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ABSTRACTWireless loal area networks (W-LANs) have beome in-reasingly popular due to the reent availability of a�ord-able devies that are apable of ommuniating at high datarates. These high rates are possible, in part, through newmodulation shemes that are optimized for the hannel on-ditions bringing about a dramati inrease in bandwidth ef-�ieny. Sine the hoie of whih modulation sheme touse depends on the urrent state of the transmission han-nel, newer wireless devies often support multiple modula-tion shemes, and hene multiple data rates, with meha-nisms to swith between them. Users are given the optionto either selet an operational data rate manually or to letthe devie automatially hoose the appropriate modulationsheme (data rate) to math the prevailing onditions. Au-tomati rate seletion protools have been studied for el-lular networks but there have been relatively few proposalsfor W-LANs. In this paper we present a rate adaptive MACprotool alled the Reeiver-Based AutoRate (RBAR) pro-tool. The novelty of RBAR is that its rate adaptationmehanism is in the reeiver instead of in the sender. Thisis in ontrast to existing shemes in devies like the Wave-LAN II [15℄. We show that RBAR is better beause it re-sults in a more eÆient hannel quality estimation whih isthen reeted in a higher overall throughput Our protool isbased on the RTS/CTS mehanism and onsequently it anbe inorporated into many medium aess ontrol protoolsinluding the widely popular IEEE 802.11 protool. Simu-lation results of an implementation of RBAR inside IEEE802.11 show that RBAR performs onsistently well.
1. INTRODUCTIONWireless loal area networks are beoming inreasingly pop-ular. This is due to the rati�ation of standards, like IEEE�This researh was supported in part by a grant from theNational Siene Foundation and a gift from Mirosoft Re-searh.
To appear inACM/IEEE Int. Conf. on Mobile Computing andNetworking (MOBICOM'01), Rome, Italy, July 2001.
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Figure 1: Theoretial bit error rates (BER) as afuntion of the signal-to-noise ratio (SNR) for sev-eral modulation shemes and data rates.802.11 [12℄, that have laid the foundation for o�-the-shelfwireless devies apable of transmitting at high data rates.For example, devies are now available that an transmit at11Mbps, with 54Mbps expeted in the near future.Higher data rates are ommonly ahieved by more eÆientmodulation shemes. Modulation is the proess of translat-ing an outgoing data stream into a form suitable for trans-mission on the physial medium. For digital modulation,this involves translating the data stream into a sequene ofsymbols. Eah symbol may enode a ertain number of bits,the number depending on the modulation sheme. The sym-bol sequene is then transmitted at a ertain rate, the symbolrate, so for a given symbol rate, the data rate is determinedby the number of enoded bits per symbol.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 interfereneause variations in the reeived signal-to-noise ratio (SNR).Suh variations also ause variations in the bit error rate(BER), beause the lower the SNR, the more diÆult it isfor the modulation sheme to deode the reeived signal.Sine high rate shemes typially use denser modulation en-odings, a tradeo� generally emerges between data rate and
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Figure 2: Comparison of throughput versus distanefor several modulation shemes. Data was obtainedby the simulation of two nodes at �xed positions,with one sending a ontinuous stream of UDP pak-ets to the other. The propagation model was thelog-distane path loss model, with a path loss ex-ponent typial of an urban environment. Transmitpower was onstant.BER: the higher the data rate, the higher the BER. Thistradeo� is illustrated in Figure 1, whih shows the theoreti-al BER as a funtion of the SNR for several di�erent modu-lation shemes. Notie that for eah modulation sheme theBER dereases with inreasing SNR. Also notie that for agiven SNR, an inrease in data rate results in an inrease inBER. For example, given an SNR of 10dB, a paket trans-mitted at 4Mbps using QAM16 modulation ould experienea BER of 0.07, in omparison to 4�10�6 for the same pakettransmitted at 2Mbps using QPSK modulation.To illustrate the impat that this tradeo� an have onperformane, Figure 2 shows throughput as a funtion ofdistane for eah of the modulation shemes shown in Fig-ure 1. For the sake of this illustration only large-sale pathloss was modeled (in omparison to the rest of our results,in whih we modeled Rayleigh fading) [20℄. Notie that thelower rate shemes have greater transmission ranges than thehigher rate shemes. As the distane inreases, the signalattenuates until the reeived SNR drops below the thresholdrequired to maintain a tolerable bit error rate. This appearsas a sharp drop in throughput in Figure 2, orresponding tothe steep urve in Figure 1. Of ourse, fators other thanpath loss ontribute to variations in the SNR, suh as fadingand interferene, whih further impat performane.Many existing wireless loal area networking devies aredesigned with the apability of transmitting at multiple datarates. Examples of suh devies inlude WaveLAN II fromLuent [15℄, and PC4800 from Aironet [1℄.
1.1 Rate AdaptationRate adaptation 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 given hannel onditions. A proven tehnique for wire-

