RTSto R.� A, overhearing the RTS, uses r1 and n to alulate theduration of the reservation, marking it as tentative.� R, having reeived the RTS, uses some hannel qualityestimation and rate seletion tehnique to selet thebest rate r2 for the hannel onditions, and sends r2and n in the CTS to S.� B, overhearing the CTS, alulates the reservation us-ing r2 and n.� S responds to the CTS by plaing r2 into the headerof the data paket and transmitting the paket at theseleted rate. If r1 6= r2, S uses a unique headersignaling the rate hange.� A, overhearing the data paket, looks for the uniqueheader. If it exists, it realulates the reservation toreplae the tentative reservation it alulated earlier.Bene�ts to this design inlude:� The rate seletion mehanism has loal aess to allof the hannel quality information available at the re-eiver, suh as information from the reeiver's hard-ware aquired during reeipt of the RTS.� The RTS an be used for estimating hannel quality,very near to the time the data paket is transmitted.� A separate hannel for feedbak of hannel qualityinformation to the sender from the reeiver is not re-quired.� Rate adaption is performed on a per-paket basis.� It an be implemented into 802.11.Note, we have not spei�ed the tehniques for han-nel quality estimation and rate seletion. The objetive ofthis work is to demonstrate the usefulness of the reeiver-based rate adaption approah using the RTS/CTS meha-nism, and the potential performane improvement that itan ahieve over existing approahes, not to advoate anypartiular physial layer hannel quality estimation or rateseletion tehnique. The ideas in this paper should applyequally well for use with any of suh tehniques. However,for the purposes of our performane evaluation, we usedthe hannel quality estimation and rate seletion tehniquesthat are desribed in [2℄ for slow feedbak-based rate adap-tion. Their approah is a threshold based rate seletion3



sheme, whih uses average SINR as an indiator of han-nel quality. We deviated slightly from their sheme, usinginstantaneous SINR, sampled at the end of a paket reep-tion.3 Implementation of RBAR into IEEE 802.11In this setion, we show how RBAR an be implementedinto IEEE 802.11.3.1 Preliminaries and AssumptionsIn this setion, we briey desribe features of the IEEE802.11 MAC that are relevant to later setions. We referthe reader to [11℄ for more information on 802.11.3.1.1 802.11 Reservation Aess ControlThe reservation aess ontrol protool is an implementa-tion of the RTS/CTS ollision avoidane protool, and ispart of the Distributed Coordination Funtion (DCF) inthe IEEE 802.11 MAC.In the reservation aess ontrol protol, the durationof a reservation is arried in the duration �eld of the RTS,CTS, and ACK ontrol pakets, as well as in the duration�eld in the MAC header of data pakets.Nodes trak reservations in a data struture alled theNetwork Alloation Vetor (NAV). The NAV is onsultedduring arrier sensing to determine the urrent \busy" sta-tus of the hannel. Thus, it provides MAC level virtualarrier sensing as a supplement to the physial arrier sens-ing provided by the devie.To illustrate the reservation aess ontrol protool, on-sider the following example, where node x has a paket tosend to node y. Node x �rst requests a reservation by al-ulating the duration of the reservation T and sending itin the duration �eld of the MAC header of an RTS to y.The duration T is the time that will be required from themoment after the RTS has been reeived, until the mo-ment after the ACK has been reeived, and is alulatedusing T = TCTS + TDATA + TACK + 3 � SIFS. TCTS andTACK are the estimated transmission times of the CTS andACK pakets at a rate hosen from the BSSBasiRateSet,and TDATA is the estimated transmission time of the datapaket using a rate hosen by x from the set of rates sup-ported by both x and y. The BSSBasiRateSet is the setof rates that all nodes are required to support. SIFS is aphysial layer onstant. Eah subsequent paket in the ex-hange arries the time remaining in the reservation in theirduration �eld so that nodes in range of x and y are able toadd the reservation to their NAVs. The time remaining isalulated for eah paket by subtrating out the expetedtransmission time for the paket from the value of the dura-tion �eld in the previous paket. For example, the duration�eld of the CTS paket sent by y would have a value ofT 0 = T � (TCTS + SIFS), where T is the value of theduration �eld in the RTS that y reeived from x.3.1.2 Support for Rate Adaption in 802.11802.11 was designed to aomodate per-paket data rate se-letion. In 802.11, the physial layer prefaes every paket

