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Abstract—In this paper, we proposed an enhancement to the Il. BACKGROUNDS AND RELATED WORKS
existing IEEE 802.11 DCF MAC function named the Location
Enhanced DCF (LED) for IEEE 802.11, which incorporates location Historically, the design of the IEEE 802.11 DCF is influenced
information in the RTS-CTS-Data-ACK handshakes of the IEEE by several other protocols. MACAW protocol [4], extending

802.11 DCF so that other stations sharing the channel are able to . L .
make better interference predictions and blocking assessments and the predecessor Multiple Access Collision Avoidance (MACA)

thus improves channel spatial reuse efficiency and data throughput. Protocol [13], is based on the use of the Request-to-send and
We study how LED may improve channel efficiency in normal ad Clear-to-Send (RTS/CTS) handshaking scheme. In MACAW,

hoc networks as well as its effectiveness in the newly emergingsender nodes do not use the carrier sense mechanism to assess the
application of mesh networking. channel availability. An extended protocol named Floor Acquisi-
tion Multiple Access (FAMA) [8] bears significant resemblance
to IEEE 802.11, employing both local carrier sense, as well as
The IEEE 802.11 [1] is the most popular standard for Wirdhe RTS/CTS collision avoidance exchange for data transmission.
less Local-Area Networks (WLANS). The mandatory contention- In brief, the CSMA scheme of the IEEE 802.11 DCF works
based Distributed Coordination Function (DCF) is the dominaas follows. Before a station transmits, it must sense the wireless
MAC mechanism implemented by IEEE 802.11-compliant prog¢hannel to determine if any other stations are transmitting. If
ucts. The support of contention based DCF has also made IEfBE carrier is assessed as busy, the station needs to wait for a
802.11 equipments popular choices for various wireless ad handom back-off interval after a fixed inter-frame waiting period
networks. before it attempts to transmit again. After any directed (unicast)
Like most of the contention based MAC protocols, the IEEFansmission is correctly received, the receiving station sends an
802.11 DCF is based on Carrier Sense Multiple Access (CSMACK frame back. If no ACK is received after the transmission
In CSMA, a station may transmit if and only if the mediunof a data frame, the transmitter schedules the data frame for
is sensed to be idle. In addition to basic CSMA, the DCFetransmission.
incorporates acknowledgement signals and a back-off mechanisrin addition to the abovéasic transmission mechanism, the
when the medium is assessed as busy. An optional chanD€lF employs an optional reservation based collision avoidance
reservation mechanism known as the “Collision Avoidance” imechanism for unicast data packets. This option requires the
also include in the DCF. sender and the receiver to exchange short Request-To-Send (RTS)
The IEEE 802.11 DCF is not efficient in shared channel used Clear-To-Send (CTS) control frames, respectively, prior to
due to its over-cautious approach towards assessing the possititiy actual data frame transmission to reserve the channel till
of causing interference. In particular, a station simply blocks itee end of the whole RTS-CTS-DATA-ACK sequence. Any
own transmission when it senses the medium is busy, or thstations which hear either the RTS or the CTS block their own
exists active channel reservation. However in many cases thignsmissions (if any) to yield to the communication between this
station’s own transmission, if executed, may not introduce enouggnder and its receiver. The reservation scheme is implemented
signal energy to disturb the receiving of the on-going transmissigia a timer called the Network Allocation Vector (NAV) which
by its intended receiver. tracks the remaining time of any on-going transmissions of other
In this paper, we proposed a novel contention-based distribugdtions. Checking NAV before a station attempting to transmit
MAC scheme which assesses the channel condition more adsualso known as “virtual carrier sensing”.
rately and exploits radio signal capture phenomena to increase then summary, a node blocks its own transmissions if either
simultaneity of data transmissions to enhance wireless netwgtkysical carrier sensing or virtual carrier sensing returns channel
performance. This scheme is designed as an enhancement tdtlsy. Although this scheme is generally effective in reducing
DCF and named the “Location Enhanced DCF” (LED). We wilktollisions, it is often unnecessarily pessimistic because it blocks
introduce the enhancement, and study its performance improtransmissions which will not in fact collide with on going
ments for ad hoc wireless networks as well as its effectivendssnsmissions. The reason is that because of a phenomena known
in the newly emerging application of mesh networking. as the “capture effect” [3], [15], [16], [14], [9], — as long as the

I. INTRODUCTION



intended signal is significantly stronger than the sum of all noise
signals the intended signal can still be “captured” in presence of
noise signals. This effect occurs when a frequency modulation
scheme is used in wireless communication.

