
IEEE 802.11b Cooperative Protools: APerformane Study ?Niraj Agarwal, Divya ChanneGowda, Lakshmi Narasimhan Kannan, MaroTaa, and Andrea FumagalliThe OpNeAR LaboratoryErik Jonsson Shool of Engineering and Computer SieneThe University of Texas at Dallasfnxa041000, dh042000, lnk051000, mtaa, andreafg�utdallas.eduAbstrat.This paper investigates the use of ooperative ommuniations in theontext of IEEE 802.11b to ombat radio signal degradation. The performanegain of both an existing ooperative protool and the one proposed in the paperis disussed. It is quantitatively shown how muh the two ooperative protoolsinrease throughput, lower delivery lateny, and extend transmission span, whenompared to the onventional IEEE 802.11b protool. These features may helpimprove onnetivity and network performane in ad ho appliations.1 IntrodutionWLAN's (wireless loal area networks) have experiened tremendous growthand beome the prevailing tehnology in providing wireless aess to data users.The family of IEEE 802.11 protools is perhaps the most widely adopted solu-tion [10℄. It must be noted that wireless links do not have well de�ned overageareas. Propagation and hannel harateristis are dynami and unpreditable.Small hanges in the node position or diretion of mobility may result in signif-iant di�erenes in the signal strength. Adaptation to suh onditions is a keyissue in today and future wireless ommuniations.One of the harateristis of the radio medium is its inherent broadastnature. Besides the intended destination, a signal transmitted by a soure maybe reeived by other neighboring nodes that are within earshot. This broadastnature of the radio medium an be used to improve the system throughput byhaving a node, other than the soure and the destination, atively help deliverthe data frame orretly. The ooperating node is referred to as the relay. Theessene of the idea is that, the destination bene�ts from data frames arrivingvia two statistially independent paths, i.e., spatial diversity.The advantages of ooperative ommuniations inlude the ability to in-rease the radio hannel apaity [6, 7, 14℄ and redue the lateny of automati? This researh is supported in part by NSF Grants No. ECS-0225528 and CNS-0435429.



2 Niraj Agarwal et al.retransmission request protools [8, 9, 15℄. An IEEE 802.11b ooperative pro-tool was introdued to improve both throughput and lateny of the mediumaess ontrol (MAC) [3℄. Data frames transmitted by the soure are reeivedby the relay, whih in turn forwards them to the destination. The destinationaknowledges the reeived data frame diretly to the soure.Other protools whih exploit the broadast nature of wireless medium toahieve potential gains have been proposed in [12, 13℄. In [13℄, the soure at-tempts to transmit the data to destination diretly and when the diret trans-mission fails, the partner nodes help in retransmitting the same frame after abako� proess. In [12℄, the proposed protool (ExOR), deals with routing apaket from the soure to the destination using the help of intermediate nodesin a speial way as ompared to traditional routing.In this paper, ooperative ommuniations in the ontext of IEEE 802.11bis further investigated. With the studied protool, attempts to reeive the dataframe transmitted by the soure are simultaneously made at both the relay andthe destination. It is only when the destination is not suessful in the reeptionattempt, that the relay re-sends the data frame again. The advantage of thisapproah is to limit the relay's intervention to those ases when the souretransmission attempt is not suessful in reahing the destination.As disussed in the paper ooperative MAC protools help ope with radiosignal degradation. They provide higher throughput and lower lateny whenompared to the onventional IEEE 802.11b protool. For a given throughputtarget, they ahieve a maximum transmission span between the soure and thedestination that is up to 50% greater than one of the onventional IEEE 802.11bprotool. These features ombined may help ahieve improved onnetivity andperformane.2 The Proposed Cooperative ProtoolThis setion desribes the ooperative protool proposed in the paper to enhanethe performane of IEEE 802.11b. For simpliity, the protool is desribed ignor-ing some ontrol frames, e.g., the request to send (RTS), lear to send (CTS).The extension of the protool desription to inlude these additional ontrolframes is straightforward.Assume that three nodes have agreed to ooperate2, i.e., soure S, destina-tion D, and relay R. The proposed ooperative MAC protool is based on thedistributed oordination funtion (DCF) de�ned for the ad ho mode of theIEEE 802.11b standard. As shown in Fig. 1, when transmitting a data frame, Smakes a diret attempt to reah D. While transmission takes plae, R reeives2 The protool required to reah a onsensus among the three nodes willing to oop-erate is beyond the sope of this paper. Routing protools available in the literaturean be extended and adapted to perform relay seletion [11℄.
