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Abstract

Due to the broadcast nature of wireless signals, a wirel@ssmission intended for a particular
destination station can be overheard by other neighbotatgpses. A focus of recent research activities
in cooperative communications is to achieve spatial dityergains by requiring these neighboring
stations to retransmit the overheard information to thel destination. In this paper we demonstrate
that such cooperation among stations in a wireless LAN (W)LA&Ah achieve both higher throughput
and lower interference. We present the design for a MAC padtoalled CoopMAC, in which high
data rate stations assist low data rate stations in theistnégssion by forwarding their traf c. In our
proposed protocol, using the overheard transmissions, lemcdata rate node maintains a table, called
a CoopTable, of potential helper nodes that can assist ifratsmissions. During transmission, each
low data rate node selects either direct transmission oismngssion through a helper node in order
to minimize the total transmission time. Using analysisapudation and testbed experimentation, we
quantify the increase in the total network throughput, amel teduction in delay, if such cooperative
transmissions are utilized. The CoopMAC protocol is singatel backward compatible with the legacy
802.11 system. In this paper, we also demonstrate a reduictithe signal-to-interference ratio in a
dense deployment of 802.11 access points, which in some é¢ase more important consequence of

cooperation.
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. INTRODUCTION
A. Cooperative Communication: A New Paradigm

The burgeoning demand for mobile data networks has higigdythe bandwidth constraint of
wireless networks. Wireless links have always had ordemagnitude less bandwidth than their
wireline counterparts. Interference and signal loss duwsidtance and fading severely reduce the
total throughput achieved in wireless networks. While rretgehnologies such as multiple-input
multiple-output systems (MIMO) increase the number of pigs hertz of bandwidth, it is not
possible to integrate several antennas on handheld mahileas because of their size and weight
limitation. A signi cant amount of research on cooperate@mmunication techniques [5]—[8]
is being developed to allow stations to cooperate in thaimgmissions in order to improve the
overall performance of the network. Since a transmissiadhénwireless channel is overheard by
neighboring stations, these neighboring stations canesgthese signals and re-transmit them
in order to facilitate better reception. The destinatiombmes the signals received from the
source and the helper, thus creating spatial diversity abdstness against channel variations
due to fading.

Inspired by this work, we suggest introducing cooperatibtha MAC layer. A few examples
are provided below to illustrate the opportunities for periance improvement enabled by such

MAC layer cooperation.

Due to the shadowing and fading effects in a wireless LAN remrnent, the direct link
between the access point (AP) and the mobile station is watyal usable or is of low quality.
This is especially true in an indoor environment, where nodshe mobile stations do not
have line-of-sight connections to the AP. Under such cistamces, it may be possible
to have a third station act as a virtual antenna and oppaticaily forward packets for
the source station. However, a modi cation to the existing®layer design is needed to

enable such cooperation.



[9] and [10] demonstrated that the presence of a few low data stations will have an
adverse effect on the overall throughput of the network.1ljy \ve discussed the potential
bene t by enabling a bridging-like multihop transmissianritigate the negative effects of
slow stations. We show the negative effect of stations dpeyat a lower data rate on the
average throughput per node for an 802.11b system in Figarlg fietwork with 24 nodes
(Readers are referred to the Section Il for the detailedyais. As can be seen from Fig.
1, the presence of stations at 1 Mbps reduces the averagetipot of all the stations in
the network. This is because a 1 Mbps station takes roughliinids more transmission
time than an 11 Mbps station to transmit the same number sf Gibe of the aims of the
proposed CoopMAC protocol is that it allows the high rateigts to help stations that
can only sustain a low data rate to mitigate this effect. Hexemodi cations are needed
to existing MAC protocols, like the most widely used IEEE 80R DCF mechanism, to

enable such cooperation.

To fully leverage the bene ts of cooperation at MAC layer,this paper we propose a new
protocol based upon the existing IEEE 802.11 DCF. The newopab, which is calledCoopMAC
enables cooperation in 802.11 networks. The details of @@dp will be further elaborated in
section Il. An analytical model has also been developed foogMAC, which is presented
in section Ill. To validate the analysis, we performed egtes simulation studies, the results
of which are presented in section IV. Along with improvemanthroughput and media access
delay in a saturated network, we demonstrate an increase isignal-to-interference (SIR) ratio
in proximal 802.11 cells. For a given network throughpupmerative transmissions reduce the
total transmission time leading to a decrease in the imemfe experienced in proximal cells.
This reduction in inter-cell interference is explained ecton V.

There are two potential costs for the helper stations intted by the CoopMAC protocol.
An opportunity cost, which is due to the transmission opjattes a helper may have to lose in
order to forward data for another station, and an actual edsth is the energy expense involved
in transmitting data for other stations. It will become ahw that there is10 opportunity cost
because the helper nodes are allowed to access the chatim@litxadontention when forwarding
data for other stations. We investigated the energy expkmdeelper nodes in participating in

cooperative MAC protocols [11] and surprisingly found tiia¢re arepotential energy savings



for the helper nodes. This counter-intuitive result is doethe idle energy savings at the
helper as cooperation reduces the amount of time a helpetohae before gaining access
to the channel for its own transmissions. A brief descriptod the energy model used and the
results are discussed in section VI. Apart from the detadledlytical and simulation work, we
also implemented the basic features of CoopMAC in a smallestzstbed. Using our initial
implementation, we conducted a series of experiments tcsuneahe bene ts of cooperation
at the transport layer using le transfer tools [4]. In seatiVII, we have presented a brief
description of the implementation effort, experiments émeir results.

One nal question that arises is "Why not try more than twg@t@nsmissions?'!. Our simula-
tion study on the potential throughput improvement frommgsnore than two-hop transmissions
demonstrate that there is only a marginal potential for smpment over the two-hop case. Due
to the complexity of designing a practical protocol to suppoore than two-hop transmission
we chose to investigate only two-hop transmissions.