line modems [6℄, rate adaptation has attrated attention asa tehnique for use in wireless systems as well (e.g., [18℄,[3℄, [11℄, [24℄, [2℄). In fat, the Luent WaveLAN II andAironet PC4800 devies also ontain proprietary rate adap-tation mehanisms.There are two aspets to rate adaptation: 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-noise ratio, signalstrength, symbol error rate, bit error rate), whih preditorsshould be used, whether preditions should be short-termor long-term, et. [3℄, [10℄. Rate seletion involves using thehannel quality preditions to selet an appropriate rate.Tehniques vary, but a ommon tehnique is threshold se-letion, where the value of an indiator is ompared againsta list of threshold values representing boundaries betweenthe data rates [22℄, [3℄.Among the fators that inuene the e�etiveness of rateadaptation, of partiular importane is the auray of thehannel quality estimates. Clearly, inaurate estimates willresult in poor rate seletion. Thus, it is advantageous toutilize the best information available when generating anestimate, and sine it is the hannel quality seen by thereeiver that determines whether a paket an be reeived,the best information is available on the reeiver. It is equallyimportant that one estimates are generated they be usedbefore they beome outdated. Thus, it is also advantageousto minimize the delay between the time of the estimate andthe time the paket is transmitted.Few rate adaptation tehniques have been designed forwireless loal area networks (e.g., mobile nodes ommuniat-ing peer-to-peer over CSMA/CA links). Among those thatare available, the following are most relevant. In [19℄, theauthors present a protool for a dual-hannel slotted-alohaMAC, in whih a separate ontrol hannel is used by the re-eiver to transmit expliit feedbak to the sender, whih thesender uses to adapt the rate. In [15℄, the authors presentthe \Auto Rate Fallbak (ARF)" protool for IEEE 802.11,used in Luent's WaveLAN II devies. In ARF, the senderselets the best rate based on information from previous datapaket transmissions, inrementally inreasing or dereasingthe rate after a number of onseutive suesses or losses,respetively. Finally, in [9℄, the authors propose protoolfor point-to-point links, that selets transmission settings(e.g. ode rate and power level) based on ahed per-linkinformation. The settings are stored in separate transmitand reeive tables, whih are then used by the sender andreeiver to transmit and reeive data pakets on the link.The tables are maintained, in part, by exhanging settingsin ontrol pakets, suh as those in the RTS/CTS proto-ol. The RTS/CTS protool is a ommon MAC protool forwireless loal area networks (e.g., SRMA [21℄, MACA [16℄,MACAW [4℄, FAMA [8℄, IEEE 802.11 [12℄). The purposeof the protool is twofold: 1) to oordinate the transfer ofthe data paket between the sender and reeiver, and 2) toannoune the duration of the paket transfer to nodes thatare in range of the sender and the reeiver. The latter is im-portant in multi-hop networks beause of the potential for
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Figure 3: Performane of ARF for a single CBR onnetion between two nodes in a Rayleigh fading hannel.Here, the sender is �xed and the reeiver is moving at a speed of 2 m/s away from the sender. The lowergraph shows the time at whih pakets were transmitted, and the modulation rate hosen by ARF for eahpaket. The tik marks along the top show the time at whih pakets were dropped by the reeiver due toerrors. The upper graph shows the SNR at the reeiver for the pakets in the lower graph. Also shown arethresholds representing the SNR values above whih the next higher modulation rate has a theoretial meanBER � 10�6. At the start, both nodes were at the same loation, so the leftmost edges represent the pointin time at whih the two nodes were 60m apart.ollisions aused by hidden terminals. Hidden terminals arenodes that are in range of the reeiver but not the sender.Collisions our when hidden terminals, unable to sense thesender's transmission, attempt to transmit simultaneously,ausing a ollision at the reeiver. The RTS/CTS paketsredue the probability of suh ollisions by announing thepaket transfer to potentially interfering nodes, who, in turn,reat by deferring their own transmissions for the duration ofthe transfer. Thus, the RTS/CTS protool provides virtualarrier sensing to supplement the physial arrier sensing ofthe devies. The protool is simple. Prior to transmittinga data paket, the sender transmits a small RTS (Ready toSend) ontrol paket to the reeiver. If the reeiver is apa-ble of reeiving the paket, it replies with a CTS (Clear toSend) ontrol paket. The sender responds to the RTS bytransmitting the data paket. Nodes that overhear either theRTS or CTS then defer their own transmissions for the dura-tion of the paket transmission. In [9℄, the RTS is also usedby the sender to tell the reeiver what settings the senderwill use to transmit the data paket (whih it gets from itstransmit table). The reeiver uses the settings in the RTS toupdate its reeive table. If the reeiver hooses, it may usethe CTS to suggest a di�erent power level, but, otherwise,no other hanges to the transmit settings are made duringthe RTS/CTS exhange. Instead, hanges to the sender'stransmit table are made by information in aknowledgment(ACK) or negative aknowledgment (NACK) pakets sentat the end of the data paket transmission. These hangesare then used for subsequent paket transmissions.Note that, in all three protools ([19℄, [15℄, and [9℄), rateseletion is performed by the sender, and, in [15℄, hannelquality estimation is also performed by the sender. Alsonote that only [15℄ is based on a widely used wireless loal