with a header (PLCP) that indiates the rate that will beused to transmit the paket. The PLCP header is then sentat a �xed rate that all nodes are required to support. Thus,when a node detets a transmission it �rst tunes its hard-ware to the �xed rate to reeive the PLCP header, and thenuses the ontents of the header to tune its hardware to theappropriate rate for the paket. The algorithm for hoos-ing whih rate to use for a date paket was intentionallyunspei�ed in the 802.11 standard.3.2 Implementation DetailsIn this setion, we desribe the implementation of RBARinto 802.11. We start by presenting the issues that wereaddressed, followed by a desription of spei� hanges tothe 802.11 protool.In 802.11, the duration of a reservation does not hange.Thus, nodes that overhear a request may update their NAVswithout regard to any further ommuniation about thereservation. To failitate dynami rate hanges we intro-due the notion of tentative reservations. Tentative reser-vations serve to inform neighboring nodes that a reservationhas been requested but that the duration of the atual reser-vation may di�er. Thus, a tentative reservation serves as aplaeholder until the atual reservation is transmitted. Thepurpose of tentative reservations is to allow the sender andreeiver to reserve bandwidth so they an negotiate the ap-propriate modulation rate without interruption. Any nodethat reeives a tentative reservation is required to treat itthe same as an atual reservation with regard to later re-quests; that is, if a node overhears a tentative reservationit must update its NAV so that any requests that are di-reted to it and onit with the tentative reservation aredenied. Several tehniques an be used to integrate tenta-tive reservations into 802.11. One tehnique would be touse additional ontrol messages, suh as a seond round ofRTS/CTS messages, to announe the tentative reservation.Another tehnique would be to modify the existing frames.In this implementation, we hoose to do the latter. In theremainder of this setion, we disuss the details of the framemodi�ations.The following are the proposed hanges to the 802.11frames.1. The enoding of the 16-bit duration �eld in RTS andCTS pakets is hanged to a 4-bit rate sub�eld anda 12-bit length sub�eld. The rate sub�eld uses anenoding similar to the rate �eld in the 802.11a PLCPheader, and the length sub�eld gives the size of thedata paket in otets.2. A new data frame format is introdued, where thestandard MAC header is hanged to inlude a CRC-16 duration hek sequene (DCS). The DCS oversthe frame ontrol, duration, address 1, and address 2�elds of the header, whih together form the reser-vation subheader. The new frame will only be usedfor STA to STA data frames that update a previouslyannouned reservation.3. The enoding of the signal �eld in the PLCP header isdivided into two 4-bit rate sub�elds that are enodedidentially to the rate sub�eld in item 1. The �rstsub�eld indiates the rate at whih the subheader initem 2 are transmitted, and the seond sub�eld indi-ates the rate at whih the remainder of the paket istransmitted.4