Different works (e.g., [9], [6], [20], [19]) studied the analytical
and simulation models for characterizing the capture effects.
A simple yet widely accepted model to describe the when an
intended signal can be captured is stated as:

Fig. 1. Network with 4 nodes, (R: transmission range, |: carrier sense range
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where P, being the received energy of the intended signal and
P; being received energy of the— th noise signal. The ratio
is called the capture ratio.

With improved receiver design such as the “Message-In-A-
Message” (MIM) support [5] which supports the capturing of
strong frame regardless if the receiver has already engaged in
receiving a weak frame, the following concurrent transmission
scenario becomes possible. Consider the example as shown in
1 whereas two concurrent connections share the same wireless e
communication channel. If the stqtions are positioned _in _such a Fig. 2. Capture analysis wheté — —— andm’ = /am
way that the energy levels of station 3 and 4’s transmissions as Ve
measured at station 1 and 2 are not strong enough that station 1 I11. M OTIVATION

and 2 can still capture each other’s transmissions, stations of th%xactly how much overly pessimistic the current IEEE 802.11
secpnd connect?on should pe permitted to comr_nunicate even all§feme is in terms unnecessary blocking transmission can be
stations of the first connection have begun their frame exCh""'1ff3}*ar;1thematically analyzed. We assume that stations are uniformly

Similarly s_tatlon 1 and 2 can do .the same if station 3 and stributed over an area with a density &f Each station has
have acquired the channel first. Without taking advantage of t &ransmission rang& within which its transmissions can be

capturing capability, IEEE 802.11 DCF’s combined physical ar}g eived, and a carrier sense rargwithin which its transmis-
virtual carrier sensing mechanism prevents concurrent station Li6ns ca,n be detected (carrier busy). For the ease of analysis

and station 3-4 communications. we assume that all stations have the same traffic model. All data
The newly emerging IEEE 802.11 application of "mesh nepackets are of the same length. Each packet requires transmission
working” may also benefit from the capture effect. The onime 7, and is randomly destined to a local neighborhood node.
going works of the IEEE 802.11s task group specify mesbne data packet is generated at a randomly selected time within
networking in detail. While purely ad hoc wireless networks aigery time intervall’, whereT > 7. We also assume that all

formed by store-and-forward nodes, mesh networks are formeghsmitters use the same transmission power and all antenna
by establishing peer-to-peer wireless links between Access Poigiisns are the same.

(AP) Thus, mesh networks are formed with two classes OfUSing the Friis radio propagati&n
wireless nodes, APs and clients. Only APs store and forward 9
packets on behave of other APs and clients. Since a typical AP pp o PixGrxGrx )

only has one wireless communication interface, AP-to-AP links (45 m)% 5 D? % L

will share channel with AP-to-client links. Because of the channghnd receiver capture model as in equation 1, to allow nedes
sharing, mesh network data throughput may also be improveddnydr to capture correctly each other’'s packets in the presence of
schemes which increase concurrent communication. any transmission fromy, the following should hold:

Othe_r rgsearchers [10], [2], [12] have also noticeq the rather (55 > Va 57) AND (o7 > va 57) 3)
pessimistic approach of 802.11 DCF to channel spacial reuse and
proposed their manipulations of the functionality of RTS/CTS iwherea.b is the distance between nodeand nodeb, and « is
order to enhance network performance. However, capture effthg capture ratio.
was not usually considered in these approaches. It is the abové/e are concerned about the scenarios where a ndsle
stated observations and inspirations from various related wotkgnsmission may change the capture result of another node
which lead us to our own modification to the IEEE 802.11 DCF 1The parameters aré?t being the transmission powefit and Gr being the
protocol. We name the modification Location Enhanced DCE '

ntenna gainsp being the separation between transmitter and recelvéeing
(LED). the system loss factor, andbeing the wavelength in meters.




conservativeness of the above analysis by showing a higher
More details can be found in?].

