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Abstract— Hybrid Medium Access Control (MAC) protocols network conditions results in high overheads, leading torpo
combine the strength of random and schedule based MAC performance of schedule-based schemes.
schemes. From random MAC schemes, Hybrid MAC protocols — , jnfrastructure networks, it is imperative that the under
borrow flexibility and ease of operation while also incorpoiating Ivi h hould b bl ide hiah band
the scalability and high capacity performance of schedule ased YINd MAC schemes should be able to provide high band-
schemes. width and support QoS requirements. To increase bandwidth

A number of hybrid approaches exist. The most effective of through higher degree of spatial reuse of the medium, shorte
those, as shown in [1], can dynamically adapt to the conterdn  transmission ranges and network with high node density are

'Tegi/'lx‘ Ehehméedliurg. Th;)y acgiec\:/ght/lrjis (adagtab”gy b%)co\r}“v?]"ing employed, making random-based schemes unsuitable. The
schedule-based) an random-based). Whereas . . :

the combination of TDMA and CSMA enhance contentions res- mfrastructure_network acts as traffic conduit for a number
olution, the existing solutions do not allocate slots in prportionto ~ ©f access points (AP) The number of users connected to

the bandwidth requirements of the individual nodes. This afects an AP varies with time. In one of the studies [2], it has
the performance adversely. In this paper we propose an alghm  been shown that the number of active cards (users) per AP
to optimize slot allocations during the schedule-based pis& of \5ries from a peak value of 91 to an average value of 7. This

the Hybrid MAC protocol. Through simulations, we evaluate the . . . .
performance of our algorithm in both single-hop and multihop indicates that traffic generated at the AP, which is propael

networks. Our results show an improvement of upto 40% in some t0 the number of users, varies highly, rendering Schedule-
cases. based schemes unsuitable for the given scenario. Thusdhybr

schemes, that combine the flexibility of random-based selsem
. INTRODUCTION and performance capacity of scheduled-based schemes, seem
to be most suitable for the given scenario.
Recent advancements in wireless networking have necessi-
tated further research in the development of MAC schemes Il. RELATED WORKS
suitable for new technologies such as wireless mesh neswork

(WMN). It is desirable that new MAC schemes should bSnd related fields have resulted in a number of interesting

Papible of ad}hoctopeLaFlc;ns,tl.e.,t it should .b.e abtlﬁ toaj;eersolutions. We list some of the more popular ones and briefly
N absence ol network infrastructure, requinng them 1o b;?resent the ones relevant to this paper. On the basis ofsacces
Cap?‘b'e of dynam|cally _self-formmg, self-configuring ifse strategy employed, MAC protocols can be categorized into
healing and self—(_)rgamzmg._ The new MAC should also b( ree categories- random access or contention-basedigehe
able 1o support high bandwidth requirements and I.ocal Q sed and hybrid (Table I). Further, they may employ various
guarantees, and conserve power for energy constraineg.no thniques to achieve higher throughput (e.g., multi chBnn
_ Ithas been shown in previous works [1] that for such operg;ectional antenna and power control), QoS capability and
tional scenarios hybrid schemes outperform random-b Power conservation. From among the various MAC protocols
schedule-based schemes. In case of random-based schegwa,] in the Table I, IEEE 802.11 [11], CATA (Collision
throughput drops significantly with ingrease in traffic ms&ty, A 0idance Time Allocation) [12], ADAPT [10] and Z-MAC
the number of nodes, and/or hops in the network. Randofgep 4 MAC) [3] are the protocols of special interest to us.
based schemes can not guarantee contention-free traimmiss IEEE 802.11 is the standard MAC protocol for wireless
The probability of packet loss, for a single hop, increasgs\ns 111]. Even though IEEE 802.11 is not designed for
with increase in the number of nodes attempting to transrﬂiltulti-hop ad-hoc networks, its simple design and easy op-
:rs]lmultaneﬁuslyl. This probﬁblhty cumu!atesf across m_lm'pferation makes it a popular candidate for multi-hop wireless
ops. .SC. edule-based schemes provide for contention- Fetworks. It has adopted most of the useful techniques, such
transmission slots to each of the nodes. The schedule cofi-x15/cTs message exchanges (for avoiding hidden-termina

prising of these transmission slots is based on the netw: blem), etc. from other random-access schemes. It csgwri
traffic and topology. To derive and propagate the schedule, T '