area networking standard (IEEE 802.11).Muh of the other work on rate adaptation in wirelessnetworks has assumed a ellular network (e.g., mobile nodesommuniating to a base station over a TDMA link) [3℄, [18℄,[22℄. We have observed that many of these tehniques havethe following harateristis: (a) hannel quality estima-tion is performed by the reeiver and periodially fed to thesender either on the same hannel or on a separate subhan-nel; (b) rate seletion is performed by the sender using thefeedbak provided by the reeiver; and () they often resideat the physial layer, adapting rates on a symbol-by-symbolor slot-by-slot basis, transparent to upper layers. Althoughit may appear that suh approahes are also appliable towireless loal area networks, several important di�erenesexist. For instane, onventional loal area networks gen-erally use half-duplex radios on single RF hannels, makingsimultaneous subhannel feedbak impossible. Furthermore,onventional loal area networks use distributed, ontention-based medium aess ontrol protools that require aurateestimates of paket transmission times for eÆient opera-tion (e.g. RTS/CTS). Thus, if transparent physial layerrate adaptation were to be employed, it would be diÆultfor the MAC layer to aquire aurate transmission timeestimates, ausing a derease in eÆieny.
1.2 MotivationIn this paper we propose a new approah to rate adapta-tion for wireless loal area networks. In our approah, therate seletion and hannel quality estimation are loated onthe reeiver, and rate seletion is performed on a per-paketbasis during the RTS/CTS exhange, just prior to pakettransmission. The motivation for our approah is based onthe following observations:
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� Rate seletion an be improved by providing more timelyand more omplete hannel quality information.� Channel quality information is best aquired at thereeiver.� Transmitting hannel quality information to the senderan be ostly, both in terms of the resoures onsumedin transmitting the quantity of information needed aswell as the potential loss in timeliness of the informa-tion due to transmission delays.To emphasize the need for better rate adaptation meh-anisms, onsider Figure 3, whih illustrates the behavior ofthe ARF protool. Shown is the paket ativity (shown inthe lower graph) over a period of 500ms for a CBR onne-tion between two nodes in a Rayleigh fading hannel (shownin the upper graph). Here, the sender was held �xed whilethe reeiver moved away at a speed of 2 m/s. At the startboth nodes were at the same loation, so the leftmost edgesof the graphs represent the point at whih the nodes wereexatly 60m apart. From Figure 3, it is lear that ARF isslow to adapt to hanges in SNR, as evidened by the rel-ative dissimilarity between the upper and lower graphs. Inpartiular, onsider its failure to rapidly inrease the datarate after the deep fades at the 30.2s and 30.35s marks, andthe attempt it makes to inrease the rate in the middle of afade at the 30.13s mark.
1.3 Paper OrganizationThe remainder of this paper is organized as follows. Westart in Setion 2 by giving some bakground material on theIEEE 802.11 standard. The proposed protool is desribedin Setion 3, followed in Setion 4 by a detailed desrip-tion of how it might be inorporated into 802.11. Setion 5presents the simulation environment used to generate theperformane results in Setion 6, whih is followed by fu-ture work in Setion 7. Finally, we summarize and onludethe paper in Setion 8.
2. OVERVIEW OF IEEE 802.11In this setion, we briey present relevant details of the fea-tures and operation of the IEEE 802.11 MAC. Readers fa-miliar with 802.11 an skip this setion without loss of on-tinuity. Readers desiring more information on 802.11 arereferred to [12℄.
2.1 Distributed Coordination Function (DCF)The Distributed Coordination Funtion (DCF) in 802.11is an implementation of the RTS/CTS protool, and is il-lustrated in Figure 4, whih is a time-line portraying thesequene of events that our for a single paket transfer.Here, the soure Sr has a data paket to transmit to thedestination Dst with a duration of length L. Node A is inrange of Sr but not Dst, and node B is in range of Dstbut not Sr. The protool proeeds as follows. When Srhas a paket to send, it alulates the length of time it willtake to transmit the data paket at the urrent data rate,and then adds to that the transmission time of the CTS andACK pakets, whih forms the duration of the reservation(DRTS). The Sr then transmits DRTS in the RTS to Dst,using one of the rates in the basi rate set. The basi rate
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Figure 4: Timeline showing the RTS/CTS protoolin the IEEE 802.11 Distributed Coordination Fun-tion (DCF) for transmitting a data paket. Here, Aand B are nodes that are in range of the transmitterand reeiver, respetively. DRTS, DCTS, and DDATAare the lengths of the reservations given in the RTS,CTS and DATA pakets, and L is the duration ofthe data paket transmission.set is the set of rates that all nodes are required to support,whih ensures that all nodes that are in transmission rangeare able to reeive and demodulate the RTS/CTS pakets.Sine node A is in range of Sr, it overhears the RTS andsummarily defers its own transmissions for the duration ofthe reservation in the RTS (DRTS), starting from the mo-ment that it reeived the RTS (T1). If Dst is apable of re-eiving the data paket, it responds by transmitting a CTSpaket bak to Sr ontaining the time remaining in thereservation (DCTS), whih it alulates by subtrating thetransmission time of the CTS from DRTS. Node B, over-hearing the RTS, learns of the requested reservation and, likeA, defers for lengthDCTS . At this point, transmission of thedata paket and subsequent ACK an now proeed withoutinterferene from A or B. However, in the o�-hane thatA did not reeive the RTS, due to, for example, an RTS ol-lision aused by another node, the data paket also arriesthe time remaining in the reservation DDATA to ensure thatA defers during the transmission of the ACK.
2.2 Network Allocation Vector (NAV)Sine a node may overhear many di�erent, potentially over-lapping, reservation requests, it needs a means by whih itan eÆiently manage them. This is the purpose for themaintenane of a struture alled the Network AlloationVetor (NAV) [12℄. The NAV is a data struture that storesthe aggregate duration of time that the medium is presumedto be \busy," based on the reservation requests that havebeen reeived. Maintenane of the NAV is straightforward,sine reservations are not allowed to hange. Thus, nodesthat overhear a reservation request are free to update theirNAVs without regard to any further ommuniation, suhas if the reservation was atually granted by the reeiver.
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3. THE PROPOSED RECEIVER-BASED AU-

TORATE (RBAR) PROTOCOLThe ore idea of RBAR is to allow the reeiver to selet theappropriate rate for the data paket during the RTS/CTSpaket exhange. Advantages to this approah inlude:� Both hannel quality estimation and rate seletion meh-anisms are now on the reeiver. This allows the han-nel quality estimation mehanism to diretly aessall of the information made available to it by the re-eiving hardware (suh as the number of multipathomponents, the symbol error rate, the reeived signalstrength, et.), for more aurate rate seletion.� Sine the rate seletion is done during the RTS/CTSexhange, the hannel quality estimates are nearer tothe atual transmission time of the data paket than inexisting sender-based approahes, suh as the protoolin [15℄ whih attempts to predit hannel onditionsbased on onditions experiened during previous datapaket transmissions.� It an be implemented into IEEE 802.11 with minorhanges, as we will show in a later setion.In the remainder of this setion, we present the RBAR pro-tool in more detail. Note that although our disussion isin the ontext of the RTS/CTS protool in the DCF of the802.11 standard, the onepts are equally appliable to otherRTS/CTS based protools suh as SRMA [21℄, MACA [16℄,MACAW [4℄, and FAMA [8℄.In RBAR, instead of arrying the duration of the reserva-tion, the pakets arry the modulation rate and size of thedata paket. This modi�ation serves the dual purpose ofproviding a mehanism by whih the reeiver an ommu-niate the hosen rate to the sender, while still providingneighboring nodes with enough information to alulate theduration of the requested reservation. The protool is asfollows.