The probability analyzed above only takes into account
whether the channel assessing node’s own transmission may
corrupt other ongoing data deliveries. It does not address if this
channel assessing nodes’ transmission will be received correctly
by its receiver. Such a transmission may still fail at its receiver if
other ongoing data deliveries produce enough interfering energy

Probability

there.
s 100 10 20 20 0 0 40 450 500 The above analysis shows that the unnecessary blocking prob-
oo ability of DCF is large enough to motivate us to consider
Fig. 3. Blocking Probability modifying the MAC layer to exploit the capture phenomena of

the physical layer.
which is receiving a data packet delivery from nodas shown phys! 4

in Figure 2. Forr to captures’ transmissions, givenn being IV. LocATION ENHANCED DCFFORIEEE 802.11

the distance betweenandr, the distance betweenandr must In this section. we describe our Location Enhanced DCE
be greater than/am. Symmetrically, since the CTS and ACK( Fp) for |EEE 802.11. In our description, we use the term

fr_ame§ are from for 10 s, for s to capturgrs ransmissIons, «yejivery” for the whole handshake procedure for delivering a

givenz being the dlstagce betweenand s, » must be within &, ,ieot"hacket. Depending on the packet size, a “delivery” may
circle of radIU.SITILZTL(R, ﬁ). ConS|der|r?g both.condmons,must involve the full RTS-CTS-DATA-ACK 4-way message exchange

be Iocqtgd within the shadeq ardazr) in the figure. Hencg, th_e sequence or just DATA-ACK 2-way exchange. A “source” is the

probability thatv’s transmission doesn’t corrupt communicatioRation having data to send during a delivery. The “destination”

betweens andr is: of a delivery is the station to whom the source wishes to send
P(B) = T A(x) 2z d 4 data. The “sender” and “receiver” are the sender and receiver
(B) = o TR2 72 v ) of individual RTS, CTS, DATA, or ACK frame. “Transmitter”

Based on the traffic model, the probability that none of tHe used interchangeably with Ser_‘def ' Con_nectlon IS _used to
fer to both the source and destination stations collectively.

nodes within the carrier sensing range of a node will transmit 1S ey , : .
The approach is simple: to include more information about

obtained by: N o
P=[1- 1]57”,2 ®) each transmission in the transmission itself so that any other
1= T stations hearing the transmission are able to better assess whether
and the probability that's transmission will not interfere with their own transmissions may collide with this transmission.
other transmissions (if any) in the interference range is: Among various transmission related parameters, the locations of
the transmitters and receivers are the most important. We assume
T T SmI? . .. . .
Py =1 -7+ 5P(B) (6) that each node is capable of acquiring its own location, e.g. by

- T GPS or other RF based localization methods. Other parameters
Therefore, the probability that can transmit with the presence, ) o .
- . . . .~ . ““include the antenna gain and transmission power. A station can
of a nearby transmission without corrupting this transmlssmntlﬁese arameters regarding itself easily as thev are tvpicall
given by: € par 9 9 o y y are typically
configuration parameters. In addition, capture ratio is assumed
to be the same for all stations and known.
. This probability is plotted by 3. The analysis is also verified by At a given station, for a particular on-going delivery that
simulations during which random network and traffic situatiordoes not involve itself, if these communication parameters of the
are generated and their interference results are verified to prodseerce and destination stations are known, using a radio propa-
the corresponding?, P,, and P,. gation model which is suitable for the deployment environment,
The above unnecessary blocking analysis above is still cdghis station can compute the received energy level of the frames
servative because of the following two assumptions. First, ordf the data delivery at their intended receivers. Then knowing the
the Friis propagation model is used in analysis. As pointed czdapture ratio of the stations of the on-going data delivery, its own
by [18] Friis model is better suited for short distance propagatidocation, antenna gain, and transmission power, this station can
and the Two Ray Ground Reflect model should be used for longeake a prediction of whether its own transmission may interfere
distance propagation, which further reduces the probability thfis on-going data delivery.
the interference and consequently increasesiheSecond, in  Figure 4 shows the frame format to support the enhanced
above analysis, for simplicity, we assume that all nodes in thenctionalities of the new MAC. We propose to insert a block of
vicinity of v have the freedom of transmission. We do not takeformation called ENH (“Enhanced”) to provide the additional
into accounts that some of these nodes will have to block becaugermation needed for LED. Since the earlier the ENH block is
of other ongoing transmissions in their own vicinities. Accountingeceived, the sooner the receiver can decide if it needs to block its
for these blocked nodes would redu¢g and hence increaseown transmission, the ENH block should be inserted before the
P,. Simulations with these two conditions relaxed verified thieue MAC data section, or the PLCP (Physical Layer Convergence