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IEEE 802.11b Cooperative Protools: A Performane Study 5is disarded. Speial attention is required to handle the transmission sequeneof ase 2 (Fig. 3).In this ase, R senses the hannel after SIFS. If the hannel is idle, it indi-ates that the ACK frame is not being transmitted by D. Then, R begins thetransmission of the data frame it reeived from S at RIFS. Due to the bako�proedure, S annot start retransmission unless it senses the idle hannel forat least DIFS > RIFS. As explained above, RIFS is hosen arefully so that S�nds the hannel busy after SIFS if R is trying to help the transmission be-tween S and D. If D reeives the frame transmitted by R, D sends ACK to S.On reeiving ACK, S anels its bako� proedure for retransmission and startthe transmission proedure for the next data frame. If S does not reeive theACK, it goes ahead with the bako� proedure as de�ned in the IEEE 802.11standard.When R fails in its attempt to transmit the paket to D, S will on-tinue its bako� proess (whih is frozen when R is transmitting) and when thebako� ends transmits the paket to D.Thus, when the transmission from R isnot suessful, the bako� proedure at S does not get a�eted.As alreadymentioned, the proposed protool does not hange when RTS/CTSframes are onsidered. When R reeives the RTS and/or CTS from S and/orD, it does not attempt transmission of its own data frames. However, it keepslistening and helps deliver the data frame from S to D whenever required.
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[Case 1] [Case 2, 3]Fig. 7. Relay's owhartrelative loations of the three nodes. As already mentioned, the main di�erenebetween the protool proposed in this setion and the one in [3℄ is the attemptmade by S to reah both D and R with the same frame transmission.3 Results3.1 Channel ModelThe path loss model used in the simulator is as follows:Esr = Est � GT �GR � �2(4�)2(d)� (1)where,{ Esr ; Est : energy per symbol at the reeiver and transmitter, respetively,{ GT ; GR: transmitter and reeiver antenna gain, respetively,{ d: transmitter-reeiver distane,{ �: wavelength at the hannel enter frequeny in m,{ �: path loss exponent, � = 2 in free spae, typially 2 � � � 4 for environ-ments with strutures and obstales [2, 16℄.Fading is assumed to be Rayleigh slow and at, i.e., the fading oeÆientsare onsidered onstant over a single frame transmission. The fading experi-ened by any given frame transmission is statistially independent of the fadingexperiened by any other frame transmission.The instantaneous signal to noise ratio at reeiver j given a transmissionfrom transmitter i is given by:(i;j) = ((Esr � PG=No)� r2i;j)=10 F10 (2)where,



IEEE 802.11b Cooperative Protools: A Performane Study 7{ Esr : energy per symbol at the reeiver,{ PG: proessing gain due to spreading,{ No: noise spetral density of the additive white Gaussian noise (AWGN)hannel No = KB � T (3){ KB : Boltzmann onstant,{ ri;j: Rayleigh distributed random variable to model the Rayleigh fading mag-nitude from node i to j,{ F : noise �gure of the reeiver (10 dB).3.2 Simulation ResultsIn this setion, simulation generated results are disussed to assess the perfor-mane gain in IEEE 802.11b when using ooperative protools. In the study,three protools are onsidered, i.e., the onventional IEEE 802.11b [1℄, MACII in [3℄ (Poly MAC II), and the MAC protool proposed in Setion 2 (UTDMAC). Table 1. Parameters used in simulationPath Loss Exponent � 4Flat Rayleigh Fading onstant aross frameAverage Transmitter Power 100 mWPHY Header 192 bitsSIFS 10 �sRIFS 30 �sDIFS 50 �sSlot Time 20 �sVulnerable Period 20 �sMax Retrans. Attempts 6Frame Size 1023 bytesMin Contention Window 31 slotsMax Contention Window 255 slotsArrival Rate 1200 frames/s (saturation)MAC Header 34 bytesMAC ACK 14 bytesThe assumptions made and values hosen for the protool parameters areshown in Table 1. Three nodes are used, i.e., S, R, and D. Data ow is eitherfrom S to D only (one-way traÆ), or bidiretional between S and D (two-waytraÆ). R does not generate any own traÆ. It is assumed that the three nodes