Referring to Figure 5, the sender Sr hooses a data ratebased on some heuristi (suh as the most reent rate thatwas suessful for transmission to the destination Dst), andthen stores the rate and the size of the data paket into theRTS. Node A, overhearing the RTS, alulates the durationof the requested reservation DRTS using the rate and paketsize arried in the RTS. This is possible beause all of theinformation required to alulate DRTS is known to A. Athen updates its NAV to reet the reservation. While re-eiving the RTS, the reeiver Dst uses information availableto it about the hannel onditions to generate an estimateof the onditions for the impending data paket transmis-sion. Dst then selets the appropriate rate based on thatestimate, and transmits it and the paket size in the CTSbak to the sender. Node B, overhearing the CTS, alu-lates the duration of the reservation DCTS similar to theproedure used by A, and then updates ts NAV to reetthe reservation. Finally, Sr responds to the reeipt of theCTS by transmitting the data paket at the rate hosen byDst.In the instane that the rates hosen by the sender andreeiver are di�erent, then the reservation DRTS alulatedby A will no longer be valid. Thus, we refer to DRTS asa tentative reservation. A tentative reservation serves onlyto inform neighboring nodes that a reservation has been re-quested but that the duration of the �nal reservation maydi�er. Any node that reeives a tentative reservation is re-quired to treat it the same as a �nal reservation with re-gard to later transmission requests; that is, if a node over-hears a tentative reservation it must update its NAV sothat any later requests it reeives that would onit withthe tentative reservation must be denied. Thus, a tenta-tive reservation e�etively serves as a plaeholder until ei-ther a new reservation is reeived or the tentative reser-vation is on�rmed as the �nal reservation. Final reserva-tions are on�rmed by the presene or absene of a speialsubheader, alled the Reservation SubHeader (RSH), in theMAC header of the data paket. The reservation subheaderonsists of a subset of the header �elds that are alreadypresent in the 802.11 data paket frame, plus a hek se-quene that serves to protet the subheader. The �elds inthe reservation subheader onsist of only those �elds neededto update the NAV, and essentially amount to the same�elds present in an RTS. Furthermore, the �elds (minus thehek sequene) still retain the same funtionality that theyhave in a standard 802.11 header. The reservation sub-header is used as follows. Referring again to Figure 5, inthe instane that the tentative reservation DRTS is inor-ret, Sr will send the data paket with the speial MACheader ontaining the RSH subheader. A, overhearing theRSH, will immediately alulate the �nal reservation DRSH ,and then update its NAV to aount for the di�erene be-tween DRTS and DRSH . Note that, for A to update its NAVorretly, it must know what ontribution DRTS has madeto its NAV. One way this an be done, is to maintain a listof the end times of eah tentative reservation, indexed a-ording to the < sender; reeiver > pair. Thus, when anupdate is required, a node an use the list to determine ifthe di�erene in the reservations will require a hange in theNAV.
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4. INCORPORATION OF RBAR INTO 802.11In this setion we desribe how RBAR may be inorporatedinto 802.11. We start by presenting bakground informa-tion on the formats of the relevant 802.11 frames, and thendesribe in detail how these frames an be modi�ed to a-ommodate RBAR.The IEEE 802.11 frame formats are shown in Figure 6.Figure 6(a) shows the format of the MAC frame used forsending uniast data pakets in an ad-ho network (IBSS).The frame ontrol �eld arries frame identi�ation informa-tion, suh as the type of frame (e.g. management, ontrol,or data), as well as protool version information and on-trol ags; the duration �eld ontains the time remaining (in�s) until the end of the paket transfer (e.g. DDATA inFigure 4); the BSSID is the unique network identi�er; se-quene ontrol is a sequene number used to detet dupliateframes; and FCS is the frame hek sequene. Figure 6(b)shows the format of the RTS and CTS ontrol frames. The�elds they share in ommon with the data frame serve thesame purpose, exept the duration �elds ontain the DRTSand DCTS values shown in Figure 4. For a more ompletedesription, the reader is referred to [12℄.Modi�ations to the standard 802.11 frames for RBARare minimal, and are illustrated in Figure 7. A desriptionof eah modi�ation is given next, followed by the designrationale.1. A new MAC data frame is introdued, shown in Fig-ure 7(a), in whih the standard 802.11 data frame hasbeen hanged to inlude a 32-bit hek sequene posi-tioned immediately after the soure address �eld. Thehek sequene is used to protet the reservation sub-header, whih onsists of the frame ontrol, duration,destination address, soure address and address 2 �eldsof the header. The new frame is distinguished by otherMAC frames by a unique type/subtype ode in theframe ontrol �eld (see [12℄ for more information onframe type odes).2. The RTS and CTS ontrol frames, shown in Figure 7(b),have been hanged to enode a 4 bit rate sub�eld anda 12 bit length sub�eld, in plae of the 16 bit dura-tion �eld in the standard IEEE 802.11 frames. Therate sub�eld uses an enoding similar to the rate �eldin the PLCP header for the 802.11a supplement stan-
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() Physial layer (PLCP) header.Figure 7: MAC and physial layer frame formatsused in the RBAR protool.dard [13℄, and the length sub�eld gives the size of thedata paket in otets.3. The physial layer header (PLCP), shown in Figure 7(),has been divided into two 4 bit rate sub�elds, whihuse the similar rate enodings as those in 802.11a [13℄.The �rst sub�eld, if non-empty, indiates the rate atwhih the reservation subheader will be transmitted,and the seond sub�eld indiates the rate at whih theremainder of the paket will be transmitted.The rationale for the modi�ations shown in Figures 7(a)and 7(b) was disussed at length in the previous setion.Following, is a disussion of the modi�ations to the physiallayer (PLCP) header shown in Figure 7().In standard 802.11, the PLCP header ontains an 8 bitsignal �eld that enodes the rate at whih the payload ofthe physial frame (the MAC paket) should be transmitted.These �elds are used as follows. When the physial layer hasa paket to transmit, it �rst transmits the PLCP headerat a �xed rate that is supported by all nodes (1Mbps). Itthen swithes to the rate enoded in the signal �eld for thetransmission of the payload. After verifying that the PLCPheader is orret, using the CRC, the reeiving physial layerswithes to the rate given in the signal �eld to reeive thepaket payload. The end of the transmission is determinedby the reeiver from the length �eld, whih stores the dura-tion of the transmission (in �s).In RBAR, the physial layer may be required to swithrates twie during transmission of the payload: one for the
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reservation subheader, and again for the remainder of thepayload. To enable the use of an additional rate for thereservation subheader, our protool requires that two ratehanges our during transmission of the data paket. Thus,instead of a single 8 bit signal �eld, we subdivide it into two4 bit sub�elds, as shown in Figure 7(), where the �rst rateis used to send the reservation subheader, and the seond forthe remainder of the data paket. Thus, the PLCP trans-mission protool is modi�ed as follows. When the MACpasses a paket down to the physial layer, it spei�es tworates: one for the subheader and one for the remainder ofthe paket. The physial layer then enodes the rates intothe appropriate signal sub�elds shown in Figure 7 and thentransmits the paket. The reeiving physial layer, afterverifying that the PLCP header has been reeived orretly,will then swith to the �rst RSH rate for reeipt of the sub-header, and then to the data rate for the remainder of thepaket. Note that, as spei�ed in the IEEE 802.11 standard,as eah byte is reeived, it is immediately available to theMAC. Thus, nodes that rely on the RSH to update theirreservations, will be free to do so as soon as the RSH hasbeen reeived.
5. SIMULATION ENVIRONMENTThe results in this paper were generated using the ns-2 net-work simulator from LBNL [7℄, with extensions from theCMU Monarh projet [5℄ for modeling mobile ad ho net-works. Inluded in the simulation are models for a numberof traÆ generators, as well as networking staks inorpo-rating ommon ad ho routing, MAC, and physial layerprotools. To this, we added more detailed MAC and phys-ial layer models, inluding the addition of the modulationshemes and rate adaptation mehanisms that are the fo-us of this study, as well as the addition of a Rayleigh fad-ing simulator for studying the impat of multipath fading.The Rayleigh fading simulator we used is based on the wellknown Jakes' [14℄ simulator, whih generates a ontinuoustime-varying Rayleigh fading envelope. Additionally, we en-haned the realism of the existing network interfaes usingthe Intersil Prism II hipset and aompanying refereneinterfae designs as our model. The Prism II hipset is anIEEE 802.11, diret-sequene spread-spetrum (DSSS) radiothat is used in many ommerially available network inter-faes, inluding the Aironet PC4800 [1℄ (now known as theCiso 350). Most of our network interfae parameters weredrawn diretly from the Intersil doumentation, inludingpower onstraints, reeiver noise fators, referene antennagains, and sensitivity thresholds. Sine our interest in theseexperiments was only to observe how the individual rateadaptation protools reated to the hanging hannel ondi-tions, and not to evaluate the exat performane of urrentlyavailable network devies. We di�ered slightly from the ref-erene design of the Prism II hipsets and did not model theCCK modulation shemes, instead hoosing to use the morewidely known and well doumented M-ary QAM modula-tion shemes [20℄. However, similar results an be expetedfor CCK, MOK, and and other modulation shemes. Apartfrom the aforementioned hanges, the nodes in our simula-tions were otherwise on�gured similar to those in [5℄.
5.1 Autorate Fallback Algorithm (ARF)As a basis for omparison, we implemented Luent's Au-torate Fallbak (ARF) protool into the simulator. ARF is
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Figure 8: Comparison of the average throughput ofARF for various values of the timer it uses to in-diate when it should attempt to inrease the datarate in lieu of its usual indiator: the reeipt of 10onseutive ACKs. The urves shown are the av-erage throughputs measured aross a single CBRonnetion in a Rayleigh fading hannel betweentwo nodes osillating near to far at di�erent meanspeeds. The �xed urve is the mean throughput be-tween the nodes spaed at various intervals over therange of distane traveled by the osillating nodesin the mobility urves.the rate adaptation sheme used in Luent's 802.11 Wave-LAN II networking devies [15℄. The protool, as spei�edin [15℄, is summarized as follows. If ACKs for two on-seutive data pakets are not reeived by the sender, thenthe sender drops the transmission rate to the next lowerdata rate and starts a timer. If ten onseutive ACKs arereeived, then the transmission rate is raised to the nexthigher data rate and the timer is anelled. However, if thetimer expires, the transmission rate is raised as before, butwith the ondition that if an ACK is not reeived for thevery next paket, then the rate is lowered again and thetimer is restarted. In our implementation we attempted toadhere as losely as possible to the desription given in [15℄.However, values for the timeout were unspei�ed.Therefore, prior to initiating our study, we experimentedwith several timeout values to determine a reasonable valuefor our simulations. The results of these experiments areshown in Figure 8, whih shows the average throughput as afuntion of the timeout value for several di�erent mean nodespeeds. From these results it appears that ARF is relativelyinsensitive to the hoie of timeout, for the given senarios.However, there is a lear threshold region in the 40ms-60msrange, depending on the degree of mobility, beyond whihthere is little performane hange but below whih there is anotieable drop. The drop an be attributed to the greaterfrequeny at whih pakets are lost due to rate inreasestriggered by timeouts during times in whih the hannelonditions are poor. For the experiments with mobility, thepeak in performane is in the 40ms range, whereas for the
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experiment without mobility, the performane rises sharplyuntil the 60ms range and then levels o�. The slight dif-ferenes in peak values between the mobility experimentsmost likely represents those regions in whih the timeoutsare frequent enough to respond well to the variations in theRayleigh hannel, but not too frequent that the failed paketattempts signi�antly impat performane. Based on theseresults, we hose a value of 60ms for our simulations, whihappears to be a reasonable ompromise for the �xed andmobile simulations that we have used in our performaneanalysis.
5.2 Receiver-Based AutoRate Protocol (RBAR)So far in our disussions of RBAR we have deliberately ne-gleted to speify the hannel quality estimation and rateseletion protools. This is beause there are already a num-ber of existing protools in the literature (e.g. [3℄, [11℄),[22℄), any of whih may be used in RBAR. However, for ourperformane analysis we hose the following.For the hannel quality estimation and predition algo-rithm, we used a sample of the instantaneous reeived sig-nal strength at the end of the RTS reeption. In pratie, ofourse, muh more aurate tehniques ould be used, suhas those in [3℄, [17℄, and [10℄.For the rate seletion algorithm, we used a simple thresh-old based tehnique. Threshold based tehniques have beenwidely studied (e.g. [22℄, [3℄, [11℄). In a threshold sheme,the rate is hosen by omparing the hannel quality estimateagainst a series of thresholds representing the desired per-formane bounds of the available modulation shemes. Themodulation sheme with the highest data rate that satis�esthe performane objetive for the hannel quality estimate,is the hosen rate. The protool we used was the follow-ing. Suppose we wish to selet the modulation sheme thathas the highest data rate among those with bit error rates� 1E-5 for the estimated SNR of the next paket. The pro-tool would then hoose the modulation sheme as follows.Let M1; : : : ;MN represent the set of modulation shemes ininreasing order of their data rate, and �i; : : : ; �N representthe SNR thresholds at whih BER(Mi) = 1E-5. Choosemodulation shemeM1 if SNR < �1Mi if �i � SNR < �i+1; i = 1; : : : ; N � 1MN otherwiseNotie that this protool assumes that the values of �1; : : : ; �Nare known. In pratie, however, it is impossible to deter-mine the BER harateristis preisely, neessitating the useof approximations. For our simulations we used the BERequations found in [20℄, whih are presented in the next se-tion.
5.3 Error ModelOur error model was based on the detailed simulation of aRayleigh fading hannel, using the well known Jakes' method[14℄. In this setion, we desribe, in detail, how we used thismethod to model paket errors in our simulations.Jakes' method is a tehnique for simulating a signal with