Po=P—-P @)
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needs to calculate the received power level of the destination at
the sourceP; and that of the source measured at the destination
[[_ore oo [somsommmon T Jorc] 1 PAIf (P5 > aPf) and (P2 > aPy), the station does not block
its own transmissions. Otherwise, it blocks its transmissions. In
[reeme [ recrreme | | the case that the communication parameters of either the source
or the destination are unknown, the assessing node assumes the
worst and blocks its own transmission.
Protocol) Service Data Unit (PSDU). In current design, we haveNormally, after a station other than the intended receiver of
the ENH as part of the PLCP header mainly due to the fact ththe frame receives a RTS, CTS , DATA, or ACK message, it
firstly the PLCP header has its own CRC field so the conteniseds to set its NAV value according to the Duration field of the
of the ENH block can immediately be verified and utilized, anchessage, which is set to the time required for the full RTS-CTS-
secondly all stations within the service set can understand thATA-ACK message exchange to finish. In LED, a non-receiver
ENH block since the PLCP header is transmitted at the bastation will only set the NAV according to the standard when
rate. it determines that its own transmission will interfere with this
The ENH block is further divided into seven fields. The LOCBn-going delivery. Otherwise, the NAV is not set.
field contains the location of the frame transmitter, the PWRT |n addition, if the non-receiver station determines that it does
field describes the transmission power of the transmitter, and #st need to block it own transmission to yield to the on-going
GAINT field specifies the transmission antenna gain. The LOCRelivery, it also needs to set a special vector called CCA-
PWRR, and GAINR fields contain the same pieces of informati@uppression Vector (CSV). The CSV is also a timer. It is set
for the receiver. The DUR field is a copy of the Duration field o&ccording to the Duration field of the received RTS, CTS , DATA,
a RTS, CTS, DATA, or ACK message MAC format, except thajr ACK message, which means the timer will run till the whole
it is in PLCP header instead of PSDU. on-going delivery is completed. Together with an active CSV each
When a source has a unicast data packet to send, it staftgion needs to remember the source and destination stations of
by sending out an RTS message to reserve the channel. In this delivery the CSV is referring to so that this station will block
message, the source fills the LOCT, PWRT, and GAINT fieldg own transmissions addressed for either. Just like NAV, if a later
with its own parameters, and the LOCR, PWRR, and GAINRessage prolongs the duration of the delivery, the CSV can also
with the destination’s parameters. If the parameters regarding Hi€ extended. Once the CSV counts down to zero, a CCAReset
destination are not known at that time, they are set to NIL. Up@iignal is issued to the PHY layer so the CCA mechanism will
receiving the RTS, the destination of the data delivery copies th&est the carrier and report the result. Upon receiving a busy
LOCT, PWRT, and GAINT fields into the corresponding fieldE€CA indicator, the station will block until either the carrier is
of its CTS message. It also fills the LOCR, PWRR, and GAINRj|e again, or another frame is captured.
fields of the CTS message with its own parameters. In subsequerhn the source or destination station of the on-going delivery,
DATA and ACK messages, full descriptions of both the sourGg.cording to the standard, the NAV is not set for the duration of
and the destination are included. In case of the frame size bejRg delivery. In LED, this specification is still followed. However,
less than the RTS/CTS threshold and no RTS/CTS handshgkegp receiver does set its CSV to the end of the delivery. The
being conducted, the DATA message will have its fields set j@ason is that since LED permits concurrent transmissions by
the same fashion as the RTS message, and the ACK messaggHgr stations as long as they do not produce enough energy to
filled the same way as the CTS message. disturb the on-going delivery. Thus, if any other station is indeed
In the standard IEEE 802.11, the PHY (PLCP in particulafiansmitting, their carrier may cause the source and destination
does not deliver any data bits to the MAC layer until the PSDgk the on-going delivery to abort their RTS-CTS-DATA-ACK
reception has begun. Then the receiver will proceed all the Wayndshake. Thus, the CCA should be suppressed on the source
till the end of the message (unless the carrier is lost in the mid@gq destination stations till the end of their delivery.
of the reception). Received bits are passed to the MAC layer a3, (otal, a LED station has three indicators related to the
they are decoded for being assembled into the MAC frame. Mannel estimation. The CCA is the physical carrier indicator,
the end of the PSDU is a forward error detection CRC blogke Nav indicator is the virtual carrier indicator, and the CSV
called FCS. If the MAC frame passes the CRC check, it j§gicator tells if the station should ignore the CCA. The decision

accepted and passed up for further 802.11 MAC processingoffyyhether this station should block its own transmission is made
the CRC fails, the frame is dropped. In LED, because of the ENH ¢5110ws.

block’s location, additional data namely the ENH block needs to
be passed from the PLCP layer to the LED part of the MAC if ((CCA AND (NOT CSV)) OR NAV) then BLOCK (8)
layer for processing.