As mentioned earlier, reeiver-based rate adaption re-quires that the sender and reeiver be able to exhangerate information about the data paket while still provid-ing reservation information to neighboring nodes. This isaomplished by enoding the rate and paket length intothe duration �elds of the pakets, aording to the format initem 1. The protool then proeeds as follows. When nodex has a paket to send to node y, it hooses rates for theontrol and data pakets, as in the urrent standard. How-ever, instead of alulating the duration of the reservation,x enodes the rate and the length of the data paket intothe duration �eld of the RTS and sends it to y. Nodes thatoverhear the RTS use the enoded data along with the rateat whih they reeived the RTS to alulate the antiipatedlength of the reservation, using the previous equation for T .This is possible beause all of the values required to alu-late T are known: they are either physial-layer onstants,or are provided by the RTS (note, we assume that all on-trol pakets are sent at the same data rate). However, sinethe rate for the data paket may be hanged by the reeiver,T is treated as a tentative reservation. After y reeives theRTS from x it hooses the best rate and enodes it into theduration �eld of the CTS, along with the size of the datapaket provided by the RTS. Nodes that overhear the CTSuse the enoded information to alulate the length of thereservation, similar to that done for the RTS, only using theequation for T 0. This is the atual reservation. The dura-tion �elds in the remaining pakets are enoded similiarlyso nodes that heard the tentative reservation in the RTSare able to alulate the atual reservation.The RBAR protool requires that all nodes be able toreliably reeive and deode portions of data pakets thatthey overhear. This is neessary beause ertain �elds in theheader are now used to announe reservations. However, in802.11, it annot be assumed that all nodes will be ableto reeive a paket sine data pakets may be sent at arate that is not required to be supported by all nodes; thatis, it may not be in the BSSBasiRateSet. Furthermore,even if the paket an be reeived, the paket data annotbe trusted until after the entire paket has been reeivedand heked using the frame hek sequene. To addressthese problems, we propose a new MAC data frame formatthat groups header �elds arrying reservation informationinto a subheader proteted by a heksum. To ensure thatthis information is available to all nodes, we also proposemodifying the PLCP header and transmission protool toenable transmission of the subheader at a rate independentof the rest of the paket. For example, the subheader ouldbe transmitted at a rate in the BSSBasiRateSet, whilethe remainder of the paket is transmitted at a di�erentrate. The proposed MAC and PLCP header modi�ationsare desribed in items 2 and 3. Changes to the protoolsare desribed below.In 802.11, the PLCP header ontains an 8-bit signal�eld that designates the rate at whih the payload is trans-mitted. This �eld is used by the physial layer as follows.When the MAC passes a paket down to the PLCP it alsospei�es the rate at whih to send the paket. The physi-al layer then enodes this rate into the signal �eld of thePLCP header. When the paket is sent, the physial layer�rst transmits the PLCP header at the �xed PLCP rate,and then swithes to the rate spei�ed by the MAC fortransmitting the remainder of the paket. The physiallayer at the reeiver then uses the signal �eld to determinewhih rate to swith to for reeiving the payload.To enable the use of an additional rate for the reserva-

tion subheader, we propose the following. Instead of a sin-gle 8-bit signal �eld, we subdivide the �eld into two 4-bitsub�elds, as desribed in item 2. The transmission proto-ol is hanged as follows. When the MAC passes a paketdown to the physial layer it spei�es two rates: one for thesubheader and one for the remainder of the paket. Thephysial layer will enode the rates into the signal sub�eldsand transmit the PLCP header. After the PLCP headerhas been transmitted, the physial layer will swith to the�rst rate for the subheader, and then to the seond rate im-mediately after the subheader has been transmitted. Fur-thermore, the reservation subheader will be made availableto the MAC immediately after the header has been heked,to allow the MAC to update its NAV.4 Performane EvaluationIn this setion we present the results of our performaneevaluation of the Reeiver-Based AutoRate (RBAR) pro-tool. The evaluation is based on simulation results, usingthe ns-2 network simulator. As a basis of omparison, wealso simulated Luent's Autorate Fallbak (ARF) protool,as presented in [13℄. Next, we give a brief overview of theARF protool, followed by a desription of the simulationenvironment and methodology.ARF is the rate adaption sheme used in Luent's 802.11WaveLAN II networking devies. It uses the presene orabsene of MAC ACKs as indiators of hannel quality, in-rementally seleting higher or lower rates when the qualityhanges. The protool is simple. If two onseutive ACKsare lost then the rate is redued and a timer is started. Therate remains redued until either ten onseutive ACKs arereeived or the timer expires. Upon expiration of the timer,the rate is inreased for the next data paket (in our disus-sion, we refer to this paket as a probe paket, sine it servesthe purpose of probing the hannel to see if onditions haveimproved.) If the ACK for the probe paket is lost, thenthe rate is immediately redued and the timer is restarted;otherwise, the protool ontinues at the new rate. In oursimulations, the timeout was set to 100ms.All of the results are based on simulations using a mod-i�ed version of the ns-2 network simulator from LBNL [6℄,with extensions from the CMU MONARCH projet [4℄.The extensions inlude a set of mobile ad-ho network rout-ing protools and an implementation of BSD's ARP proto-ol, as well as an 802.11 MAC layer. Also inluded aremehanisms to model node mobility, using preomputedmobility patterns that are fed to the simulation at run-time.For more information about the extensions, we refer thereader to [4℄. Additional modi�ations were made to modelthe modulation shemes shown in Figure 1, and Rayleighfading. The Rayleigh fading implementation is desribed inthe Appendix.Our network model onsisted of two identially on-�gured nodes ommuniating on a single hannel, usingradios partially modeled after the ommerially availableAironet 4800 2.4GHz DSSS IEEE 802.11b-based wirelessnetwork interfaes. Sine we are only interested in eahprotool's ability to adapt to hanging hannel onditions,we hose not to simulate the CCK modulation of 802.11bin favor of M-ary QAM. However, similar results an be ex-peted for CCK and other modulation shemes. Thus, theset of modulation shemes used in the performane eval-uation was the same as those shown in Figure 1: DBPSK(1Mbps), DQPSK (2Mbps), QAM16 (4Mbps), QAM64 (6Mbps),5