Before we delve into the protocol details of CoopMAC, theatetl work is rst reviewed in
section I-B. A summary of pertinent features of the IEEE &Q@2orotocol is provided in section

I-C, for the sake of completeness.

B. Related Work

The research community has just started to explore the ngweramities introduced by
cooperation. Several other papers also address coopenat8®2.11 systems. For example, [12]
looks at cooperation from a different perspective and psepa cooperative MAC protocol for
dense wireless networks. During the collision resolutioocpss, the stations in this new MAC
protocol cooperate with each other to choose proper bagkofiows so that short-term fairness
can be achieved with no compromise in throughput performaAaother way to cooperate is
exempli ed in a new path selection algorithm call®avert [13], which places multiple access
points in the same cell so that mobile stations can adaptswitch to an alternate access point
in real time, if the channel to the current access point dkggdo an unacceptable level. Thus,
by letting asecondaryAP cooperate with grimary AP, adverse channel conditions can be
circumvented. The authors of [14] proposdeiCF protocol, which enables multi-hopping in the

PCF mode. However, the PCF mode is seldom used and has liapfttations. For the DCF



protocol, an approach similar to ours, calledCF, was independently proposed in [15]. The
rDCF protocol enables packet relaying in the ad hoc mode 0f1808ystems by requesting
each station to broadcast the rate information betweerssaexplicitly. Each station chooses
a rate as described in [16]. The CoopMAC protocol proposethis paper differs front DCF
primarily in that CoopMAC is backward compatible with the28D1 protocol. We also study the
impact of cooperation on inter-cell interference, whicls Im@t been considered in any previous
work. A relay based adaptive auto rate (RAAR) protocol psmabin [17] suggests the use of
central control at the AP to select relay nodes. The RAARquaitalso allows for transmission
of multiple back-to-back packets by the high data rate relagles and hence affect the long
term channel access fairness of the MAC. Our proposal is taldised mechanism similar to
DCF and does not change the long term channel access faquabty of the underlying 802.11
MAC. Investigations on the advantages of relaying in HigeXl/2 and protocol extensions can
be found in [18]-[23]. All of these papers take advantagehef TDMA nature of HiperLAN/2
and use a centralised scheduling mechanism. Since CooplAGsed on the 802.11 MAC, it

is a CSMA and completely distributed media access protocol.

C. The IEEE 802.11 Protocol

The IEEE 802.11 protocol employs carrier sense multipleessonith collision avoidance
(CSMA/CA) as its medium access protocol for the distribudedrdination function (DCF) mode.
In this mode, each station (STA) can initiate a data transionsby itself. Channel sensing before
packet transmission is essential to avoid collisions. ¥ etation has date packet to send, it will
rst sense the channel to make sure the channel is clear d¢far actual transmission starts.
Since not all stations can hear each other, even if the chasrsensed to be free, collision
may occur. Thus virtual carrier sensing is also employedh wWie use of the Request To Send
(RTS) and Clear To Send (CTS) frames to reserve channel iméhé transmitting stations.
These two control frames broadcast the channel reservatiormation to the whole network.
Any station will be able to hear at least one of these contagkpts and use them to calculate
the time needed for the data packet transmission. A Netwdidcation Vector (NAV) is used
by all the stations to discover the time that the channel iagyto be free.

The rate adaptation algorithm, which is used to choose thienam rate is not prescribed by



the IEEE standard and left to the implementation. Very fegodathms have been published in
this area. The rst published algorithm is Auto Rate Fallb&ARF) [24], which switches to a
higher rate if a xed number of successful packets have been @nd falls back to a lower rate
after several consecutive packet losses. Receiver Bastm Rate (RBAR) [16] measures the
received signal-to-noise ratio (SNR) of the RTS frame atd#uoeiver and compares the SNR with
a set of pre-de ned thresholds to choose the best modulatbame. Since this scheme measures
the channel quality at the receiver at the time instant jesbie the data packet transmission, it
is more accurate. However, it is not compatible with 802.&tduse both the control and data

packet format have to be modi ed.

[I. COOPERATIVE MEDIA ACCESS CONTROL

We propose a set of new features both in the data plane andttikplane of the 802.11
MAC layer, while maintaining backward compatibility to tiearrent MAC. A major component
of CoopMAC control plane design is the mechanism for eactiostdo learn about candidate
helper stations, and the corresponding data structures tosstore the information related to
those identi ed candidates. In the data plane, a stationateose a helper from this list of
potential helpers to use at the time of its transmissiongexéing on the possibility of reducing
the transmission time for the packet in hand. We rst presdat learning process and the
corresponding data structure in section 1l-A, and then arpthe cooperative operation in the

data plane in section II-B.

A. Helper Detection

Each station in a basic service set (BSS) should maintaile,teeferred to as th€oopT-
able of potential helpers that can be used for assistance dtmamgmission. Note that in the
infrastructure mode, the AP has to maintain one CoopTaledoh possible destination address,
while mobile stations only need to keep one such table foAfevith which they are associated.
The creation and updating of the CoopTable can be done byvpbssstening to all ongoing
transmissions. As each station in an 802.11 network is requo check the packet header of all
the packets it receives in order to pick up the packets irgéridr itself, this requirement does
not require additional hardware. These stations are algoirel to decode the entire Request-
To-Send (RTS), Clear-To-Send (CTS) and acknowledgmenK{jAitames to get the channel



reservation information to avoid the hidden node probleime Tontrol frames and headers of
data frames are always modulated at the base rate (e.g., $ Mbi802.11b and 6 Mbps for

802.11a and 802.119), so that all stations within the trasson range will be able to receive
this information successfully.