Fraﬁic and topology information .need§ to be collected, \hhiC. lUser end devices, such as laptops, are connected to APsh \shicas
involves overheads. Thus, coping with frequent changes dgiteways connecting them to external networks.

Prior research efforts in multi hop wireless ad hoc networks



Base for Comparison Random Access Protocols Scheduled Access Protocols Hybrid Access Protocols
Definition There is no predetermined medium| Medium is accessed according to a pr¢ Combines random and
access schedule. When data is requited determined schedule. The schedule ig Scheduled charecteristics
to be transmitted the medium is determined such that no two nodes access
randomly accessed. the medium simultaneously.
Overheads Due to collisions, does not perform | Overhead in exchanging control messages Can perform better than random
well in high traffic and dense to determine schedules. Does not perform  access based protocols in high
network topologies well in dynamic scenarios wherein traffic conditions and adapts to
schedules need to be updated frequently.  dynamic conditions better than
[3] suggests stand-alone TDMA (Time schedule based schemes.
Division Multiple Access not practical.
Flexibility Highly flexible No The degree of flexibility depends
on the scheme
Performance Capacity Can not give high throughput Achieve high throughput performance High performance, but depends on
the scheme.
Examples ALOHA [4][5], MACA[6], STDMA[7], FPRP[S], MITION [9], ADAPT [10], Z-MAC[3],
IEEE 802.11[11], etc. CATA [12], etc. request-TDMA/CDMA[13], etc.
TABLE |

COMPARISON OF RANDOM SCHEDULED AND HYBRID MEDIUM ACCESS APPROACHES

Contention-based | €——— TDMAFRAME ————3 l

schedule resolution Contention-based

period \ schedule resolution T T T T
' ' '

period \

szt - isn| st 3i02 P sotn | :

Contention-free r
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! | TDMA Slot |
Contention-free

) Data transmission - ) i
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Fig. 1. Schedule-based scheme augmented with random-isabemne’s Owner reserves Non-Owners compete \
f| bl transmission part for transmission part Actual data transmission
exiol Ity by sending RTS/CTS by sending RTS/CTS takes place in this part
signal in this part signal in this part

of two access mechanisms: Distributed Coordination Fancti Fig. 2. ADAPT [10]: The structure of the TDMA Frame and timets
(DCF) and Point Coordination Function (PCF). DCF provides
support for asynchronous contention-based medium access,
by employing Carrier Sense Multiple Access and Contenti@ort control messages to reserve corresponding slotsein th
Avoidance (CSMA/CA). CSMA/CA is implemented throughfollowing contention-free transmission periods. Exarspté
physical and virtual carrier sensing (Network Allocatioacy schemes based on this approach are- FPRP [8] and CATA
tor or NAV) and Ready To Send-Clear To Send (RTS/CT$)2].
signal exchanges. PCF provides support for scheduled mediu A number of approaches to combine the strengths of random
access. The network comprises of an Access Point (AP), whighd schedule based schemes have been developed. In scheme:
coordinates PCF based medium access of other CF-pollafe MITION [9], the default transmission is random-based,
nodes. however on collision a round of token passing (contention-
As pointed out in the earlier section, traffic ( and/or networfree) transmission mode is initiated. Thus, whenever sioli
topology) dynamism renders stand alone TDMA unsuitabfgobability increases, the scheme shifts to schedulecbase
for practical purposes. The same has also been suggestedointention-free transmission characteristics. In Praistib
[3]. Pure schedule-based schemes need to be augmented WiiMA (PTDMA) [14], the probability of collision is con-
the flexibility of random-based schemes to make solutioi@ined by programming nodes to transmit with different prob
based on them practicable. One of the effective ways ability. Nodes are allocated transmission slots as in TDMA (
do this is to precede a group of contention-less schedulgehedule-based scheme) and slot owner transmits with proba
transmission period by a short contention-oriented periddity p,, while non-owners transmit with probability,,. By
wherein the transmission schedules are determined (Figtegulating these values, chances of collision are reduced.
1). During the contention-oriented period, nodes that needADAPT [10] and Z-MAC [3] are two other schemes that
to reserve slots for data transmission contend by trarnigigpitt employ approach similar to PTDMA, but are much simpler. In