and QAM256 (8Mbps). The 802.11 basi rate, whih is therate at whih ontrol pakets are transmitted, was set to1Mbps DBPSK. Routing was stati, and the TCP resultsused TCP-Reno with delayed aks. The remaining param-eters were similar to those in [10℄.For simulations involving mobility, one node was heldin-plae while the other was in onstant motion along astraight path extending outward from the �xed node. Thelength of the path (250m) was hosen to extend beyondthe e�etive range of the modulation shemes so that thehannel would vary from very good to very bad during eahtraversal of the path. The intent was to stress the rateadaption shemes in a plausible usage senario.Unless otherwise stated, all simulation results are basedon the average of 20 preomputed senarios, or patterns.Eah pattern, generated randomly, designated the plae-ment, heading, and speed of eah node over the simulatedtime. For eah pattern, the starting position and diretionof the mobile node on the path was random, as well as itsspeed. For eah subsequent traversal of the path, a di�er-ent speed was hosen at random, uniformly distributed inan interval of 0:9v � 1:1v, for some mean speed v. For ex-periments in whih the mean speed v was varied, we usedthe same preomputed patterns so that the same sequeneof movements oured for eah experiment. For example,onsider one of the patterns, let's all it I. A node x in Ithat takes time t to move from point A to point B in the5 m/s run of I will take time t=2 to traverse the same dis-tane in the 10 m/s run of I. So, x will always exeute theexat same sequene of moves in I, just at a proportionallydi�erent rate. The patterns we used had a duration of 600sat a mean node speed of 2 m/s.4.1 Impat of Node SpeedIn this setion, we onsider the impat of node speed on theperformane of the rate adaption protools in a Rayleighfading hannel. In a fading hannel, variations in the signalare indued at a rate that depends, in part, on the rela-tive speed between the transmitter and the reeiver. Fora onventional loal-area network with nodes moving atwalking speeds (e.g. node speed � 2 m/s ommuniatingat 2Mbps over a 2.4GHz hannel), hanges generally ourslowly enough that the hannel is e�etively onstant for theduration of a paket exhange (this duration is often alledthe oherene time, whih is desribed in the Appendix).However, as the node speed inreases, hanges our muhmore rapidly, dereasing the preditability of the hannel.Thus, varying the mean node speed will enable us to eval-uate the adaptability of the two protools.To observe the impat of mean node speed, we per-formed experiments for �ve di�erent speeds: 2, 4, 6, 8,and 10 m/s. Results were generated for UDP and TCPonnetions arrying ontinuous data traÆ. A CBR traf-� soure was used for the UDP experiments, and an FTPsoure with unlimited data was used for the TCP experi-ments. For eah, data was generated at a rate of 8Mbpsand sent in 1460 byte pakets.Results of the UDP experiments for eah protool areshown in Figure 4. Also shown are the results obtainedfor a �xed rate of 2Mbps (DQPSK), whih was the bestperformer of the �xed rate measurements. For these results,notie that:
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Figure 4: Performane for a CBR soure generating traÆon a single UDP onnetion in a Rayleigh fading hannel.� RBAR outperformed ARF for all mean node speeds,with the performane improvement ranging from 8%(10 m/s) to 22% (2 m/s).� An inrease in mean node speed resulted in a dereasein performane. As expeted, the inrease in variabil-ity of the signal resulted in a derease in performane.Also notie that the performane improvement forRBAR also dereased as the mean node spead in-reased. Reall that the simple hannel quality predi-tion mehanism used in RBAR for these results worksbest when the hannel oherene time (desribed inthe Appendix) is larger than the time it takes to trans-mit the CTS paket and the DATA paket. For 2 m/s,the oherene time was suÆiently large that this wastrue for pakets transmitted at all data rates (exept1Mbps, by a small margin). However, as the nodespeed inreased, the oherene time shortened and thehigher data rates were also a�eted, resulting in a de-line in performane. We expet that this deline anbe improved signi�antly with better hannel qualitypredition tehniques, suh as those in [2℄. This is atopi of future work.� Intuitively, ARF should perform at its best, relativeto RBAR, when paket arrivals are frequent. This isbeause ARF traks the hannel quality using datapakets as periodi probes. On the other hand, sineRBAR uses the ollision avoidane handshake to trakthe hannel state on a per-paket basis, it should per-form the same regardless of the traÆ pattern. How-ever, these results show that this is not neessarilythe ase. We suspet that this is beause of the fol-lowing reasons. If the hannel is in a degraded state,ARF periodially probes the hannel to see if ondi-tions have improved by sending a data paket at thenext higher rate. If onditions haven't improved, thenthere is a good hane that the paket will be droppeddue to wireless errors. We observed that even thoughthe steady stream of data pakets improved ARF'sability to trak and adapt to the hanges in the han-nel state, the bandwidth wasted on dropped probepakets in regions where the highest rate was unavail-able signi�antly degraded overall performane. Forexample, Table 5 shows the number of data paketsreeived versus the number of pakets dropped due towireless errors, during one run of the simulator. Inthis instane, ARF lost 21% of its pakets to wirelesserrors, versus RBAR's 10%.6



