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Abstract

Thispaperdescribesschedulingalgorithmsfor schedul-
ing traffic in wirelessdatanetworkswith multiplechannels
per cell. Thepaperassumesthat a reservation-basedMAC
protocolis used.Themainobjectiveof theschedulingalgo-
rithms is to reducethecomputationtimewhile maximizing
theutilization of thenetworkresources,therebyimproving
thesystemthroughput.In this paper, weconsidertwo type
of systems– singlepriority andmultiplepriority. For each
system,two different algorithmsare considereddepending
on whetherslotsare allocatedcontiguouslyor not. A per-
formancestudythat considers networkutilization, compu-
tation time, and the throughputfor 2 Mbpsand 10 Mbps
datastreamsfor theabovealgorithmsis presented.

1 Intr oduction

WirelessLocal Area Networks (WLANs) have become
anincreasinglyimportanttechnologyfor today’s computer
andcommunicationsindustry. Thewirelesschannelis typi-
cally usedasasharedmediumbecauseof thelimited band-
width. The channelcanbe sharedamongthe nodesusing
eithera randomaccessmethodsuchasSlottedAloha or by
schedulingthechannelto theusersbasedon requestswith
or withoutpriorities.Severalschedulingalgorithms[2,5–8]
havebeenstudiedfor organizingthetraffic from themobile
nodesto thebasestationsandviceversa.However, theear-
lier researchdid not considerschedulingtraffic in wireless
datanetworkswith multiple channelspercell. We assume
that themobilenodeshave a tunabletransmitteranda tun-
ablereceiver. Thebasestationhasa setof fixedfrequency
transmittersandreceivers– oneperchannel.Thispaperad-
dressesthe schedulingof channelsfor sucha system.The
schedulingalgorithmsaretypically usedwith a reservation
basedmediumaccesscontrol(MAC) protocol[9].

Note that multiple channelsper cell have beenconsid-
�
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eredfor cellular networks, wherea channelis allocatedto
a userin a circuit-switchedmode. We focus on schedul-
ing datatraffic over multiple channelsin a packet switched
environment.

Theschedulingalgorithmsaredesignedfor two typeof
systems– single priority andmultiple priority traffic sys-
tems.TwoalgorithmscalledtheContiguousAllocationSin-
gle Priority (CASP)algorithmandtheNon-contiguousAl-
location Single Priority (NCASP) algorithm are proposed
for systemswith single priority requests. Their perfor-
manceis comparedwith the well-known MULTI-FIT al-
gorithm [3]. Thesetwo algorithmsare then extendedto
systemswith multiple priority requests– referredto asthe
ContiguousAllocation Multiple Priority (CAMP) and the
Non-contiguousAllocationMultiple Priority (NCAMP) al-
gorithms.A performancestudythatconsidersnetwork uti-
lization, computationtime, andthe throughputfor 2 Mbps
and10 Mbps datastreamsfor the above algorithmsis pre-
sented.

2 ProblemFormulation

This sectiondescribestheEC-MAC accessprotocolfor
themultiple-channelsystemandtheschedulingproblems-
tatement.

Theaccessprotocolis definedfor an infrastructurenet-
work with asinglebasestationservingmobilesin its cover-
agearea.EC-MAC wasdesignedto minimizeenergy con-
sumptionandprovide QoSsupportand is basedon reser-
vationandschedulingmechanisms.TheEC-MAC protocol
performancein [9] was studiedwith a single channelper
cell. We areconsideringthe protocolframework extended
to multiplechannels.

Transmissionin EC-MAC protocol is organizedby the
basestationinto frames. Eachframe hasa fixed number
of slots,whereeachslot equalsthe basicunit of wireless
datatransmission.Theframeis dividedinto multiple phas-
esasdescribedbelow. In thefirst phase,a framesynchro-
nizationmessage(FSM) is transmittedonthedownlink and
it containsframing, synchronizationandother control in-
formation. The request/updatephasecomprisesthe uplink
requesttransmissionsfrom the mobilesto the basestation



andoperatesin acollision-lessmode.New mobilesthatjust
enteredthe areacoveredby the basestationregisterthem-
selves with the basestationin the New-User phase. The
scheduleis then computedby the basestationduring the
schedulecomputationphaseandthe computedscheduleis
broadcastto all themobiles.Thedataphaseis composedof
bothuplink anddownlink traffic.