When a transmission from a station (denotedSpy is overheard, a CoopMAC statioBs
estimates the channel condition (e.g. path loss) betweersd¢inder of that packet and itself
by measuring the received signal strength. Since all staiticse the same frequency band for
transmission and reception, the channel between any tiorsdas assumed to be symmetric.
Path loss can be calculated by subtracting the transmigmamer (in dB), which is typically
xed for all stations, from the received signal power @B). The availability of such information
is supported by the IEEE 802.11k [25] protocol. By checking threshold value, which is pre-
calculated and guarantees a certain bit error rate for eamtulation scheme, we can nd the
corresponding data rate betweSpn and Ss, denoted byRg,. When stationSy overhears a data
packet transmission between a pair of other stations (f8anto Sy), it will identify the data
rate used for this transmission from the Physical Layer @agence Procedure (PLCP) header.
This rate will be referred to aRg.

The elds contained in the CoopTable are shown in Fig. 2. iestare ordered by the timestamp
values, based on the last time a packet from that stationagheard. A helper station is stored

in the CoopTable by, if it satis es

1 1

+ >i;
Rsh Rnd Rsd

(1)

where Ry is the rate for direct transmission betwe8g and Sy. The rst column in Fig.
2, namely thelD eld, stores the MAC address of the potential helpers learned fiee RTS
frames transmitted by the helper. Thgne eld stores the time of the last frame transmission
heard from this helper. As described abof®y and Rg, store the data rate from the helper
station to the destinatio§y, and from the sourc&; to the helper station, respectively. The last
eld in the table, NumOfFailures tracks the number of sequential failures associated with
the particular helper station. When this number exceededepned threshold value, which we

recommend to be 3 in our protocol, the corresponding entmgnsoved from the CoopTable.



The value ofNumOfFailures is incremented after every failed transmission attempiugh

the helper station, and this value is reset to zero after aesgéul transmission through the
particular helper station. Each of these entries is updatee ect the current channel conditions
and status. CoopTable entries can also be populated udmgniation gained from cooperative

transmissions received by a station.

B. Transmission algorithm

When a source statioSs has data of length. octets to send, it checks each entry in the
CoopTable to decide whether to transmit through a partiduddper. The transmission time for
such a two hop transmission 8=Rg, + 8L=R,4, ignoring the overhead. The helper through
which the minimum transmission time can be achieved will besen as the candidate helper.
If multiple stations have the same value, we choose the ottetive most recentime value.

As in the existing standard, the mode selection is based amaurable RTS threshold. If
the packet length is over this threshold, the RTS/CTS modhasen. If transmission through
the chosen helper is more time ef cient than a direct traission, we will start a cooperative
transmission. For the RTS/CTS mode, the condition for a ewmfve transmission can be

expressed as

8L 8L 8L
R + R + Tpicp + Turs +2TgiFs < , (2)
sh hd direct

whereRgirect 1S the sustainable data rate for a direct transmission f8grio the destinatiorsy
andTp . cp, ThTs andTsgs are the additional time associated with a helper-aidedsimagsion
for the physical layer overhead, HTS and SIFS, respectiVdlg HTS is a new message intro-
duced to facilitate the cooperation, and will be explainedhie following protocol description.

For the base mode, where the data packets are not preceddBb@ RS, the condition would
be

8L+8L+T T < 8L .
Rsh Rnd PLCP "5 Rurect

3)

If the condition is not satis ed for any of the entries in thedpTable, the data frame is

transmitted directly tdSy.



C. CoopMAC - RTS/CTS mode

The RTS/CTS mode de ned by 802.11 is extended to include a8 Helper ready To Send)

for the helper station to acknowledge its participatione Hilr'S packet has the same format as

CTS in the 802.11 standard and hence the legacy stationsucaessfully decode this packet.

The source statio®s selects one of the potential helpe3s from the CoopTable and speci es

the helper in the modi ed CoopRTS message. The format forpgRi® message is shown in

Fig. 3. The exchange of control messages in CoopMAC and tiresmmonding NAV settings are

shown in Fig. 4 and 5, respectively. The ow chartsSat Sy, andSy are depicted in Fig. 6 and

7. A detailed description is provided below:

Source stationSg

1)

2)

3)

Whenever there is at least one packet buffered in the qu&ushould search for a
helper candidate in the CoopTable. If a helper entry is ssfady found,Ss sends a
CoopRTS message with tielper IDin the Address 1eld to specify the helper being
selected. Beside®s, andRpg also should be included in the corresponding elds of
CoopRTS, indicating the expected data rates betv&esnd S,,, and betweers, and
Sy, respectively. If the table lookup yields a failure, theuleg IEEE 802.11 MAC
procedure for data transmission should be followed. We tetin@ time duration for a
RTS, CTS and ACK frame iSgts, Tcts andTack , respectively. Theluration eld

in the CoopRTS is given by

Duration cooprrs =4 Tsies + Ters + + Teice + Tack ! (4)

direct

If neither an HTS fronS;, nor a CTS fromSy is heard afte2SIFS + CT S time, or
a CTS is lost after an HTS was sent by the hel@grshould perform regular random
backoff, as if it encountered a collision.

If Ss does not receive any HTS message fr&m but does hear a CTS froig, it
should then send the data, using the legacy 802.11 RTS/CdiScpt.

To update the CoopTabl&; should incremenN umOfF ailures , if the HTS message
is not received after &IFS time. If the value ofNumOfFailures is greater than

the threshold (i.e., 3)Ss should remove the entry from CoopTable.
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4) If both HTS and CTS messages are receivi&dsends the data t8y, at the rate of

Rsh, and set the ACK timeout as follows:

. 8L
ACKTimeout _H = 2Ts||:3 + —R + Tchp + TACK . (5)
hd

Ss should also resdflumOfF ailures in the CoopTable for the corresponding entry.

5) If an acknowledgment (ACK) is not received after an ACKeimnt,Ss should perform
random backoff, following the legacy 802.11 protocol. Qthise, Sg should declare
a success, and handle the next packet in its queue.