Protool Reeived DroppedARF 50,921 13,927RBAR 62,755 7,034Figure 5: UDP data paket statistis for one run of thesimulator.The remaining performane di�erene an be attributedto RBAR's more aurate rate adaption. We observedthat, even with the steady traÆ ow, RBAR wasable to adapt more quikly to the hanging hannelonditions than ARF, whih not only ontributed tofewer dropped pakets, but also resulted in better ratehoies and, onsequently, higher throughput. Thisan be seen in Table 5, whih shows that RBAR wasable to transmit nearly 5,000 more pakets than ARF,and deliver nearly 12,000 more. Thus, not only wasRBAR able to transmit data pakets at a faster rate,but it was also able to deliver pakets more reliably.
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Figure 6: Performane for an FTP soure with unlimiteddata generating traÆ aross a single TCP onnetion in aRayleigh fading hannel.The results of the TCP experiments are shown in Fig-ure 6. From these results, notie that:� RBAR again outperformed ARF for all mean nodespeeds, with the performane improvement rangingfrom 77% (2 m/s) to 198% (8 m/s).� The larger performane gain seen in the TCP resultsan, again, be attributed to TCP's sensitivity to paketloss. In the UDP results shown earlier, we noted thatARF had a paket loss perentage that was twie thatof RBAR, for the example given. This higher loss per-entage is the reason for RBAR's muh better perfor-mane. Consider the following example, showing theTCP results for the same senario used in Table 5.Table 7 shows the number of data pakets reeivedand dropped for eah of the two protools. Note thatRBAR lost only 6% of its pakets, versus 17% forARF. Also note that, as observed in the previous asefor UDP traÆ, RBAR's ability to adapt more quiklyand aurately to the state of the hannel again re-sults in a larger number of pakets sent and reeived.