ADAPT, time is divided into slots and each node is allocated a IIl. PROPOSED WORK

unique slot in a time frame of some length (as in TDMA). As goth ADAPT and Z-MAC, use TDMA slot allocation
shown in Figure 2, each slot is divided into three parts, igmetg reduce collision probability. Their overall performanis
priority, contention and transmission. At the beginnin@ath petter than that of most of the other schemes based on other
slot, the owner node may acquire transmission part of the Sgbproaches. ADAPT and ZMAC, however, have scope for
by initiating RTS/CTS message exchanges during prio§t:p fyrther improvement in their performances. The TDMA slot
If the owner does not attempt to acquire the transmissiogiocation carried out in the beginning during setup phase,
part during priority-part, other nodes may contend for it byjoes not take bandwidth requirements of individual nodts in
initiating RTS/CTS message exchanges during conteni#oh-p account. Thus a very busy server and a client node with no data
In effect, if the owner node has data to send, it can send it{§ send may be allocated same number of slots. This results
contention-free manner (as in schedule-based schemei, Wiy inefficient utilization of bandwidth. In the slot duratiof
if it does not have data to send, other nodes may attemgk node with minimal bandwidth requirement, mostly other
to transmit in that slot in a random-based fashion. Thus, fapdes will be transmitting. When nodes other than the owner
higher traffic intensities, most of the times owner nodes wi,qge transmit, there is wastage of priority-part duration (
be transmitting data and thus the scheme displays perfa@nagse of ADAPT), or due to larger back-off slot value (in
capacity of schedule-based schemes and for lower traffigse of ZMAC). The existence of discrepancy in bandwidth
intensities, as mostly non-owner nodes will be transngttiequirement of different nodes is also hinted in a previous
the scheme displays characteristics of random-based mhergtudy [2], where it has been given that the number of users
This scheme gives better performance by adapting to thectraher hour for different sites varies from about 50 to about
conditions. Also, its ability to utilizes slots whose owrieres 350 The difference in the number of users associated with
not have data to send improves its performance. In [1] it h@fiferent APs is a clear indicator of the different amount of
been shown that the overall performance of ADAPT is bettgandwidth requirement of the APs. In our simulations, weehav
than that of IEEE 802.11 and CATA. Thus establishing thgnserved that in worst cases, the above stated factor siffest
approach taken by ADAPT as a superior one compared dgrformance by over 40%. Hence, we propose that TDMA
random-based or schedule-based (augmented with flexibiliot allocations should be done in proportion to the bantiwid
of random-based). requirement of the node and its neighborhood topology. In
Z-MAC [3] is another hybrid scheme that is based on th@e following subsection (1lI-A), we propose an algorithm t
same approach as ADAPT. It has been optimized for multi-h@ptimize slot allocations. In the next subsection (Ill-Bp w
scenario and adapted to operate in sensor network envirgiscyss the transmission frame size and time-slot duration

ment. Like ADAPT, Z-MAC [3] operates in two modes- setUprransmission frame size determines the number of slots afte
mode and transmission-mode. During setup mode, each of {fzgich the current slot may be used again.