Upon receiving a frame with ENH block, a station other than Another issue occurs if a channel assessing node only detects
the intended receiver of the frame begins interference estimatioarrier but can not decode the frame. In this case this node is
The station needs to calculate the power level of its own transmigt able to estimate whether its transmission will affect this on-
sion at both the sourcB?® and destinatiorP? of the ongoing data going transmission. Either an aggressive approach (no blocking)
delivery using the designated propagation model. The station atsca conservative approach (blocking) can be taken.

Fig. 4. Frame Structure



A tricky issue requiring more discussion is for a station tof the evaluation method since we are more interested in relative
receive messages from more than one delivery. We refer to thexformance improvement. Each simulation is run for a fixed
situation as the “stacked delivery”. Simple stacking situations cdaration of 50 seconds. Each point on the curves to be presented
be handled by using CSV and NAV together. If the first deliverig an average of 5 simulation runs.
does not require this station to block its own transmission (non-IEEE 802.11 equipment does not come with capture ratio
blocking delivery), the NAV is not set and the CSV is set till thepecifications. The capture ratio used in simulation is derived by
end of this delivery. Now the second delivery is started and it ike following method. Given a specific Bit Error Rate (BER) the
a blocking delivery. In this case, the NAV is set immediately ttheoretical required Signal to Noise Ratio (SNR) for a particular
the end of the second delivery, and the CSV is not changed. Thedulation technique can be calculated. In the case of 11mbps
overall result is the station will block from the moment the firsCCK modulation, according to calculations described by [18],
frame of the second delivery is received till the completion of thie can be determined that 18dB of SNR is needed to achieve
second delivery. The opposite case is that the first delivery isler® BER, as specified by Orinoco’s WLAN cards. The 11
blocking delivery and the second is non-blocking. Now the NAvhbps CCK uses 8 chip/symbol, which is 9dB spreading gain. In
is set for the first delivery and the CSV is set for the secondddition, CCK coding provides about 2dB additional coding gain.
Overall, the station only blocks till the end of the first deliverAll together the processing gain is 11dB. When only considering
when the NAV is cleared. More complex stacking situations asignals before receiver processing, the SNR requirement is 7dB.

left for future works. Roughly, this maps to 5 times signal power over interference. We
adopt the same number as the capture ratio. In our model, when a
V. PERFORMANCEEVALUATION station is receiving frame A and frame B arrives, if the received

In this section, we present extensive simulation-based studpgver of frame A,P,, is more than 5 times’s, the receiver
on the performance of the LED mechanism. The performancaptures A and continuously receives frame AP is more
comparisons were done using the-2 simulator, enhanced with than 5 times ofP,4, the receiver captures B and drops A; and in
the CMU-wireless extensions (the underlying link layer is IEEBIl other situations, packets collide and no frame is received.
802.11 with 11 Mbps data rate). In doing this, we extended ns-2We modeled various scenarios of different node densities, work
as follows: loads, transmission and interference ranges (transmission power
« We modified the capture model to allow receivers to Captup-*évels), and errors in location estimation and their effects on
the stronger packet out of the weaker packet(s), as R§rformance. To studyth_e performance of our suggested schemes,
Equation 1, if the stronger packet comes after the weaker¥¢ compare our LED with both theriginal IEEE 802.11 and
reflect the PHY design as discussed in the previous sectifACAW protocol$. As described in Section IV, we experiment
« Current implementation of ns-2 allows the node to compafédth two different flavors of LED:LED_CS and LED _RX.
the newly coming packet only with the one it is receiving-ED-CS mechanism is an aggressive (optimistic) version of
In order to implement the capture Equation 1, we extendegD mechanism in which a node receiving a frame with signal
the PHY layer in ns-2 to allow each node to keep tradgve! lower than RXThresh®, from an on going transmission,
of all its incoming packets and the aggregated backgroufgSUmes its transmission will not interfere with that ongoing
signals. Also in order to create a more realistic environmertansmission and therefore should not block. On the other hand,

values than the CSThresh used by ns-2. a node assumes its transmission will interfere with the ongoing
« We enhanced the IEEE 802.11 MAC layer by extending §fansmission of a frame with a signal lower than RXThresh
with the implementation of our LED mechanism. We useEffective Throughputaind Fairness Indexas perfor-