Rayleigh fading harateristis. The tehnique is based onthe simulation of a �nite number of osillators with Dopplershifted frequenies, whose outputs are ombined to produethe simulated Rayleigh fading signal. The resultant sig-nal �(t) = x(t) + jxs(t), where x and xs are the signal'sin-phase (real) and quadrature (imaginary) omponents, isomputed as followsx(t) = 1pN NXn=1 os �n os(!nt+ k�n) (1)xs(t) = 1pN NXn=1 sin �n os(!nt+ k�n) (2)where N is the number of osillators, k = 1, and!n = 2�v� os� �n2N + 1� (3)�n = �nN (4)The instantaneous gain of the hannel is then the magnitudeof the signal j�(t)j =px2(t) + x2s(t) (5)Given the gain, we omputed whether a paket was reeivedwith errors using well known methods for alulating thepre-gain signal to noise ratio (SNR) and resultant bit errorrate for the modulation shemes that were used.To ompute the value of the pre-gain reeived signal, weused the log-distane path loss model. This model gives thepath loss Pl at a distane d from the transmitter based onthe path loss at some lose-in referene distane d0.Pl(d) = Pl(d0) + n10 log10(d=d0) (6)where n, the path loss exponent, determines the rate of loss.A number of values for n have been proposed for di�erentsimulated environments. We used n = 3, whih is ommonlyused to model loss in an urban environment [20℄. To esti-mate Pl(d0), we used the Friis free spae propagation modelPr(d0) = PtGtGr�2(4�)2d20L (7)where Pr and Pt are the reeive and transmit powers (inWatts), Gt and Gr are the transmit and reeive antennagains, � is the arrier wavelength (in meters), and L is asystem loss fator (L = 1 in our simulations).Noise was modeled as a ombination of the noise oor ofthe interfae and the aggregate energy of neighboring trans-missions that were to weak to ause a ollision. The noiseoor was omputed by �rst alulating the thermal noise Ntusing the well known equationNt = kTBt (8)where k is Boltzmann's onstant (1:38�1023 Joules/Kelvin),T is the temperature (in Kelvin), and Bt is the unspreadbandwidth of the interfae; and then fatoring in the pub-lished noise �gure of the interfae. For our simulations, weused a noise �gure provided by Intersil for their Prism Ihipset.
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Finally, the reeived bit error rates were omputed usingthe following bit error rate equations for the di�erent mod-ulation sheme that were used. For BPSK and QPSK [20℄Pe(t) = Q r2j�(t)j2EbNo ! (9)and for M-ary QAMPe(t) � 4�1� 1pM �Q s3j�(t)j2log2(M)Eb(M � 1)No ! (10)where Eb=No is the bit-energy-to-noise ratio of the reeivedsignal and j�(t)j is the instantaneous gain of the Rayleighhannel (from Jakes'). The Eb=No of the reeived signal isderived from the SNR using the following relationEbNo = SNR � BtRb (11)where Rb is the maximum bit-rate of the modulation shemeand Bt is the unspread bandwidth of the signal.Sine portions of a paket may be transmitted at di�erentmodulation shemes, the probability that a paket was inerror was based on separate alulations for eah portion.Furthermore, sine gain and noise may vary with time, wealso aounted for those in our alulations by the following.For the gain, we used an approximation for the oherenetime [20℄. The oherene time T is the period over whihthe hannel an be assumed to be e�etively onstant. Toalulate T, we used the following approximation [20℄T(t) � 9�16�v(t) (12)where v(t) is the speed along the line-of-sight between thesender and reeiver at time t, and � = =f is the wavelengthof the arrier frequeny f ( is the speed of light). For thenoise, we aounted for the hanging onditions by trakingthe beginning and ending times of eah of the neighboringtransmissions and adjusting SNR appropriately.
5.4 Network ConfigurationsIn our analysis, we used several di�erent network on�gura-tions.
Configuration 1The �rst on�guration onsisted of two identially on�g-ured nodes ommuniating on a single hannel. One of thenodes was held in a �xed position, while the other traveledalong a diret-line path to and from the �xed node in arepetitious, osillatory motion. The length of the path was300m, whih was the maximum e�etive transmission rangeof the modulation shemes as simulated (see Figure 2). Thepurpose of this on�guration was to stress the rate adapta-tion shemes, but doing so within the bounds of a plausiblesenario.
Configuration 2The seond on�guration onsisted of 20 nodes in ontinu-ous motion within a 1500x300 meter arena. For eah ex-periment, nodes were plaed in randomly hosen startingpositions and followed randomly hosen paths aording to