nodes is assigned time-slot using (DRAND [15]),a distr#olt ) _ ) )
implementation of RAND (Random, [16]) . In DRAND, based® Bandwidth Requirement Aware Sot Allocation Algorithm

on the probability which depends on the local topology, The proposed algorithm allocates slots to the nodes in
each node randomly initiates slot reservation process. Thportion to their bandwidth requirement. The input to the
node allocates itself smallest whole number not yet reservalgorithm is a list of connections comprising of informatio
by any of its one-hop or two-hop neighbors. It advertiseggarding the data-rate and path from source to destination
this information to its neighbor nodes by broadcasting iThis information may be obtained from higher layers. A
In transmission-mode, the time is divided into transmissioconnectioni is represented as:

slots. Nodes access the medium using CSMA approach. When

a node needs to access the medium, it checks if it is the(r;, (s;,n;1,n:2,...,d;))

owner of the slot. The node backs-off using a smaller back-

off window [0, To] if it is the owner of the slot, otherwise The notations have been explained in Algorithm 1. The
it may attempt to acquire the channel using a larger badkformation regarding one-hop and two-hop neighboring
off window [Ty, T,0]. The transmission is postponed for thenodes (i.e., local network topology) can be obtained using
number ofback-off dot(s) as the randomly drawn value fromsimple HELLO messages as in Z-MAC [3]. Bandwidth aware
the back-off window. A node will not attempt to gain accesslot allocation is carried out by Algorithm 1. For each of
of the slot if it is a two-hop neighbor of the owner and it hathe given connections, bandwidth requiremen) (values
been notified of congestion. Time synchronization is addevare normalized (to get JR The normalized values (R

by receivers passively synchronizing their clocks withttha are smallest integers proportional to the earlier bandwidt
senders, as well as with the help of clock synchronizatioaquirement values (y, i.e.

control messages. Z-MAC uses STDMA scheduling to reduce

collision probability of CSMA based scheme. Like ADAPT.R; : Rj =r; : r;

by combining the strengths of schedule-based and contentitVhere, i€ {0 to N-1} and je {0 to N-1}

based approaches, Z-MAC delivers a robust scheme which

even in worst case, performs as well as CSMA scheme. The normalized values are used to allocate transmissids slo
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Algorithm 1 Bandwidth Requirement Aware Slot AIIocatlon O~ |
Notations: %@CD

o Ci(ri,(siynil,n;2,...,d;)) : Representing connection i = .@® @BACKBONEROUTERS) XD

« r; . Data-rate of connection i .@ ;

e s; . Source of connection i

« d; : Destination of connection i clster1 (b ) cuserz a0

e (s;,n;1,m;2,...,d;) : Path of connection i

« NN : Total number of connections Fig. 3. Simulation setup for multi-hop wireless network

e« HCF : Highest Common Factor
Begin | (—-":rDMA FRAME ~=————3 |

si g si+l :si+2 | si+3 :4 .......
1 Riyae =0 ' I
2. H = HCF(rg,...,rv—1) { HCF of data-rates of all of
the given connectiorjs | < TOMA Siot > |

3. for i=0toN —1do | € sz ———P | €—— i3 ————— 3 |
4 Ri=ri/H N T e B D
5 if Ryar < R; then

6: Rypaz = R; | «€——]—— Transmission duration —>]

7. end if — — ,ACK |

8: end for Sgdance -

9: for j=01to Ryee —1do f /
10 fori=0toN —1do Back-off Duration Data transmission part. ACK from the one-hop
1 if R; <0 then e s e
12: Skip the current iteration e size packet
13: end if
14: Ri=R; -1 Fig. 4. TDMA frame,'slot and transmission duration struetof bandwidth
15: for each of the nodes in the path of connectiafoi V&' hybrid MAC. Itis same as that of Z-MAC [3]
16: Allocate smallest whole number, not yet been

tna:)k(;agsby any of its one-hop or two-hop nelghbogre: R =1, R1_ =2and R = R,., = 3. In lines 9 to