. . ' . mance evaluation metrics. Effective throughput counts the total
In our evaluation we used two different network configurations: ; i
. number of packets received by all the receiver nodes over the

single-hop ad-hoc network, and 802.11s mesh network whic . . . . . :
Simulation period. Fairness index measures the bandwidth sharing

will be described below. We assume that each sender has ? . : . .
. . . ) of nodes under different mechanisms, we use Jain's fairness
ready cached the location of its corresponding receiver. Other,

o index [7], [11] which is defined as the following:

parameters such as transmission power levels and antenna gains
are also assumed to be fixed and known to all stations therefore P (vaz Ok )
not included in simulation. In simulation, the ENH header only - NZJL ~2
contains LOCT and LOCR fields of 32 bits each. e

The transmission radiug® of a node is selected to be 250
while the interference radius is 550m. Each connection is
UDP flow with packets of 1000 bytes which are transmitted at ) : - ;
11Mbps. To simplify the simulation implementation, all RTS an d?ta- Due to space constrains of this paper, we limit our d_|s-
CTS messages, as well as the PLCP headers, are also sefftsgion here to the RTS/CTS case. Although the LED mechanism
11Mbps. Such a simplification should not affect the correctnessgoth original and MACAW protocols use the extended ns-2 capture model

as described earlier.

2CSThresh is the power value of a transmitted signal at the boundary of the #RXThresh is the power value of a transmitted signal at the boundary of the
interference range | transmission range R

mwhere N is the number of nodes ang; is the number of
trgmsmitted packets by node
We have experimented both with and without RTS/CTS prior



200000 25 T T T T T 0.5

Original LED_CS —— | " " " original
LED_RX .
180000 MACAW -----~ e Ny LEDRX e
20 ] 045 |
@ ;
5 160000 g !
£ 8 5
5 8 3
3 140000 - s BT g 04
£ B ¢
% 120000 % 10t % 0.35
2 s | S/ e *
W 100000 - <
w
& 5 0.3
80000 &/
60000 L L L L L 0 4l L L L L L 0.25 L L L L L
50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350
# of Connections # of Connections # of Connections
Fig. 5. Effective throughput versus node density  Fig. 6. Throughput enhancement over Original Fig. 7. Fairness index versus node density
protocol versus node density
170000 — 30 : : : : : 05 : : : : —
Original LED_CS —— Original
LED_RX LED_CS
165000 - MACAW ------ LED_RX -

25
160000
155000 f- 20 -

150000
15

145000 |

Fairness Index

140000 10

Effective Throughput
Enhancement Percentage

135000 | 03 k-

130000

125000
1

1‘.5 ‘2 2‘.5 S 3‘.5 4 1 1‘.5 ‘2 2‘.5 ‘3 3‘.5 4 1 1‘.5 ‘2 2‘.5 ‘3 ?; 5 4
Parallelism Degree Parallelism Degree Parallelism Degree
Fig. 8. Effective throughput versus parallelism  Fig. 9. Throughput enhancement over Original  Fig. 10. Fairness index versus parallelism degree

degree protocol versus parallelism degree
30 T T T T

0.5

200000

Original Original

180000 - 25 b y
04 W
160000 - 20
0.3

140000 ;
15 + /f

120000 | 02l

Fairness Index

10

Effective Throughput
Enhancement Percentage

100000 |

80000

. . . . . . . 0 . . . . . . .