Helper station S,

1) If S, receives a CoopRTS message, whaskelress 1eld contains its MAC address,
then S, should verify whether the rat®g, between itself andSs, and a rateRq
between itself andsy suggested in the CoopRTS message are sustainable. If yes, it
then sends an HTS message baclSgp after aSIFS time, with the duration eld

calculated by

8L 8L
+ R +2Tpicp + Tack : (6)
sh hd

Duration HTS = 4TSIFS + TCTS +

2) After sending the HTS td&s, S, should run a timer of valufgrs + Ters, and
expect a CTS fronggy. If S,, does receive such a CTS, it then should wait for the data
packet fromSg to arrive SIFS time after the CTS message. 3, does not receive
either the CTS message or the data packet as expected, it gssume that the data
transmission was aborted, and revert to the initial statkeWthe data packet to be
forwarded arrivesS;, should forward the data packet 8 at the rateRnq, a SIFS
interval after the completion of the reception.

3) If Sy cannot support rateRg, andRyg, Sy, simply goes back to the initial state.

Destination station Sy

1) If S4 receives a CoopRTS, who&A eld is set to the MAC address &4, Sq should
wait for the corresponding HTS message fr&n

2) If Sq hears an HTS message frd8g, it transmits a CTS message backSpafter a
SIFS interval, with the duration eld calculated using (Blow. A data timelSIFS +
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8L=Rgs, + Tpicp + SIFS corresponding to the expected time of the arrival of data
packet is initiated. If the data frame does not arrive betbigtimer expires, it assumes

that the data transmission was aborted and goes back toitia state.

8L 8L
Rer + R—hd +2Tpicp + Tack : (7)

Duration ctsH =3Tggs +

3) If the HTS message is not received 8yafter a SIFS interval$y follows the standard
802.11 approach and transmits the CTS message after ai@iff@rinterval, with the
duration eld de ned by

8L

direct

Duration CTS.NH = 2T5||:S +

+ Tpicp + Tack : (8)

D. CoopMAC - Data transmission

Each CoopMAC station should be able to discriminate whethpacket is for itself or is to
be forwarded to another station. In a RTS/CTS protected tdatsmission, each station will be
able to do so. However, in the base mode operation of 802.1C MGoopMAC allows the nodes
to transmit a data frame directly to one of the potential éelpodes without going through the
RTS/CTS procedure. Thus we need to have an unique CoopMACfdahe.

The Address 4eld in the IEEE 802.11 frame format (Fig. 3(b)) is never udeddata frames,
except when the data frame is exchanged between APs, wheteD® and fromDSsub elds
within the frame control eld are both set to 1. We propose the following frame format data
transmission both in the base mode and in the CoopRTS-HTS4@dde. We retain the same
functionalities fortoDS and fromDS while utilizing the reserved data franfeubtypevalue of
1000 for CoopMAC data frames. In the rst hop, source statfarputs the helpefs, address
in the Address 1eld of the MAC header and the nal destination addreSg in Address 4
When the packet arrives at the helper, the helper will mowee atidress o5y in Address 4
to Address 1recalculate the frame check sequence (FCS) and forwarddtee frame to the
nal destinationSy after a SIFS intervalSy sends an ACK message directly . The data
ow is shown in Fig. 4. In the case where an ACK message is noeived byS,, it must
increment theNumOfF ailures and remove the potential helper station from its CoopTable,

NumOfFailures > Threshold .
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[1l. ANALYSIS OF COOPMAC

In this section, we will derive an expression for the saeotathroughput of the CoopMAC
protocol based on 802.11b physical layer speci cationssThsult can be easily extended to

802.11a/g and later physical layer extensions.

A. Cooperative Regions

Assume the maximum transmission range for 11 Mbps, 5.5 Mbpdbps, 1 Mbps are;,
rss, I, Iy meters respectively ana mobile stations are uniformly distributed in the coverage
area. If a helper is withim, meters of the source station andmeters of the destination, it can
help the transmission in a two hop manner using ratemdy Mbps.

The overlap area for two circles, given that the distancevben the center of the two circles

is I, and their radii arg, andr, respectively, is

Si,r,() = rZarcsinh=ry + r3arcsinh=r, hl; 9)

whereh = P 2rfrs+2(rz+r3)12  (ri+r3)  14=2.

Fig. 9 shows the cooperative region for our proposed schdfiree.helper exists in region
Ay, stationSg can transmit its packets in two hops using ratdglbps andy Mbps to the AP.
Since the stations are uniformly distributed in the coveragea, the probability that a station is

located in one of these areas is

Srll;rn(r) .

Pr112(r) = =
ra
Ps:5:11(1) = Z(Sr5;5;r11(r)r 2sr11;rll(r));
1
Siicren(D)+ S 0 (1 25 . r
p5:5;5:5(r): r5A5,r5.5( ) "11,;112( ) f5.5,r11( );
1
P211(r) = 2(Srzira (1) r 2Sr5:5;r11(r));
1
= Z(Srz;r5i5(r) + st:s;fn(r)) Z(Srz;rn(r) + Sr5:5;r5:5(r)).
p5:5;2(r)— ,

ri ri



13

wherer is the distance fronss to the AP.

When choosing the helper, we prefer the one that will use ¢hstltransmission time, i.e.,
the one with minimuml=Ry, + 1=R;4. For example, we prefer two hops, both at rate 11 Mbps,
over one hop at 11 Mbps and the other at 5.5 Mbps. Thus the Ipiitpahat the optimum
transmission scheme for a station with a 2 Mbps direct trassion rate is through a two hop

transmission with rat®, andR, is given by

Z
22r (1 puaa(r))” !
5.5 r%

Pz = 1 dr;

2
I's.s

Z
22r (1 pagua(r) p5:5;11(r))n ld )
2 2 r,
r> Iss

Pssi1 = 1 Piin
55

Z
22r (1 puzaa(r)  pssaa(r) ps:5;5:5(r))n 1dr'
r% r%S .

Pssss = 1 P11 Pssina
I's:s

The probability that no helper is presentls P11 Pssi1 Pssss. Similarly, we can
derive these probabilities for stations with a 1 Mbps dite@hsmission rate, which are typically
at the edge of the coverage area. There is no need for helpestations that can sustain 5.5
or 11 Mbps to the AP.