the random waypoint mobility pattern used in [5℄ and else-where. The speeds at whih nodes traveled were also hosenrandomly, but were held to within �10% of the mean nodespeed for the trial. For most experiments, we used meannode speeds of 2, 4, 6, 8, and 10 m/s. Unlike in the 2 nodeon�guration, in this on�guration we were interested in ob-serving the performane harateristis of the proposed pro-tools in a plausible ad ho networking environment. Thus,the nodes were on�gured to use the DSR routing proto-ol found in [5℄ instead of stati routing. Unless otherwisestated, all results were based on the average of 30 runs using30 preomputed senarios, or patterns. Eah pattern, gen-erated randomly, designated the plaement, heading, andspeed of eah node over the simulated time. For eah pat-tern, the starting position and diretion of the mobile nodeon the path was random, as well as its speed. For eah sub-sequent traversal of the path, a di�erent speed was hosen atrandom, uniformly distributed in an interval of 0:9v � 1:1v,for some mean speed v. For experiments in whih the meanspeed v was varied, we used the same preomputed patternsso that the same sequene of movements ourred for eahexperiment. For example, onsider one of the patterns, let'sall it I. A node x in I that takes time t to move frompoint A to point B in the 5 m/s run of I will take time t=2to traverse the same distane in the 10 m/s run of I. So,x will always exeute the exat same sequene of moves inI, just at a proportionally di�erent rate. The patterns weused had a duration of 600s at a mean node speed of 2 m/s.To provide a fair omparison, the exat same set of patternswere used for eah protool tested.
6. PERFORMANCE EVALUATIONIn this setion we present the results of our performaneevaluation.
6.1 Overhead of the Reservation SubheaderThere are several soures of overhead aused by the reser-vation subheader. The most obvious is the addition of thefour byte hek sequene to the MAC header. Additionaloverhead is enountered when the data rate used to trans-mit the RTS paket is lower than the rate used to transmitthe data paket. Reall that the purpose of the reservationsubheader is to update the tentative reservations that weremade by the the RTS paket. If a node sueeds in hear-ing the RTS but fails to hear the subheader, then it maydefer for an inorret amount of time. Too short a time,and its next transmission may ollide with the ACK omingbak for the data paket. Too long a time, and the han-nel may be idle. Thus, the subheader must be sent at thesame or lower rate to reah those nodes that heard the RTS.The per-paket overhead of the di�erene in rates is easy toalulate.However, to gauge the impat that the per-paket over-head has on overall performane, we simulated the networkin Con�guration 1 with a single UDP onnetion for a rangeof paket sizes: 32, 256, 512, 1024, and 1460 bytes. Datawas generated by an 8Mbps CBR soure, and the data ratefor the ontrol pakets (and, summarily, the reservation sub-header), was �xed at 1Mbps. The results of these experi-ments are shown in Figure 9, whih presents the through-put for both protools as a perentage of ARF's through-put. Note that, even for small paket sizes, the overhead
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Figure 9: Impat of the reservation subheader onperformane (relative to ARF) as a funtion of thepaket size.of RBAR's reservation subheader has a relatively modestperformane impat. Even for the smallest paket size (32bytes), RBAR maintains an approximate 10% improvementover ARF.
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Figure 10: Network senarios used to analyze theperformane impat aused by the loss of the RSHsubheader.Even when sent at a low rate, a node may still fail to re-eive the subheader, suh as, for example, when an RTS froma neighboring node ollides with it or a deep fade auses ex-essive errors. Although suh irumstanes an also ourin standard 802.11, use of the reservation subheader mayause them to our more frequently, and with more impaton performane, as touhed on earlier. Thus, to gauge thesensitivity of RBAR to the loss of the reservation subheader,we simulated the networks shown in Figure 10 for varyingloss rates. In Senario 1, the network onsisted of four nodes