50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Packets Rate

Packets Rate Packets Rate

60000
0

Fig. 11. Effective throughput of 802.11s config-  F19- 12.  Throughput enhancement over Original £y 13 Fajmess index of 802.11s configuration
uration versus packet rate protocol of 802.11s configuration versus packet arqus packet rate
rate

forces each node to be blocked during the ENH header of eanbre than the Original amd LEBRX could reach to 22%
received frame, we found that forcing the node to be blockédigher throughput than Original while MACAW could reach to
during the RTS/CTS period of the other connections will increa88. LED_.RX experiences higher throughput than LEI3 for
the network throughput. The reason for this is more related to theenarios especially with the number of connections is large
particular ns2 implementation of the physical layer. More detaiteecause of the aggressive nature of the LE® mechanism,
can be found in [17]. which also leads to high number of collisions and retransmissions.
We first present the results of the single-hop ad-hoc network3n the other hand, MACAW does not utilize the spatial reuse as
Single-hop ad-hoc network consists of a set of connectiohED mechanisms. For example, a node using MACAW blocks
which are constructed as pairs of stationary sender and receitdransmission once it hears CTS packet regardless if its own
nodes. Sender nodes are placed randomly 100m x 1000m transmission will interfere with others or not. Therefore as the
area while each corresponding receiver node is placed randoftge density increases, MACAW performance approach Original
within the transmission range of its sender. Figure 5 shows tdi@ce CTS packets will cover most of the network area. Another
effective throughput of the networks with different numbers dfason for low performance of MACAW is due to its high
connections. The UDP flows are constant bit rate (CBR) ataggressiveness. A node hearing RTS packet but not CTS packet
rate of 20 packets per second. LELS, LEDRX, MACAW Will assume its transmission will not interfere with others and
have higher throughput than the original IEEE 802.11 DCBHtart to transmit its packet. Since such node decision may be
Figure 6 further illustrates the improvements by showing tHacorrect, large number of collisions happen. Figure 7 shows the
percentage throughput gain of LEDS, LEDRX, and MACAW fairness index for the different mechanisms. Using the extended
over Original. At their peaks, LEITS could reach about 20%capture model increases the unfairness in the network, however



the newly proposed mechanisms have better fairness levels teahmanced DCF, includes more communication parameters espe-
the Original. An explanation for this is the LED mechanismeially the locations of transmitters and receivers than the original
reduce the well-known “exposed node” problem in IEEE 802.1802.11 DCF frames. These parameters may assist stations to
DCF which is one of the sources for unfairness. better assess the channel condition. We have shown that the
Next, we experiment with connection parallelism degree 802.11 DCF is conservative in terms of channel assessment,
study their effect on the protocol performance. We measutgusing as much as 35% of unnecessary blocking. On the other
the parallelism degree by the average number of ongoing amhd, our LED may improve throughput as much as 22% over
outgoing links per node. For example, when the parallelisBCF with better fairness at the same time.
degree is 1, it means that each node has one line either outgoin should be noted that although the LED achieves better
(sender) or ingoing (receiver). We use 50 connection pairs irtfrgoughput, it is at the cost of trying harder (or blocking less).
network of 100 nodes as the basic configuration with parallelishinis is indicated by the higher collision counts compared to the
degree of 1. For higher parallelism degree, we add additioralginal DCF. Although many of these collisions occur at other
connections to the original connections. To add a new connectioearby nodes rather than the packet destinations, they do increase
a node is selected randomly as the sender side of the connectigerall network energy expenditure, which may become an issue
while the receiver side node is selected randomly from thehen applying LED to energy constrained network applications
neighbor node set of the sender node. In this experiment we $ixch as sensor networks.
the packet transmission rate on each connection to be 100 packets
per second. Figures 8 and 9 show the effective throughput and
the relative enhancements of each mechanism over the Origirll
respectively. As shown, LERLS has the highest throughput 2]

REFERENCES

IEEE 802.11, Part II: Wireless LAN Medium Access Control (MAC) and
Physical Layer (PHY) Specifications.
A. Acharya, A. Misra, and S. Bansal. MACA-P : A MAC for Concurrent

over LED.RX and MACAW. LED.RX performs not as well as

LED_CS since it is a conservative mechanism and with small
number of nodes as in our experiment (100 nodes), a node Wf
block long period of times while it can transmit within such

Transmissions in Multi-hop Wireless Networks. Hirst IEEE International
Conference on Pervasive Computing and Communications (PerCom’03)
Fort Worth, Texas, 2003.

Q] H. Ahmadi, A. Krishna, and R.O. LaMaire. Design issues in wireless LANs.

Journal of High Speed NetworkSs:87.

V. Bharghavan, A. J. Demers, S. Shenker, and L. Zhang. MACAW: A media
access protocol for wireless LAN's. IRroceedings of SIGCOMML994.