B. Saturated Throughput

The IEEE 802.11 MAC performs an exponential backoff if aisetats involved in a collision.
Speci cally, when there is a collision, each station picksaadom numbeiX from [0; CW],
whereCW s the current size of the congestion window, and retrarssafier X time slots. If
the retransmission is successfalV is set toC Wy, , otherwiseCW = min(2 CW,; CWpax).

The number of retransmission stagesnsThe expected time spent in the contention procedure
for each station increases with the number of stations im#tevork.

In our analysis, we assume that the network is heavily loa@led implies that there is always
at least one packet awaiting transmission at each statioranalytical approach to compute the
saturated throughput is given in [26] and [27]. We extendeslrtanalysis to the CoopMAC

scheme.
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From the perspective of logical medium activity, three é¢saran take place on the wireless
channel at any randomly chosen time slot. The channel maglleéar a backoff, or busy either
due to a successful transmission or due to a collision. If sgume each station has an equal
expected transmission probability ofin the considered slot time, then the probability that there

is at least one station transmitting in that time slot will be

Pr =1 (1 )7 (10)
where can be calculated by solving the following nonlinear equati which is given in [27].
p=1 (1 )% (11)

_ 21 2p) .
" (1 2p)(CWiin +1)+ pCWmin (1 (2p)™)°

(12)

A transmission is successful if only one station transmitghe time slot. LetPs be the
probability that a successful transmission occurs coonktil on the fact that at least one station

transmits. Then

Ps= ———— (13)

Let the transmission time for one packet, if the direct traigsion rate isx Mbps, be

represented by,. Using the same method as in [28], we have

8L
Ti1 = Toverhead + R—;
11
8L
Tss = Toverhead T R—;
5:5

whereTovernead = Teice + Toirs + Trrs + Tets +3Tsips + Tack -
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For stations where the direct transmission rate is 2 Mbps,haxe to average over the

transmission time when a helper is available and when nat. total time needed is

16P11;11|— + 8P5;11|— + 8|35;11'— + 16P5:5;5:5|—
R11 R11 R5:5 R5:5

To = (Piy11+ Pssi11+ Pssss)Tcoopor +

8L

R_z);

+(1 I:)11;11 I:)5:5;11 I:)5:5;5:5)(-|-overhead +

whereTcoopon = 2Tpicp + Toirs +5Tsies + Trrs +2Ters + Tack andRy is x Mbps. We
can get the average transmission tifnefor stations with a direct rate of 1 Mbps in the same
manner.

Because of the long term channel access fairness guaramnteébd CSMA/CA protocol, each
station in the network will have an equal expected numberaakpt transmissions over a long
period of time. This is assuming that all stations have a logckf packets for transmission in
the buffer. Let us denote the fraction of stations of ratélbps byf,. The average transmission

time for one packet can then be calculated by

Ts=f1aTi+ fosTos+ foTo+ 1Ty, (14)
wheref 3 = r2=r? fos=(r2g r3)=ri, fo,=(r5 rZ;)=rZandf,=(r3 r2)=r2

The saturated throughput for the network can be expressed as

_ PsPy L ,
- (1 Ptr )SLOT + Psptr TS + Ptr (1 PS)TC'

S (15)

whereT. = Trrs + Tpjrs + SLOT andSLOT is the time period of one time slot.

IV. SIMULATION RESULTS

To validate the performance improvement of the CoopMAC quol, we have developed
a custom event-driven simulator using the C programminguage. The simulator generates
events faithfully following every state transition of th@2811 MAC including the head of line
arrival, backoff count down, DIFS time, individual trangsions, RTS/CTS transmissions for

both legacy and CoopMAC protocol. The accuracy of the baséD2.11/802.11e simulator was
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TABLE |: Parameters used in simulation

MAC header 272 bits
PHY header 192 bits
RTS 352 bits
CTS 304 bits
ACK 304 bits
Data rate for MAC and PHY header 1 Mbps
Slot time 20 s
SIFS 10 s
DIFS 50 s
aCWMin 31 slots
aCWMax 1023 slots
retryLimit 6

TABLE II: Physical Mode Table (Path loss expondRLE ) = 3)

Data Rate 11 Mbps | 5.5 Mbps | 2 Mbps | 1 Mbps
Range BER 10 %) | 482m | 67.1m | 747 m| 100 m

also validated in our previous research work. As shown ineldpthe set of core parameters
used in the simulation assume the default values speci déEFE 802.11b standard.

In the simulation, mobile stations are placed randomly irelewith a radius of 100 meters,
while the access point is located at the center of the ciR&yleigh fading with unit mean is
used to model the wireless channel in a typical indoor envitent. Packets are transmitted at
different rates, depending on the distance between the ARhenstations. The relation between
the rates and the ranges is shown in Table Il. The networkatggeunder a heavy load condition
and traf c is evenly distributed across all the stationshe network. Packets with xed length
arrive at the network according to a Poisson distributicr. the sake of a fair comparison, both
the legacy MAC and the CoopMAC share the same minimum andmari window sizes and
retry limit.

Fig. 10(a) compares the saturation throughput achieveddbly kegacy 802.11b MAC and
CoopMAC, when the total packet arrival rate is high enoughsaturate the network (500
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packets/sec with 1024 bytes MSDU). As expected, the simoulaesults demonstrate that the
throughput for both MAC protocols are signi cantly lowerah 11 Mbps, because only a portion
of the stations are able to transmit at 11 Mbps. Moreover, REAC layer overhead and collision
among transmissions also contribute to the reduced thpuigh

Under most circumstances, CoopMAC can achieve higher ¢fimout than the legacy system,
as is conrmed by both simulation and analysis. More speally, as the number of mobile
stations increases, the throughput for legacy 802.11barktdecreases, due to excessive colli-
sions. On the other hand, the throughput achieved by Coophtafeases from approximately
1.8 Mbps to 2.2 Mbps as the number of mobile stations in thevordétincreases. At that point,
the CoopMAC throughput plateaus at approximately 2.2 MBjmgs highly desirable feature of
CoopMAC is attributed to the fact that as the number of statiomcreases, the likelihood of
a low rate station nding a high rate two-hop path also inse=a The growing availability of
helping stations not only cancels the throughput degradataused by increasing collisions, but
also results in a substantial net increase in the aggregdeork throughput. Based upon Fig.
10(a), we also plot the relative throughput increase esgisis a percentage versus the number
of stations in Fig. 10(b), which demonstrates the bene t ebmeration.