Table 1: Mean per-ow throughput for varyingreservation subheader loss probability for the net-work senarios shown in Figure 10Err Senario 1 Senario 2Prob Flow1 Flow2 Total Flow1 Flow2 Total0.00 727 665 1393 222 1167 13890.05 708 690 1398 194 1187 13820.10 684 716 1400 187 1192 13800.15 676 724 1400 161 1220 13810.20 644 758 1402 153 1236 13890.25 634 761 1395 134 1260 13950.30 552 843 1394 123 1261 13850.35 537 855 1393 100 1285 13850.40 562 831 1393 93 1300 13930.45 498 896 1394 62 1330 13920.50 446 954 1400 47 1343 1390with two ows direted away from the enter of the networksuh that the soure nodes were able to hear eah other butthe sink nodes were out of range of all but the soure oftheir ow. The distane between the nodes was suh thatthe optimal rate along eah ow was 2Mbps, and the rateannouned in the RTS was always 1Mbps. In Senario 2, thenetwork was similar exept the diretion of one of the owswas reversed. In both senarios, the reservation subheadersfrom Node 3's pakets were orrupted with varying proba-bility, so it was expeted that Flow 1 would experiene aderease in performane with an inrease in the probabilityof loss.The results of both experiments are shown in Table 1.Eah row represents the measured throughput (in Kbps) forthe probability of loss shown in the leftmost olumn. As abasis of omparison, the measured throughput for ARF inSenario 1 was 576Kbps for Flow 1 and 572Kbps for Flow 2,and in Senario 2 it was 278Kbps for Flow 1 and 867Kbpsfor Flow 2. The di�erene in the throughputs between theows in Senario 2 is due to problems with fairness in 802.11[23℄. For Senario 1, there is only a moderate impat onperformane. At 5% loss there is only a 3% derease inperformane, and the deline stays below 10% beyond a lossof 15%. However, in Senario 2 we see a larger impat,starting at a deline of 14% at a 5% loss, inreasing rapidlyto 38% at a loss of 15%. Thus, it is evident that situations inwhih reservation subheaders are lost for nodes that are onthe reeiving end of a ow are more sensitive to that loss,most likely beause the sender on that ow is subjet torepeated bako� when its RTS's are ignored with inreasingprobability.
6.2 Slow Changing Channel ConditionsTo observe the performane of the protools under ondi-tions when the hannel onditions are stati or slow hang-ing, we again simulated the network in Con�guration 1, butthe mobile node was moved in 5m inrements over the rangeof mobility (0m - 300m), and held �xed for a 60s transmis-sion of CBR data over a single UDP onnetion. Here, datawas generated at a rate of 8Mbps and sent in 1460 bytepakets.
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Figure 11: Performane of ARF for a single CBRonnetion between two nodes at �xed distanes.

50 100 150 200 250 300

Distance (m)

0

1000

2000

3000

4000

M
ea

n 
T

hr
ou

gh
pu

t (
K

bp
s)

RBAR
QAM256 (8Mbps)
QAM64 (6Mbps)
QAM16 (4Mbps)
QPSK (2Mbps)
BPSK (1Mbps)

Figure 12: Performane of RBAR for a single CBRonnetion between two nodes at �xed distanes.The results of these experiments are shown in Figure 11for ARF and Figure 12 for RBAR. Also shown are the resultswhen the �xed rates are used. Notie that ARF fails toperform as well as the �xed rates at eah distane exeptbeyond that whih is optimal for the highest rate. Thisis beause ARF periodially tries to send data pakets atthe next highest rate in an attempt to gauge the hannelonditions. In situations where the onditions are suh thatthose pakets are lost with high probability, then there isrepeated paket loss resulting in the onsistent performanedegradation shown in the results.RBAR, on the other hand, generally performs better atall distanes exept lose in, where ARF exels. This is be-ause of the inreased impat of the reservation subheader.Reall that the reservation subheader has to be sent at oneof the basi rates (in this instane, 1Mbps). Thus, at higherdata rates the overhead of the subheader beomes more sig-ni�ant. One way to redue this overhead is to employ amehanism that predits the best data rate for the hannelonditions. One suh tehnique is to simply ahe the most
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Figure 13: Performane of RBAR when a simpleheuristi is used by the sender to try and preditthe best data rate for the onditions, in an e�ort toredue the frequeny of the neessity for reservationsubheaders.reent rates as they are disovered. Figure 13 shows the re-sults when suh a tehnique is employed. Clearly there isa signi�ant improvement in the instane shown here, dueto the high preditability of the hannel. However, bettertehniques suh as those proposed in [3℄ may also work wellfor RBAR. This is a topi of future study.
6.3 Fast Changing Channel ConditionsIn a Rayleigh fading hannel, variations in the wireless sig-nal are indued at a rate that depends, in part, on the speedalong the line-of-sight between the transmitter and the re-eiver. For a onventional loal area network with nodesmoving at walking speeds (e.g., node speed � 2 m/s ommu-niating at 2Mbps over a 2.4GHz hannel), hanges generallyour slowly enough that the hannel is e�etively onstantfor the duration of a paket exhange (the oherene time).However, as the speed inreases, hanges our muh morerapidly, dereasing the preditability of the hannel. Thus,by simulating a fading hannel and varying the mean nodespeed, we an evaluate the adaptability of the protools.To observe this impat, we performed experiments for �vedi�erent speeds, 2, 4, 6, 8, and 10 m/s, for Con�guration 1.Results were generated for a UDP onnetion arrying CBRtraÆ that was generated at a rate of 8Mbps and sent in1460 byte pakets. These results are shown in Figure 14.Also inluded in the �gure are results for the �xed rates (asa basis of omparison). Notie that:� RBAR outperformed ARF for all mean node speeds,with the performane improvement ranging from 6%(10 m/s) to 20% (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 for RBARalso dereased as the mean node speed inreased. Re-
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Figure 14: Performane for CBR traÆ over a singleUDP onnetion in a Rayleigh fading hannel.all that the simple hannel quality predition meha-nism used in RBAR for these results works best whenthe hannel oherene time is larger than the timeit takes to transmit the CTS paket and the DATApaket. For 2 m/s, the oherene time was suÆientlylarge that this was true for pakets transmitted at alldata rates. However, as the node speed inreased, theoherene time shortened and the higher data rateswere also a�eted, resulting in a deline in perfor-mane. As mentioned previously, we expet that thisdeline an be improved signi�antly with better han-nel quality predition tehniques.The adaptability of RBAR to the rapidly hanging han-nel onditions an be more learly seen in Figure 15. Com-pared to the similar �gure for ARF, it is lear that RBARis muh better at reating and adapting to the hannel on-ditions.
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Figure 16: Performane for FTP traÆ over a singleTCP onnetion in a Rayleigh fading hannel.We also simulated a single TCP onnetion under thesame onditions. These results are shown in Figure 16. No-