17 end for 19, the_ normahzt—_zd values are use_d to aIIO(_:ate slots to the
18 end for nodes in proportl_on to the bandwidth requwgments of the
19: end for connections passing through them. For carrying connection

Cy, the carrier nodes are allocated one slot each, @ssR

equal to 1. Similarly nodes in the path of connectiéh

and C», participating nodes are allocated two and three slots

to the nodes in proportion to the bandwidth requirements efch respectively (as;R 2 and R = 3). Thus, according to

the connections passing through them. Each of the conmactiélgorithm 1, we get following slot allocations:-

are allocated transmission slots for data transmissiore Oml slot(0), n2 slot(3, 9), n3 slot (6, 12, 15), n21 slot(1, 4, 7,

by one, each of the node in the connection path is allocaté@ 13, 16) and n22 slot(2, 5, 8, 11, 14, 17)

smallest whole number value, which has not yet been

allocated to any of its one-hop or two-hop neighbors. Féke can see that the number of sots allocated to each

a given connection i, this step is repeated tiRnes. This node are in proportion to their bandwidth requirement.

ensures that slot allocations have taken place in propottio

the bandwidth requirement. To generate transmission schedule, we propose that béfere t
start of transmission phase, we run the proposed algorithm,

Example: Let the topology be as shown in Figure 3which will generate transmission schedule as per the

and the input list of connection to the algorithm is abandwidth requirement of the nodes. A distributed version

follows:- of this algorithm can be easily implemented with the help of
Cy (20000, (n1,n21,n22, sink)) token passing scheme.

(4 (40000, (n2,n21,n22, sink)) o . .

C5(60000, (n3, n21, n22, sink)) B. Transmission Frame Sze and Time-Sot Duration

After carrying out slot allocations, a few other issues need
Sot Allocation: The algorithm, in lines 1 to 8, calculatesto be addressed before the slot allocations can be used as
normalized bandwidth rates and determines the maximuransmission schedules to efficiently use the channel. Tdie m
normalized rate value. In this case, the calculated valuissue is that of determining suitable TDMA frame size forteac