As is well known, the size of the MSDU has a major impact on theency of any MAC
protocol. Fig. 10(c) studies this effect on both legacy &2B.and CoopMAC using simulation
results. The throughput curves of two MAC protocols obtdiveth three different MSDU
lengths have been plotted in this gure. As expected, tharatibn throughput for legacy MAC
increases as the packet size grows. This is due to the fac tbaver percentage of channel time
is occupied by the transmission of PHY and MAC overheads.p®&C performs better than
the legacy 802.11b system, when the MSDU length is above taicaghreshold, as explained
below.

A closer examination of the relation between payload sizétAroughput gain is provided in
Fig. 10(d), which shows results with RTS/HTS/CTS enableddib packet lengths. When the
payload size is below a certain threshold, the time savedsmguwo hop transmission at higher
rates is canceled by the overhead entailed by the new HTSagesas well as additional PHY
header and the SIFS time. For short payload sizes, the legetgm outperforms CoopMAC

in terms of the aggregate throughput. When the frame sizeases, the throughput gain that
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CoopMAC can achieve over legacy 802.11b becomes more ane signi cant. Fig. 10(d) also
reveals that a larger number of stations usually results lnigher performance improvement,
which again agrees with the similar observation made frog Ed(c). It is worthwhile to note
that the aforementioned threshold value is usually fairhab (e.g., approximately 120 bytes
in the 12-station case) for most of the network scenario®p®tAC therefore helps mainly to
boost the delivery of long packets typically generatedmyrie transfers. The above observation
applies for the CoopMAC protocol with the RTS/HTS/CTS eeablThe threshold discussed
will be lower (e.g., less than 100 bytes) for the CoopMAC apieg in the base mode, where
the RTS/CTS mechanism is not employed. In that case, thshble is low enough such that
applications using short frame sizes (e.g., VoIP) can atseeh from cooperation, as is further
illustrated in [29].

The improvement in aggregate throughput also translatesairbetter performance in packet
transmission delay, which is shown in Fig. 11. Service dehyich is also known as channel
access delay, is de ned as the duration from the time whenchgbtaeaches the head-of-line
(HOL) position, to the time it is successfully delivered.eTtumulative service delay distribution
for successful transmissions depicted in Fig. 11 corredpom the network scenario where there
are 8 mobile stations in a heavily loaded system. As reveljethe gure, service delay for
CoopMAC is substantially lower than that for the legacy 8. protocol.

The simulation results for throughput and delay presentexve are for networks with sta-
tionary nodes only. Using mobile nodes instead of statpmades is expected to impact the
performance of CoopMAC negatively. Particularly, oncdistes start to move around, the rate
information contained in the CoopTable of each station magoime out-of-date at the time
it is actually used by CoopMAC to select a helper. To charastethe effect of mobility on
cooperation-related aspect of system performance, wepncated mobility based on thbendom
waypointmodel described in [30] and [31] in our simulation. We prégle simulation results
for an eighteen node network in Figure 12. In the random wengpoodel, each station begins the
simulation by remaining stationary fgause timeseconds. It then selects a random destination
within the coverage area of the network and moves to thairdesin at a speed distributed
uniformly between 0 anagnax speedUpon reaching the destination, the station pauses again

for pause timeseconds, selects another destination, and proceeds therevaously described,
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repeating this behavior for the duration of the simulation.

Note that in legacy 802.11 network, mobility would reduce #ffectiveness of rate adaptation
algorithm, and ultimately lead to a degraded throughputoperance. Since link adaptation by
itself is a challenging research undertaking, we intendstdate the impact of mobility on our
cooperative MAC from that on the link adaptation algorithitherefore, we use an indirect
comparison approach as described below.

As shown in Fig.12, when thpause timéancreases, the throughput achieved by CoopMAC
increases in a network with mobile nodes. More importarfly,a wide range ofpause time
values, CoopMAC performs better, even with mobility, thiae stationary legacy 802.11 network.
Since the throughput of a mobile 802.11 network is expectedd lower than that of a
stationary 802.11 network, it is reasonable to conclude tia performance improvement of
CoopMAC will be much better compared with legacy 802.11 @eot under a typical indoor
of ce mobility setting. In order to understand the effectar increase in the number of nodes
in a mobile environment, we ran the same simulation with 40escand found the result to be

not signi cantly different from that shown in Fig.12.

V. DENSE DEPLOYMENT OF802.11NETWORKS

The IEEE 802.11b and IEEE 802.11g speci cations operatdién24 GHz unlicensed band,
where there are 11 channels de ned for operation in the U&s&lthannels, numbered from 1
to 11, are 22 MHz wide and spaced at 5 MHz intervals. Thus if Mg use adjacent channels,
there will be a very big overlap in the spectrum which will sawa lot of interference. Among
all the available channels, only three channels do not apeile., channel(s) 1, 6 and 11. If we
only use these three channels, as is normally done in peadtie frequency reuse factor would
be 3. In a multicell environment where access points areeplatose to each other, an issue is
that the received packets have a higher probability of miaydayer error due to interference.
This effect can be alleviated by placing the APs far apannfreach other. However, this is
not compatible with meeting coverage or traf ¢ load reqoients. It is therefore worthwhile to
evaluate network performance when it is deployed in a aalltbpology designed to reuse a
limited bandwidth.