8 Niraj Agarwal et al.have agreed to ooperate. They an freely use any of the four transmission ratesprovided by IEEE 802.11b, i.e., 1, 2, 5.5, and 11 Mbps. However, ACK framesare always transmitted at 1 Mbps to provide maximum reliability.Fading is assumed independent of the destination, e.g., when S transmits,the fading experiened at R is independent of the one at D. Frame error ratesare omputed using [5℄. Multiple onurrent transmission attempts always re-sult in ollision. Propagation delay is assumed negligible. The DCF mode ofoperation is used. Neither the virtual arrier sense (RTS/CTS) mehanism, norfragmentation are used. The maximum number of transmission attempts perdata frame is 6. Simulation results are obtained using a C++ ustom simulatorand have 5% on�dene interval at 95% on�dene level. Simulation results arevalidated against the analytial model presented in [4℄.Saturation load ondition is obtained by hoosing data frame arrival ratesthat exeed the network apaity. Data frames in exess are dropped and notounted. Throughput is de�ned as the number of MAC payload bits that aresuessfully delivered and aknowledged by D normalized to time. The MACand PHY header bits do not ontribute to throughput. Aess delay is the timetaken for a data frame from the instant it reahes the head of the transmissionqueue at S till its �rst bit of the suessful transmission attempt is aired by S.When obtaining the urves for the Poly MAC II protool, the relay node ishosen based on the transmission time gain that an be ahieved if the paketgoes through the relay [3℄. The transmission rate for S (R) is hosen based onthe distane of S (R) from R (D), as indiated in [3℄. One a relay is hosen, allthe pakets from S to D go through the relay R only, i.e., S never attempts totransmit diretly to D. Upon orret reeption, D diretly transmits the ACKto S. The UTD MAC urves are obtained by seleting the transmission ratesfor S and R, respetively, that jointly yield the maximal throughput for eahexperiment. Cooperation in the UTD MAC is always invoked, regardless of theloation of the three nodes.Fig. 8(a) shows throughput under saturation load for the three protools asa funtion of the distane between S and D. TraÆ is one-way. Four urves arereported for IEEE 802.11b, one for eah transmission rate. R is always plaedhalf way between S and D to provide good ondition for ooperation. Underthis ondition, the two ooperative protools o�er inreased throughput whenompared to IEEE 802.11b for distanes of 40 m and above. Poly MAC II bestontribution is reahed at 70 m and above.Fig. 8(b) is similar to Fig. 8(a) exept that fading is absent in the former.The ooperative protools perform better than the IEEE 802.11b after adistane of 60 m, indiating that the performane gain is still there, irrespetiveof whether or not the hannel is a�eted by fading. The sudden transitions inthe throughput are due to the hange in the transmission rates used. Fadingsmoothens the transition area, as learly visible in Fig. 8(a).Figs. 9(a) and 9(b) show throughput and expeted aess delay, respetively,under saturation load when the S-D distane is 100 m. R position varies alongthe S-D axis. S and D oordinates are (0; 0) and (100; 0), respetively. R oor-
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10 Niraj Agarwal et al.a�eted by the position of R. Poly MAC II does not invoke ooperation whenX � 20 and X � 80 m. The UTD MAC urves onsist of a sequene of seg-ments, eah segment being obtained with a spei� pair of transmission ratesfor S and R, respetively. The rate pairs are reported in Table 2 and help ex-plain the UTD MAC plots. Sudden hanges in the plots our when the optimaltransmission rate of either S or R hanges. In the 0 � X � 10 m region thetransmission rate of both S and R is 1 Mbps, as both nodes attempt to reah Dfrom approximately the same distane. In the 15 � X � 35 m region, however,R inreases its rate to 2 Mbps, thus providing a faster frame transmission time.In turn, S hanges to 11 Mbps as it provides the fastest solution to send theframe to R. In the 65 � X � 100 m region R inreasingly approahes D. Srate goes down to 2 Mbps, whih is a suitable rate to reah both R and D.When only R is reahed suessfully by the frame, R rate of 11 Mbps deliversthe frame to D at full speed, taking advantage of the redued distane to D.