of the nodesTDMA frame size determines after how manyI|EEE 802.11, the previous default value used in Z-MAC was
slot(s), can the current slot be used again in a contentianere suitable for low bandwidth sensor network environment
free fashion by the owner node. We use e frame rule These modified values will not affect the generality of our
(TF rule) as in Z-MAC [3] to determine TDMA frame size. results.
According to the TF rule, ifS,q, is the maximum allocated The following one-hop and multi-hop network setups have
slot number in the two hop neighborhood of a node, then theen used.
frame size of the node is equal #8, such that: 1) One_Hop benchmark : The One_hop benchmark com-
2071 < S < 2° prises of twenty one nodes, where all nodes are at one-hop
By having the size of time frame as a power of a constagistance from each other. One of the nodes is a sink, to which
(which in this case is 2), synchronization of time scheduleg| other nodes send data. The reason we have employed such a
of different sized time frames (being used by different r{)de set-up, where there is only one sink, is that it makes thega®c
over a number of iterations, is achieved. of simulation simpler without the trade off of generalitylsa
The TDMA-slot duration is constant for a given scenario.the original Z-MAC [3] has employed similar setup. Unless
It is calculated as the maximum time taken to transmit th@herwise stated (both for one-hop and multi-hop scengrios
packet (to the one-hop neighbor node) plus time taken f@nsmitting nodes are in saturation state, i.e., theyysave
receive acknowledgement from the destination node, if thgta to send.
transmission was successful. This calculation is simitar t 2) Multiple-Hop benchmark : For multiple-hop scenario,
that of Z-MAC [3], with the exception that the back-offyye choose a very simple set up to demonstrate the effective-
slot size values have been changethe TDMA-frame and pess of the proposed modification to the existing approach.
slot, and transmission duration structure (Figure 4) is esanfpe topology comprises of two clusters separated by three
as that of Z-MAC. As shown in the figure, time is dividedhop gistance (Figure 3). Two nodes each at one hop distance
into TDMA-frames, which is further sub divided into TDMA- from each other and with the nearest cluster, form the path
slots. Each TDMA-slot may involve zero or more transmissetween the two clusters. The second cluster comprises of a
sions (represented by transmission-duration in the figire 4jnk node to which all the transmissions are directed. The re
The transmission duration is of variable length, and islfitsgjfe equivalent of this set up can be thought of as two com-
comprised of three parts- collision avoidance, data and agfter laboratories, labl(cluster 1) and lab2(clusterr2xdme
The duration of collision avoidance part varies betweeto  njversity, connected via backbone routers node-21 and-nod
Ty, back-off slot time depending upon the back off drawn by | ab1 is a general public area open for use by all students.
the transmitting node. The data duration part depends on {hgy> js a computer center comprising of servers and a single
length of data to be transmitted. The duration of ACK part igateway (sink) to the Internet. The servers may be accessed
the time taken to receive ACK from the one-hop far destimatigrom outside the campus via gateway. Similarly students can
node, after the transmitting node has finished transmittatg. ccess Internet through the gateway. In the simulatioriteesu
we vary number of active users to see its affect on the channel
IV. PERFORMANCE COMPARISON OF Z-MAC AND utilization and average access delay. When five users aie sai
BANDWIDTH AWARE HYBRID MAC to be active, nodes-1 to 5 are transmitting. Similarly, when
A. Simulation Setup n nodes are transmitting, it means node-1, node-2,...,-node

Previous studies [1], [3] have already established ei‘ferc]:(—)deS are transmitting.

tiveness of the approach on which ADAPT and Z-MAC are .
based. The aim of these simulations is to show that bandwidth Smulation Results

requirement aware slot allocation can significantly imgrov The simulations carried out with the available Z-MAC
the performances of such schemes. As the implementatigfiirce code and its modified bandwidth requirement aware
of Z-MAC over ns2 [17] is readily available from [18], weyersion for one-hop and multiple-hop network scenariosgav
have chosen it as the standard to compare the performanggsouraging results. As already stated above in the prsviou
and ns2 as the discrete event simulator. The various defajfktion the simulations were carried out over discrete teven
setting values of the parameters are as shown in the tabigulator ns2 [17]. Following sub-sections discuss the ob-
Il All the values with the exception of communication rang@ervations regarding channel utilization and average sacce
and contention slot-size are default values that came Wi|ay. Channel utilization gives a measure of the efficiency
the Z-MAC implementation download. The value used fqfith which the MAC scheme utilizes the bandwidth. It is
communication range had to be modified to bring it intgajculated as the fraction of the channel capacity which was
agreement with the default value being used by DRANRtjlized to successfully transmit data. Average accesaydel
[15], slot allocation algorithm of Z-MAC. The contentioro$l  gives the average time taken to successfully transmit agack
size value has been modified to make it same as that £foss a single hop. Access delay value is calculated from
pan . the time sender node receives packet to send to the time it
@ back-off slot size value has been changed tg:3Bconds, the same receives acknowledgement from the receiver node (at ope-ho
as that of IEEE 802.11. The value used in Z-MAC was more Skeitidy low
bandwidth sensor networks environment distance).