Fig. 13 and 14 compare the interference for CoopMAC and 802 MAC in a multicell
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environment with a frequency reuse factor of 3. Both systamesunder the same traf ¢ load
in all cells. From these gures, another advantage of coaip@n becomes apparent. CoopMAC
incurs about 35% less interference. Since CoopMAC is morgeet in term of throughput,
the transmission time for the same amount of traf ¢ using @@pMAC protocol is less than
that of the legacy system, therefore reducing total eneagyated to the network. Thanks to
the lower background interference, the sustainable regionall four rates supported by IEEE
802.11b are extended.

The reduction in interference for CoopMAC system can furtingprove the system perfor-
mance when compared with 802.11b. We calculated the adileevate for various locations
within the cell. As we can see in Fig. 15, it is obvious that thestainable regions for all
four rates are extended because of lower background ireade. More stations are within the
high rate regions as compared with 802.11b. The rate redan2 Mbps and 1 Mbps are also
extended, which directly increases the coverage area. Alsoexpected rate, which takes into
the consideration of the probability that one or more hegpasts, is much higher than the legacy

systems. These results are illustrated in Fig. 15.

VI. ENERGY EXPENSE AT THE HELPER NODE

In order to look at the energy cost to a forwarding (helpefienassociated with forwarding
another nodes' data, we need to keep the following pointsimdm

Similar to our discussion on throughput, we consider a a#tdrnetwork with every node
having a packet to transmit all the time.
We analyze the energy expense for a given number of apulicddits () for the high-
data rate node. The underlying assumption is that the nodts sfown after it is done
transmitting its application bits or constantly has bitssend. Obviously, if a node stays
online transmitting data for other nodes without any of iadraf ¢ to send, the bits-per-
joule ratio for this node will be lower leading to higher egyercost.

Given that a node (referred to &odey) has to achieve data transfer lofbits and there are

N nodes in the network, the energy usedMgde, will be:

E=TiPr+TePr+ T ((1 Fgr)P/ + FrPR) (16)
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wherePr, Pr andP, are the power consumption rates during the transmissicepti®n and
idle states of the WLAN cardlt andTg are the timeNode, will spend transmitting frames
and receiving frame respectively, whilg is the timeNodey, will be listening to a packet
transmission going on between two other nodes. When sudinanhission between two other
nodes is taking place, a fractiorg) of the packet will be received & odey before it realizes
the transmission is not meant for itself and switches to idtede. This behavior is captured by
the last component of the equation (16). [32] uses a similadehfor estimating the energy
consumption, but does not differentiate between the stalbese the node is receiving a packet
and where the node is idle.

Using (16), we calculated the bits-per-joule with and withéorwarding for the high data
rate node and compared it to the results from our simula’@énshown in table Ill, we see that
in a saturated network, a high data rate node can get morgditpule if it is participating in
two-hop forwarding schemes. Further details on the amalgsd simulation study can be found
in [11].

VIl. | MPLEMENTATION
A. Implementation Description

For the implementation of our protocol we used an open souirnex driver calledHostAP
[33]. HostAP is an 802.11b wireless driver, based onltitersil Prism2, 2.5 or 3 chipset.

When it comes to system design, all the features speci edeleH 802.11 MAC protocol are
logically partitioned into two modules, according to theé-criticality of each task. The lower
module usually operates on a wireless card as a part of rraveanrd ful lls the time-critical
missions such as generation and exchange of RTS/CTS conésgages, transmission of the
acknowledgment (ACK) packet, execution of random backef€. The other module, which
normally assumes the form of the system driver, is respts$ds more delay-tolerant control
plane functions such as the management of the MAC layer @siguke formation of the MAC
layer header, fragmentation, association, etc.

As the cooperative MAC protocol requires changes to botte4omitical and delay-tolerant
logics, the inaccessibility to rmware unfortunately cagsadditional complexity in implemen-

tation. Indeed, compromises had to be made and alterngiw@aches had to be pursued, due
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to this constraint. For illustrative purposes, the threennc&rcumventions are outlined below.

Suspension of the 3-way Handshake

As mentioned earlier, a 3-way handshake has been de neckindbperative MAC protocol,
which requires the selected helper to transmit a new comesdsage called “Helper ready
To Send” (HTS) between the RTS and CTS messages. Since ittesstjuence of RTS and
CTS packet has been hardwired in the rmware, an insertioll & becomes impossible
at the driver level. As an alternative, it has then been detexd that the 3-way handshake
of the protocol would be entirely suspended.

Unnecessary Channel Contention for the Relayed Packet

Once the channel access has been allocated to the souron,stet helper should relay the
packet aSIFS time after its reception, without any additional channehtemtion. Since
the SIFS time is set tolOs in IEEE 802.11b, any function demanding such a short delay
must be implemented in the rmware. As a result, a compronhias been made in the
implementation, where channel contention for the relayacket on the second hop has to
be attempted.

Duplicate ACK

Each successful data exchange in the original cooperat&€ rotocol involves only one
acknowledgment message, which is sent from the destin&tidne source directly. Since
the acknowledgment mechanism is an integral function ofwame, it is impossible to
suppress the unnecessary ACK message generated by thatalan for the packet it will
forward on behalf of the source. Therefore, the unwanted A the relay has to be
tolerated, instead of being blocked.

An alternative approach was to use broadcast transmisioiise data packets on the two
hops, in order to suppress the undesirable ACKs. Unforteypatihis approach results in a
poor performance for the protocol as there was no acknowtedd in the MAC layer and
thus no guarantee for a reliable transmission. This facteiithe higher layer mechanisms
(e.g., TCP) to take care of the lower layer reliability issu€hus, we decided to follow the
two ACKs approach, one from the destination to the helperamafrom the helper to the

transmitter, increasing in this way the overhead of the quoit

As an implication of the circumventions described aboveithful implementation of coop-
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erative MAC is anticipated to outperform the one demonsttamn this paper.