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IEEE 802.11b Cooperative Protools: A Performane Study 11tively. R oordinates are (75; Y ), where Y is the value on the horizontal axisin both �gures. TraÆ is two-way. In this senario, Poly MAC II never invokesooperation. Only IEEE 802.11b and UTD MAC are shown then. Even whenR is 75 m away from the S-D axis, the ooperative protool yields a notieablethroughput gain over IEEE 802.11b. The behavior of the aess delay urve forUTDMAC as Y inreases an be explained by inspeting the transmission ratesused by S and R (Table 3). The step like delay inrease in the 20 � Y � 30 mregion ours due to the rate redution from 1 to 2 Mbps performed by R �rst,then by S. It must be noted that R rate is dereased before S rate is, as R mustensure reliable delivery to D, whereas S an be more aggressive given that Ran provide a bakup transmission attempt. In the 35 � Y � 75 m region theaess delay inreases slightly and it exeeds the delay of IEEE 802.11. This isbeause all nodes use 1 Mbps and the transmission via R takes longer time thanthe diret transmission from S to D. At Y = 0 m, UTD MAC performs threetimes better than IEEE 802.11b and when Y = 75 m UTD MAC performs twotimes better than IEEE 802.11b.Overall, both ooperative protools o�er tangible performane gains whenompared to IEEE 802.11b if R is onveniently loated between S and D. UTDMAC appears to be somewhat more exible in aommodating the variouspositions of R.4 ConlusionThe paper investigated the use of ooperative ommuniations tehniques toenhane the IEEE 802.11b MAC protool ability to ope with radio signaldegradation with and without fading hannel. Two ooperative MAC protoolswere ompared, i.e., the one in [3℄ and the one presented in the paper. Bothooperative protools have the potential to yield higher throughput and lowerlateny when ompared to the onventional IEEE 802.11b protool. Alterna-tively, the maximum transmission span between the soure and destination fora desired throughput target an be inreased by up to 50% when using theooperative protools.All these features may help ahieve improved onnetivity and network per-formane in ad ho appliations, where nodes' relative loations are diÆult toontrol and predit. However, as indiated in this study, to fully harness oop-erative ommuniations in IEEE 802.11b, the ooperating nodes must be ableto arefully selet their transmission rates. This subjet will be addressed in afuture work on this topi.Referenes1. Part 11: Wireless LANMedium Aess Control (MAC) and Physial Layer (PHY)Spei�ation: High speed physial layer extension in the 2.4 GHz band. sept 1999.



12 Niraj Agarwal et al.2. T. S. Rappaport (2001)Wireless Communiations: Priniples and Pratie (2ndEdition), Prentie Hall PTR.3. P. Liu and Z. Tao and S. Panwar (2005) A Co-operative MAC Protool forWireless Loal Area Networks. Pro. IEEE International Conferene on Commu-niations (ICC) Seoul, Korea4. Giuseppe Bianhi (marh 2000) Performane Analysis of the IEEE 802.11 Dis-tributed Coordination Funtion, IEEE Journal on Seleted Areas in Communi-ations, pages 535-547.5. B. Kim and Y. Fang and T. Wong (2005) Throughput Enhanement ThroughDynami Fragmentation in Wireless LANs,Pro. IEEE Transations on VehiularTehnology.6. A. Sendonaris and E. Erkip and B. Aazhang (2003) User ooperation diversityPart I: System desription IEEE Trans. Commun vol. 51 no. 11, pages 1927-19387. M. Janani and A. Hedyat and T. Hunter and A. Nosratinia (2004) Coded oopera-tion in wireless ommuniations: Spae-time transmission and iterative deoding,IEEE Trans. on Signal Proessing, vol. 52, no. 2. pages 362-371.8. E. Zimmermann and P. Herhold and G. Fettweis (2004) The impat of oopera-tion on diversity-exploiting protools, Pro. of 59th IEEE Vehiular TehnologyConferene (VTC Spring) .9. P. Gupta and I. Cerutti and A. Fumagalli (2004) Three transmission shedul-ing poliies for a ooperative ARQ protool in radio networks, Pro. WNCGonferene.10. Namgi Kim (2005) IEEE 802.11 MAC Performane with Variable TransmissionRates, IEICE Transation on Communiations", 2005, vol. E88-B, no. 9. pages3524-353111. Aggelos Bletsas and Andrew Lippman and David.P.Reed (2005). A simple dis-tributed method for relay seletion in ooperative diversity wireless networks,based on reiproity and hannel measurements. Vehiular Tehnology Confer-ene, 2005. VTC 2005-Spring. 2005 IEEE 61st. Vol. 3 pages 1484- 148812. Sanjit Biswas and Robert Morris (2005) ExOR: opportunisti multi-hop routingfor wireless networks, Vehiular Tehnology Conferene, 2005. VTC 2005-Spring.2005 IEEE 61st, pages 133-14413. Sai Shankar N and Chun-Ting Chou and Ghosh M (2005) Cooperative ommuni-ation MAC (CMAC) - a new MAC protool for next generation wireless LANs, International Conferene on Wireless Networks, Communiations and MobileComputing, pages 133-144 .14. J.N. Laneman, G.W.Wornell, and D. N. C. Tse (2001), "An eÆient Protoolfor realizing ooperative diversity in wireless networks," in Pro. IEEE ISIT,Washington, p.294.15. B. Zhao and M. C. Valenti (2005), Pratial relay networks: a generalization ofhybrid-ARQ, IEEE Journal on Seleted Areas in Communiations, vol. 23, no.1, pages 7-18.16. J.Wall and J.Y. Khan (2003), An Advaned ARQ Mehanism for the 802.11MAC Protool, Proeedings of Australian Teleommuniations, Networks andAppliations Conferene(ATNAC).