Parameters Default values
Communication bandwidth 2 mbps
Communication Range 40 meters
To 8
Tro 32
Contention Slot-size 20 . secs.
Transmission Slot-size 1.6 m secs.
TABLE Il

DEFAULT SETTINGS OF VARIOUS PARAMETERS

mostly is the case, the remaining time is wasted as only one
| | packet is allowed to be transmitted in the slot. By removing
this restriction, we found that the performance of the now
. | modified Z-MAC improved substantially. It can be seen in
/ 1 Figure 5 that the channel utilization of modified Z-MAC
osst - O renreman s s 2 | | varies between 0.52 and 0.68. The trend in this case is of
¢ | steady increase of channel utilization with the increasthén
number of transmitting nodes. The reason being that, wigh th
] increase in the number of transmitting nodes, number of sode
A WMK ] transmitting in their own slot increases which implies that
the average back off duration is reduced as well as colksion
reduce. Thus, the modified Z-MAC’s behavior approaches that
of schedule-based scheme. Finally, in the same figure, it can

oo
o

Channel Utilization

Fig. 5. Channel Utilization in one-hop scenario be seen that for BAZ-MAC, the channel utilization remains
more or less stable at 0.72. This is so because in this case,
only the transmitting nodes are allocated transmissiots,slo

thus, as it is the owner node that is transmitting, averagk ba
off duration is very less and there is no collision. The schem
behaves as schedule-based scheme.

In case of multiple-hop scenario, we again see (Figure
6) that the performance of BAZ-MAC is much better than
that of Z-MAC. It can be seen in the figure that channel
utilization of Z-MAC falls down with increase in the number
of transmitting nodes till number of transmitting node is.te
From the multiple-hop topology (Figure 3), it can be seen
aua that the first ten transmitting nodes are located in cluster-
N 1 (labl). As the slot have been allocated equally, without

considering bandwidth requirement of the nodes, the nodes
node-21 and node-22 form bottle neck. Increase in the number
of transmitting nodes cause congestion, and hence thenfall i
channel utilization. When the number of transmitting nodes

1) Channel Utilization : In this sub-section we Compare|r)crease from ten, the nodes at one-hop distance from the

channel utilization, in one-hop and multiple-hop scenarty sink have started transmitting. Thus, the channel utibrat

Z-MAC and Bandwidth Aware Z-MAC (BAZ-MAC) wherein now starts to improve as data from th_ese nodes .do not have
: . ) . ‘ﬁ’ go through any bottle neck. From this observation, we can
slot allocations are done in proportion to the bandwidt]

. L infer that non bandwidth aware slot allocation causes even
requirement. In case of one-hop scenario it can be seen In

the figure 5 that the channel utilization achieved by Z_MAgﬁnoer_ehggrz;rsr,T;ance deterioration in case of multi-hop caae th

is between 0.45 and 0.4. However, there was a restriction

in the original version of Z-MAC downloaded from the web 2) Transmission Delay : In this sub-section, average access
site [18]. The original version allowed only one packet to béme for Z-MAC and BAZ-MAC have been compared. Three
transmitted in a single slot. The size of a slot is equal wimensional graphs have been employed to capture the effect
the maximum time to transmit a packet, including maximurof variation in the number of transmitting nodes and data rat
contention back off duration plus time to transmit the packégiven as packets per second), on the average access time
and receive acknowledgement. If the contention back ofélues in one-hop and multi-hop scenarios. Figures 7, 8d9 an
period incurred is lower than the maximum duration, whichO give average access times for Z-MAC in one-hop, BAZ-

0.151

Channel Utilization

0.05-

Fig. 6. Channel Utilization in multi-hop scenario
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Fig. 8. Average Access time for BAZ-MAC in one-hop scenario

Delay graph for ZMAC in multi-hop scenario
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Fig. 9. Average Access time for Z-MAC in multi-hop scenario

Delay graph for bandwidth aware ZMAC in multi-hop scenario
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Fig. 10. Average Access time for BAZ-MAC in multi-hop sceioar