Protool Reeived DroppedARF 38,088 7,834RBAR 44,522 2,683Figure 7: TCP data paket statistis for one run of thesimulator.4.2 Bursty Data SouresIn this setion, we ompare the performane of the RBARand ARF protools for bursty traÆ.First we onsider the performane of the two protoolsfor traÆ over a UDP onnetion. Here, the results wepresent are for a series of experiments using an ON/OFFtraÆ soure, with ON (��on) and OFF (��off) times drawnfrom a Pareto distribution. During an ON period, data wasgenerated at a rate of 8Mbps and sent in 1460 byte datapakets, resulting in mean paket bursts ranging from �1� 2 pakets (��on = 1:5ms) to � 20 pakets (��on = 30ms).TraÆ was generated for a single UDP onnetion aross aRayleigh fading hannel. The mean node speed was 2 m/s.The results of these experiments are shown in Figure 8.Note that:� RBAR outperforms ARF for all traÆ senarios simu-lated, with the improvement ranging from 2% to 26%.� RBAR shows the most performane improvement (26%)when the traÆ is the lightest (��off=1000ms, ��on =1:5ms).� RBAR shows the least performane improvement (2%)when the traÆ is moderate (��off=250ms, ��on = 7:5ms).The behavior illustrated by the latter two points is ex-plained as follows. As mentioned in the previous setion,intuition suggests that ARF should perform at its best, rel-ative to RBAR, when the traÆ is frequent. Previously, weshowed that this was not always the ase for very heavytraÆ. Here, however, we see that this does appear to bethe ase for light to moderate traÆ: RBAR's performane,relative to ARF, is at its best when the traÆ is the lightest.Next, we onsider the performane of the two proto-ols for traÆ over a TCP onnetion. Presented here arethe results of a series of experiments for a Telnet sourewith interarrival times from the \tplib" distribution gen-erating traÆ aross a single TCP-Reno onnetion in aRayleigh fading hannel. The mean node speed was 2 m/s,and paket sizes were varied: 16, 64, 256, 512, 1024, and1460 bytes. The results are shown in Figure 9, where Fig-ure 9-a shows the atual measured throughput, and Fig-ure 9-b shows throughput for both protools as a perent-age of ARF's throughput. Note that RBAR outperformsARF for all experiments, with the improvement rangingfrom 29% for 1460 byte pakets to 47% for 64 byte pakets.This improvement is notably better than the improvementwe observed for bursty UDP traÆ. The reason an, again,be attributed to TCP's sensitivity to paket loss.4.3 Overhead of RBAR Reservation SubheaderFinally, in this setion we address the impat that the ad-ditional overhead of RBAR's reservation subheader has onperformane.7



5 10 15 20 25 30

Mean ON Time (ms)

50

100

150

M
ea

n 
T

hr
ou

gh
pu

t 
(K

bp
s)

RBAR
ARF

(a) mean OFF time = 1s 5 10 15 20 25 30

Mean ON Time (ms)

50

100

150

200

250

M
ea

n 
T

hr
ou

gh
pu

t 
(K

bp
s)

RBAR
ARF

(b) mean OFF time = 500s 5 10 15 20 25 30

Mean ON Time (ms)

100

200

300

400

M
ea

n 
T

hr
ou

gh
pu

t 
(K

bp
s)