B. Experiments

In our experiments we use the basic setup of three stations. i® the source, one the
destination and the one is the helper. We ran different éxgets changing the position of
the helper between the different regions in Fig.9 by fording data rates between the source,
helper and destination nodes. For every position of thednglprge les were transferred from
the source to the destination with and without cooperatromfthe helper node. For the le
transmissions, two TCP based Unix le transfer applicasioRTP and SCP were used. In this
paper, we present the average transmission time from iagesdch experiments 10 times.

Our rst experiment was a le transfer time for a source thaansmits directly to the
destination at data rate of 2 Mbps was compared with the dmdfer time if the same source
received assistance from helper node at various highesrrasion rates. The results from this
experiment is shown in Fig.16. In this gurégelper x-ystands for a data rate Mbps between
the source and the helper apd/ibps between the helper and the destination. Potentiatiposi
of the helper x-yare in the area\,,, of Fig.9. As can be seen in Fig.16, CoopMAC performs
better, resulting in shorter transmission times for thes.l@he potential helpers in this case lie
in the regionsAi;.11, As:s:11, Assss Of Fig.9.

We repeat the same experiment, with a data rate of 1 Mbps dtdar direct transmission
between the source and the destination. Results are showig.ih7. The cooperative MAC
results in shorter transfer times, even in the case of a héipelies in the regioi\,.s.5 of Fig.9.
Finally, we calculate the throughput that is achieved atdpplication layer. This throughput
was calculated by dividing the amount of data transferrezh éame by the transfer time. The
results shown in Fig.18 are the average value from the exjati We must bear in mind that
the calculated throughput is the application layer thrquglafter the TCP overhead and not the

raw MAC layer throughput. Further details on the implemg&ataeffort can be found in [4].

VIIl. CONCLUSION

In this paper, we explore cooperation at the medium accassatdMAC) layer and propose
a new protocol called CoopMAC, which is based upon the exgstitEE 802.11 DCF mode. As
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veri ed by analysis and extensive simulation, CoopMAC cahiave substantial throughput and
delay performance improvements, without incurring sigant complexity overhead in system
design. Moreover, for a given network throughput, the neatgmol can reduce the interference
experienced in proximal cells and thus can provide a moréouni coverage under a dense
deployment. Since the helper station simply forwards thek@without looking into the contents
of the MSDU, the con dentiality of the MSDU can be maintainbg encrypting the content.
Access fairness is not compromised in the new MAC, since ¢haying station is allowed to
access the network without utilizing its own transmissippartunities. Note that the CoopMAC
can be readily extended to other higher data rate extensio@82.11, even though the current
CoopMAC is evaluated for IEEE 802.11b. Through analysis sintllation [11], we have been
able to demonstrate that the energy-per-bit experiencethdyelper stations is decreased by
participating in cooperation. This counter-intuitive wss due to the reduction in idle energy
consumption incurred by the helper as it waits for its traission opportunity while a slow
node is occupying the channel. An initial implementationtlod cooperative transmission has

been completed and experimental results from the implestientwere presented.
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Fig. 1: Effect of slow stations
ID (48bits) Time (8bits) R4 (8bits) Ry (8bits) NumOfFailures
MAC address | Time the last packet | Transmission rate between | Transmission rate between | Count of sequential
of helper 1 heard from helper 1| helper 1 and the destination | the source and helper 1 transmission failures
MAC address | Time the last packet | Transmission rate between | Transmission rate between | Count of sequential
of helper N heard from helper N | helper N and the destination| the source and helper N | Transmission failures

Fig. 2: Format of the CoopTable

TABLE IlI: Bits-per-joule (Pkt Length = 1024 bytes)

‘ 11 Mbps node

H Wi/o forw(x 10*)b ‘ With forw(x  10%)b ‘
Analysis 8.2845 8.8909
Simulation 7.8552 8.7389

‘ 5.5 Mbps node H Wio forw(x 10%)b ‘ with forw(x  10%)b ‘
Analysis 8.1544 8.2206
Simulation 7.7032 8.4592
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MAC header

Frame Control Duration RA TA '?Segftrelsl)) a Scs;‘et) a Sgtdet) FCs
(a) Frame format for CoopRTS
Octets 2 2 6 6 6 2 6 n 4
Frame Duration Address Address Address Sequence Address Frame FCS
Control /D 1 2 3 Control 4 Body
MAC header
(b) MAC Header format for 802.11
BO B1B2 B3B4 B7 B8 B9 B10 B11 B12 B13 B14 B15
T;g:;g?]l Type Subtype gg Fg)sm '\élgg Retry ;lv;{ '\Sgg WEP Order

(c) Frame Control format for 802.11

Fig. 3: Frame format

or A o

Ss ACK Sd STA2

&

STA1L

(a) Control frame exchange in CoopMAC (b) Data frame exchange in CoopMAC

Fig. 4: Message ow in CoopMAC
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Fig. 9: Cooperative regions for CoopMAC



Throughput vs Number of Stations (Traffic=500p/s, Length=1024Bytes)
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Service Delay (No. of Stations=8)
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Fig. 11: Cumulative distribution for service delays
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Fig. 12: Impact of mobility: max speed = 1 m/s, 18 stationsvyeload with MSDU size of
1024 bytes.



Interference for CoopMAC (Traffic=100p/s, Length=1024Bytes) x107

118
116
114

11.2

10.8

Fig. 13: Interference for CoopMAC

12

101

Rate (bps)
o
T

0 I

Interference for 802.11 (Traffic=100p/s, Length=1024Bytes) x107

11.8
116
11.4

11.2

10.8

Fig. 14: Interference for 802.11b

x 10° Rate Comparision in multicell deployment

—— 802.11b rate range
— - CoopMAC rate range
— Average rate for CoopMAC

I
0 1000 2000 3000

Fig. 15: Rate vs distance for 802.11b and CoopMAC in a multaeployment
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Fig. 16: File transfer times for CoopMAC vs 802.11 with a 2 Migtirect link
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