MAC in one-hop, Z-MAC in multiple-hop and BAZ-MAC in
multiple-hop environment respectively. It can be seen m th
figures that BAZ-MAC has lower average access delays than
Z-MAC. This is attributed to the fact that in BAZ-MAC, most

of the transmissions take place in the slot owned by the node
itself and thus lower occurrences of collisions and lowerkba

off delays. The general trend, as can be seen in the figures, is
that average access times increase with increase in thearumb
of transmitting nodes and/or increase in the data rate. én th
case of Z-MAC (for all data rates) and BAZ-MAC (for lower
data rates), the increase in average access times is because
increase in the number of transmitting nodes increasescelsan

of collision. In the case of BAZ-MAC (high data rates), the
increase in average access times is because increase in the
number of transmitting nodes imply that the transmission
schedule size increases and hence each transmitting nede ha
to wait for longer duration for the transmission slot assigin

to it. The average access times increase with increase in the
data rate for the same reason as above. In figure 8 we see
that there is exception to the above rule. With increase in
the number of transmitting nodes after ten transmittingesod

the average access value decreases. This can be attributed t
the fact that apart from increased collision, increase m th
number of transmitting nodes also results in more data being
transmitted in ownership slots. The lower back off wait pdri

for such data, off sets the increase in collision to give lowe
average access time values.

V. FUTURE RESEARCH

We plan to design and implement a dynamic hybrid scheme
based on the same approach as ADAPT and Z-MAC. In ad-
dition we will add bandwidth aware slot allocation capabili
to our scheme. The new scheme being dynamic should be
able to efficiently allocate and de-allocate slots to nodest
on traffic and topology changes in run-time. The feasibility
of the scheme depends, fore most, on efficient run-time slot
allocation/de-allocation algorithm whose message coxityle
and time complexity scale well with network density and size



and topology changes. Calculating optimal bandwidth to ] M. Chatterjee and S. K. Das, “A hybrid mac protocol for Itmedia

reserved given the traffic and/or network dynamism is also  traffic in wireless networks,” iNEEE 2000. _
. This i h d d rR]/A] A. Ephremides and O. A. Mowafi, “Analysis of hybrid aceeschemes
very important. This Is to ensure that nodes do NOt reserve’ o pyffered users- probabilistic time division,” IEEE Transactions on

more slots than they need, and also that they get the number Software Engineering, vol. SE-8, pp. 52-61, Jan. 1982.

of slots that they need. Finally, it is important to deterenin[1] |- Rhee, A. Warrier, and L. Xu, “Randomized dining plsiphers
to tdma scheduling in wireless sensor networks,” techniegdort,

some Po"cy to _trigger re-scheduling to _cope with changing Computer Science Department, North Carolina State UrifyeRaleigh,
bandwidth requirement (and/or changes in network topglogy  NC, USA, 2004.

Care should be taken to ensure that the rescheduling olrhd#fl S- Ramanathan, A unified framework and algorithms fufiq)dma
channel assignment in wireless networks,’Piroc. of IEEE INFOCOM,

do not offset the gain from bandwidth aware slot allocation.  ;"900_007, 1997.
[17] “Network simulator 2." http://www.isi.edu/nsnam/ns
VI. CONCLUSION [18] ZMAC, “http://www.csc.ncsu.edu/faculty/rhee/expamac/software/zmac/

Future applications intended for the next generation e#l zmac.htm.”
ad hoc networks demand that the network be able to cater
to high bandwidth demands and support QoS guarantees
while maintaining their ad-hoc characteristics. The onfis o
meeting with these requirements fall, to a great extend, on
the underlying MAC layer as they control medium access for
data transmission. A number of solutions exist as a result
of previous research efforts and more are being developed.
Hybrid schemes such as ADAPT and Z-MAC, have been
previously shown to give a better over all performance than
most of the other existing solutions. They share a common
approach that enables them to optimize their behavior by
adapting to the contention level in the network. In this pape
we have proposed and shown that by employing bandwidth
requirement aware slot allocation algorithm, performaate
Z-MAC can be further enhanced. In our future work, we plan
to develop and evaluate such a dynamic hybrid scheme based
on the above approach.
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