RBAR 
ARF

() mean OFF time = 250msThroughput (Kbps)��off (ms) Protool ��on = 1:5ms ��on = 7:5ms ��on = 15ms ��on = 30ms1000 ARF 10.6 38.2 76.7 138.3RBAR 13.4 44.8 86.6 153.9500 ARF 21.4 81.7 147.2 240.8RBAR 24.7 89.2 168.7 273.6250 ARF 43.7 162.9 272.5 404.9RBAR 53.7 166.0 277.7 449.3Figure 8: Performane omparison for an ON/OFF Pareto soure generating traÆ on a single UDP onnetion in a Rayleighfading hannel. For larity, the data used for the graphs on top is also shown in the table underneath.
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Figure 10: Performane omparison for a CBR soure gen-erating traÆ on a single UDP onnetion in a Rayleighfading hannel.To observe the impat of the overhead of the reservationsubheader, we performed experiments for a single CBR datasoure with several small paket sizes: 32, 64, 128, and 256bytes. In these experiments, data was generated at a rateof 8Mbps and sent aross a single UDP onnetion in aRayleigh fading hannel. The results are presented in Fig-ure 10, whih shows the throughput for both protools as aperentage of ARF's throughput. Note that, even for smallpaket sizes, the overhead of RBAR's reservation subheaderdoes not appear to have a signi�ant performane impat.Although there is a slight drop, RBAR still shows a 10%improvement over ARF.5 Protool VariationsIn this setion we present a variation to the RBAR protool.

Basi Aess / Reservation Aess Hybrid Protool Inthe IEEE 802.11 standard, there is a variable that allowsseletive use of the DCF reservation aess ontrol protoolbased on paket size. This variable, alled the RTSThresh-old, stores the maximum paket size for pakets that shouldnot be sent using reservation aess. Instead, any paketsthat are smaller than the RTSThreshold will be sent usingthe DCF basi aess ontrol protool (CSMA/CA). Theobjetive is to redue overhead by eliminating the RTS/CTSexhange for small pakets. In situations where use of theRTSThreshold is desireable, a hybrid rate adaption shemeould be used where pakets below the threshold are sentusing a probing approah similar to ARF, while paketsabove the threshold are sent using RBAR. However, insteadof sending data pakets as probes, the probe paket wouldbe sent using RBAR. This would redue the overhead oflost probes, while still resulting in an overhead redutionfor small pakets.6 ConlusionIn this paper, we addressed the topi of optimizing perfor-mane in wireless loal-area networks using rate adaption.We presented a new approah to rate adaption, whih dif-fers from previous approahes in that it uses the RTS/CTSollision avoidane handshake to enable reeiver-based rateadaption. Using this approah, a protool based on thepopular IEEE 802.11 standard was presented, alled theReeiver-Based AutoRate (RBAR) protool. Simulation re-sults were then presented omparing the performane ofthe proposed protool against the performane of an exist-ing 802.11 protool for mobile nodes aross Rayleigh fad-ing hannels. These results showed that RBAR onsistentlyoutperformed the existing protool, with performane gainsusually in the 20%-40% range.
8
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(b) Relative Throughput.Figure 9: Performane omparison for a Telnet soure with interarrival times from the \tplib" distribution generating traÆon a single TCP-Reno onnetion in a Rayleigh fading hannel.AknowledgementThe authors wish to thank K. Narayanan for the manyhelpful disussions on modulation and fading, and for theinvaluable help on the Rayleigh fading simulator (see theAppendix), inluding the ontribution of ode implement-ing Jakes' method. The authors would also like to thankP. Abhiram for the helpful disussions on CCK. This workwas supported, in part, by the National Siene Founda-tion. Part of this work was performed while G. Hollandand N. Vaidya were visiting Mirosoft Researh, Redmond,WA.AppendixA Simulation of Rayleigh FadingThis appendix desribes the proedure used to simulateRayleigh fading.We �rst alulate the oherene time [17℄The oherenetime is the period over whih the hannel an be assumedto be e�etively onstant.T(t) � 9�16�v(t) (1)where v(t) is the relative speed between the sender andreeiver at time t, and � = =f is the wavelenth of thearrier frequeny f ( is the speed of light). The relativespeed is alulated as follows. For some node i, let ~pi beits position, ~di be its destination, and si be its speed. Itsveloity is then ~vi = si(~di � ~pi)j~di � ~pij (2)where jj represents the magnitude of the vetor di�erene(e.g. j~a�~bj =p(ax � bx)2 + (ay � by)2 + (az � bz)2). Thus,the relative veloity between the sender s and the reeiverr is v = j~vr � ~vsj (3)