J. Boer and et. al. Wireless LAN With Enhanced Capture Provision, U.S.
Patent 5987033. Technical report, 1999.

period with no interference with other transmissions. This i$!
opposite to LEDCS which takes an advantage of its aggressivg-]
mechanism and avoid such blocking periods. Figure 10 shows
the fairness index of all the mechanisms. LES and LEDRX [6] K. Cheun and S. Kim. Joint delay-power capture in spread-spectrum packet

for Congestion Avoidance in Computer Network3omputer Networks and
LED_CS and LEDRX try to resolve the exposed node problem - )
Floor Acquisition Multiple
points (APs) randomly in th&000m x 1000m area in which each [9] E. Geraniotis and M. Soroushnejad. Probability of Capture and Rejection of
X. Guo, S. Roy, and W. S. Conner. Spatial reuse in wireless ad-hoc networks.
while the other half are receiving flows from the AP. Bi—direction'[1ll]
and Sons, 1991.
identical transmission and interference ranges in addition to use -~ 2003eju, Korea, 2003,
the effective throughput and the relative enhancements of edth S: Kubota, K. Mutsuura, O. Akizuki, and S. Ooshita. A random access
has the highest throughput over LERX and MACAW. The low Commun,. page 447.
be traced to its conservative nature as explained above in the par- |Ege GLOBECOM page 938.
4606, Dept. of Computer Science, University of Maryland, June 2004.
[19] A. Vasan, A. Kochut, and A. U. Shankar. Sniffing out the correct Physical
VI. CONCLUSION AND FUTURE WORKS
in ieee 802.11 radio modems. IHEEE International Conference on

Is h imilar fai ind hich radio networks.IEEE Transaction on Communicatigns998.
p_rOtOCO S have S'm'_a'_' airness  Inaex measurements_’ whic arﬂ D.-M. Chiu and R. Jain. Analysis of the Increase and Decrease Algorithms
higher than the Original and MACAW protocols since both
. ISDN Systemsl7:1-14, 1989.
. 48] C. Fullmer and J.J. Garcia-Luna-Aceves.
Next we present the result for the 802.11s network configura-" access (FAMA) for Packet-Radio Networks. Rroceedings of SIGCOMM
tion mentioned above. In such configuration we placed 10 access Cambridge, MA, 1995.
. I L. Primary Multiple Access Interference in Spread Spectrum NetwdB(&EE
AP has 20 clients pIa;ed r_andomly within tr_le_ transmission range. Trans. on Communication89(6), 1991.
For each AP, half of its clients are transmitting flows to the ARO]
In Vehicular Technology Conferenc2003.
. . L R Jain. The Art of Computer Systems Performance Analyd@hn Wiley
flows are established for any two APs in the transmission range
of each other. Note that all the APs and the clients ha{&] H. Ju, I. Rubin, and Y. Kuan. An adaptive RTS/CTS control mechanism
for IEEE 802.11 MAC protocol. IrProc. of IEEE Vehicular Technology
the same data packet transmission rate varying from 10 packe$ p. kamn. MACA - A New Channel Access Method for Packet Radio. In
per second to 400 packets per second. Figures 11 and 12 showARRL/CRRL Amateur Radio 9th Coputer Networking Conferet@@0.
. - . micro-cellular sustemlEICE Trans. Fundamental$7):1241.
mechanism over the Original respectively. As expected, IEB [15] j.J. Metzner. On improving utilization in ALOHA networktEEE Trans.
performance of the LERX in comparison with LEDCS could [16] K._ Mutsuura, H. Okada, K. Ohtsuki, and Y. Tezuka. A Ne\_/v cc_JntroI scheme
with capture effect for random access packet communicationsPrade.
allelism degree experiments. Figure 13 shows the fairness inge® T. Nadeem, L. Ji, A. Agrawala, and J. Agre. Location Enhancements to
of all the mechanisms. Similarly, LEGS and LEDRXpI’OtOCO|S IEEE 802.11 DCF. Technical Report UMIACS-TR-2004-48 and CS-TR-
have S_imilar fairness index measurements which are higher theés) j.G. Proakis.Digital Communications4®" edition. Page 270 New York,
the Original and MACAW. McGraw-Hill, 2000.
Layer Capture model in 802.11b. Berlin, Germany.
[20] C. Ware, J.F. Chicharo, and T. Wysocki. Modelling of capture behaviour
In this paper we have introduced an enhancement of the IEEE Telecommunications2001.
802.11 DCF (LED). This enhancement, known as the Location