tie that the performane improvement is more signi�ant,whih an be attributed to TCP's sensitivity to paket lossdue to wireless errors.
6.4 Impact of Variable Traffic Sources
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Figure 17: Protool eÆieny for an ON/OFFPareto soure generating traÆ on a single UDPonnetion in a Rayleigh fading hannel. The meanOFF time = 1s.In this setion, we study the impat of bursty data soureson the performane of the RBAR and ARF protools. Forthis study, we performed a series of experiments using anON/OFF traÆ soure, with ON (��on) and OFF (��off )times drawn from a Pareto distribution. During an ONperiod, data was generated at a rate of 8Mbps and sentin 1460 byte data pakets, resulting in mean paket burstsranging from � 1�2 pakets (��on = 1:5ms) to � 20 pakets(��on = 30ms). TraÆ was generated for a single UDP on-netion aross a Rayleigh fading hannel. The mean nodespeed was 2 m/s, and we used Con�guration 1.The results of these experiments are presented in Fig-ures 17 and 18, for mean OFF times of 1s and 500ms re-spetively, whih show the average delivery ratios for eahprotool, where the delivery ratio is de�ned as the numberof data pakets suessfully reeived over the total numberof data pakets sent.Note that:� RBAR outperforms ARF in all traÆ onditions, withimprovements ranging from 26% to 70%.� RBAR shows the greatest improvement when the traf-� is the lightest, and the least improvement when thetraÆ is heavy.
6.5 Multi-Hop PerformanceIn this setion we present results for Con�guration 2: 20nodes in ontinuous motion within a 1500x300 meter arena.Here, we simulated a single CBR soure generating traÆ on
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Figure 15: Performane of RBAR for a single CBR onnetion between two nodes in a Rayleigh fadinghannel. Here, the sender is �xed and the reeiver is moving at a speed of 2 m/s away from the sender. Thelower graph shows the time at whih pakets were transmitted, and the modulation rate hosen by ARF foreah paket. The tik marks along the top show the time at whih pakets were dropped by the reeiver dueto errors. The upper graph shows the SNR at the reeiver for the pakets in the lower graph. Also shownare thresholds representing the SNR values above whih the next higher modulation rate has a theoretialmean BER � 10�6. At the start, both nodes were at the same loation, so the leftmost edges represent thepoint in time at whih the two nodes were 60m apart.
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Figure 18: Protool eÆieny for an ON/OFFPareto soure generating traÆ on a single UDPonnetion in a Rayleigh fading hannel. The meanOFF time = 500ms.a single UDP onnetion between two nodes in the ad-honetwork. The results are shown in Figure 19 and Figure 20.Notie that RBAR onsistently outperforms ARF.Similar results are shown in Figure 21 for an FTP souregenerating traÆ over a TCP onnetion. Clearly, the per-formane gains observed earlier are also appliable to a mul-tihop senario. We believe that ARF's inrease in through-
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Figure 19: Performane omparison for a singleCBR onnetion in a multihop network.put with inreased speed is due to its poor ability to seletthe orret rate when nodes are far apart, resulting in re-peated bako� by TCP early in the simulations. However,with inreased speed it may our that the onnetion isestablished sooner due to the speed at whih nodes in thesparse starting alignment are brought into range.
7. FUTURE WORKWe intend to explore several topis of future work based onour work in this paper. One idea is to extend RBAR to sit-
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Figure 21: Performane omparison for a single FTPonnetion aross a multihop network.uations where the RTS/CTS protool is not used for everypaket, suh as in the Basi Aess mode in 802.11, by usinga hybrid sheme where the RTS/CTS is used only when sev-eral ACKs are lost, or a length of time has expired sine thelast paket was transmitted. Another idea is to inorporatethe paket size into the rate seletion, sine smaller paketshave a lower probability of error than larger pakets. Finally,we are urrently looking at routing tehniques that will takeadvantage of the autorate apabilities of RBAR, by probingfor routes that satisfy ertain quality harateristis, suhas the highest apaity or the most stable.
8. CONCLUSIONIn this paper, we addressed the topi of optimizing perfor-mane in wireless loal area networks using rate adaptation.We presented a new approah to rate adaptation, whih dif-fers from previous approahes in that it uses the RTS/CTSprotool to enable reeiver-based rate adaptation. Usingthis approah, a protool based on the popular IEEE 802.11standard was presented, alled the Reeiver-Based AutoRate(RBAR) protool. Simulation results were then presentedomparing the performane of the proposed protool againstthe performane of an existing 802.11 protool for mobilenodes aross Rayleigh fading hannels. These results showedthat RBAR onsistently performed well.
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