Next, we alulate the instantaneous bit error probabil-ity Pe that the paket will enounter over T. For DBPSKand DQPSK, this is [17℄Pe(t) = Q r2j�(t)j2EbNo ! (4)and for M-ary QAM [17℄Pe(t) � 4�1� 1pM �Q�r3j�(t)j2log2(M)Eb(M � 1)No � (5)where Eb=No is the bit-energy-to-noise ratio of the reeivedsignal and j�(t)j is the instantaneous gain of the Rayleighhannel. The proedure used to ompute the Eb=No is givenin the following setion. The value of � is omputed usingJakes' method, whih is a ommon tehnique for simulat-ing a signal with Rayleigh fading harateristis [12℄. Jakes'method ombines the output of a �nite number of osilla-tors with Doppler shifted frequenies to produe a Rayleighfading signal �(t) = x(t)+ jxs(t), where x and xs are thesignal's in-phase (real) and quadrature (imaginary) ompo-nents and are omputed as followsx(t) = 1pN NXn=1 os �n os(!nt+ k�n) (6)xs(t) = 1pN NXn=1 sin �n os(!nt+ k�n) (7)where N is the number of osillators, k = 1, and!n = 2�v� os� �n2N + 1� (8)�n = �nN (9)The instantaneous gain of the hannel is then the magni-tude of the signalj�(t)j =px2(t) + x2s(t) (10)This proedure is then repeated until the entire pakethas been proessed.9



A.1 Computation of Eb=NoTo ompute the Eb=No of the reeived signal, we alulateSNR and use the relationEbNo = SNR � BtRb (11)where Rb is the maximumbit-rate of the modulation shemeand Bt is the unspread bandwidth of the signal.To ompute the value of SNR, we use the followingSNR = 30 + 10 � log10(Pr)� (Nt +Nr +NI) (12)where Pr is the power (in watts) of the reeived signal, Ntis the thermal noise (in dBm), Nr is the iruitry noise(in dBm), and NI is the aggregate noise (in dBm) ausedby onurrent transmissions that are too weak to ause aollision.Pr is omputed using the Friis free spae path loss equa-tion [17℄ Pr(d) = PtGtGr�2(4�)2d2L (13)where d is the distane (in meters) between the sender andreeiver, Pt is the transmit power (in watts), Gt and Grare the transmit and reeive antenna gains, � is the arrierwavelength (in meters), and L is a misellaneous systemloss fator (we assume L = 1). Nt is alulated usingNt = 30 + 10 � log10(kTBt) (14)where k is Boltzmann's onstant (1:38�1023 Joules/Kelvin),T is the temperature (in Kelvin), and Bt is the unspreadbandwidth. For Nr , we use a value provided by Intersil fortheir Prism I hipset. Finally, we ompute NI usingNI = 30 + 10 � log10 nXi=1 Pi! (15)where Pi is the power (in watts) of the ith transmission.Referenes[1℄ S. M. Alamouti and S. Kallel, \Adaptive trellis-odedmultiple-phase-shift keying for rayleigh fading han-nels," IEEE Transations on Communiations, vol. 42,pp. 2305{2314, June 1994.[2℄ K. Balahandran, S. R. Kadaba, and S. Nanda, \Chan-nel quality estimation and rate adaption for ellu-lar mobile radio," IEEE Journal on Seleted Areas inCommuniations, vol. 17, pp. 1244{1256, July 1999.[3℄ V. Bharghavan, \MACAW: A media aess protoolfor wireless LAN's," in Proeedings of SIGCOMM'94,(London), 1994.[4℄ J. Broh, D. A. Maltz, D. B. Johnson, Y. Hu, andJ. Jetheva, \A performane omparison of multi-hop wireless ad ho network routing protools," inACM/IEEE Int. Conf. on Mobile Computing and Net-working, pp. 85{97, Ot. 1998.[5℄ M. Eyugoglu, C. Forney, P. Dong, and G. Long,\Advaned modulation tehniques for v.fast," in Eur.Trans. Teleommun., vol. 4, pp. 243{256, May-June1993.
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