With multiplechannelsavailablepercell, theframesyn-
chronization,reservation, and schedulemessagesaresent
over a fixedchannel,referredto asthecontrol channel.All
mobilestuneinto this channelduringtheappropriatephas-
es. The downlink anduplink dataphasescanbe frequen-
cy division duplexed by allocatinga subsetof channelsto
the uplink and downlink. Alternatively, the channelscan
beusedin a time-division duplexedmanner, with downlink
and uplink transmissionsseparatedin time, as in single-
channelsystems. We are consideringthe latter approach
in thispaper.

The notationsused in the following sectionsare ex-
plainedhere. Let

�
denotethenumberof mobiles, � the

numberof data channels(in addition to the control chan-
nel),and � thenumberof priorities.Thebasicunit of trans-
missionis aslot. Eachrequestcanbenolargerthan � slots.�

denotestheschedulelength,in slots,computedby a giv-
enalgorithm,and � denotesthenumberof unusedslotsin
agivenschedule.

Theproblemconsideredis: Given traffic demandinfor-
mationobtainedduring the reservation phase,how do we
efficiently schedulethis traffic onmultiplechannels?

Scheduling Problem: The uplink requestsmadeby the�
mobilesto thebasestationandthedownlink traffic from

thebasestationto the
�

mobilesover the � channelsare
representedbya

�	��
 � matrix. Thismatrixisalsoreferred
to asthetraffic demandmatrix (or thedemandmatrix). The
first � columnsin thematrix indicatetheslot requestsfrom
the

�
mobilesto thebasestation(uplink traffic). Thesec-

ondsetof � columnsindicatethedownlink slotrequestsfor
transmissionfrom thebasestation.

Wenow needto find aconflict-freeassignmentof there-
questson the � channelssuchthattheframelengthis min-
imized.Sinceuplink transmissionsanddownlink transmis-
sionsareseparatedin time domain,they canbe scheduled
independentof eachother. Therestof this paperconsiders
only uplink transmissionswith similar resultsapplicableto
thedownlink.

This schedulingproblemis similar to oneof the basic,
well-studiedproblemsof schedulingtheory, that of non-
preemptively scheduling’M’ independenttaskson ’C’ i-
dentical,parallelprocessors.The objective is to minimize
thetotal time requiredto completeall thetasks.This prob-
lem is known to be NP-complete[10] andapproximations
to this problemsuchas MULTI-FIT [3] for finding near-

optimalscheduleshavebeenstudiedearlier.

3 Schedulingfor SinglePriority Systems

Wefirst considerschedulingalgorithmsfor asystemsup-
porting single priority ( �
�
� ) in this section. The data
structuresfor theschedulingalgorithmare:

1. Let ����������� denotethe demandvector, and let ���
denotetherequestmadeby mobile � where ���������
� , � �!�#"%$&$&$%" � .

2. Let '(�)�*'+��� denotethe allocationvector, andlet '+�
denotethe total amountof slotscurrentlyallocatedto
channel� where �,�-'+� , �.�!�#"&$%$&$&"/� .

Definition 1 The Optimal Schedule Length, 0 �13254 ���6"7�98 � ���;:#�<�=� .
Definition 2 A channel �?> is said to overflow if '@>	A
0�"CBD�!�#" 
 "%$&$%$&"/� .

Definition 3 The channel capacity, E0F�G� 8 � ����:#�<�IHJ,KMLON � N .
3.1 The Multi-Fit Algorithm [3]

TheMULTI-FIT [3] algorithmusesthefirst fit decreas-
ing (FFD) techniqueto sort thedifferentrequestsmadeby
themobilesin decreasingorder. An expansionfactor is also
defined(astheleastamountby which theoptimalschedule
lengthcanbeenlarged).This guaranteesthatFFD will use
all the � channelsfor balancingthedemandsof the

�
mo-

biles. Thena packingis built (while taking the expansion
factorinto account)by treatingeachelementandassigning
it to the lowest indexed channel,that doesnot violate the
channelcapacityconstraint.

Theorem1 The time complexity of the MULTI-FIT algo-
rithm asappliedto this problemis PQ� �)RTSU� H � �<� .
Proof. Complexity of the MULTI-FIT algorithmis deter-
minedasfollows:

1. Computingchannelcapacity, E0 usingthedemandvec-
tor is of theorder PV� � � .

2. Sortingthedemandvectoris of theorder PQ� �WRMSU� � .
3. Assigninganelementfrom thedemandmatrix to one

of the � channelsis of the order of PQ�*�<� . Since
we areassigning

�
elementsto � channelswe have,

PQ� � �<� .
This indicatesthat the overall time complexity of the

MULTI-FIT algorithmis of theorder PQ� �WRTSX� H � �<� .



Algorithm CASP
For (YD�!�Z" 
 "&$&$%$&"/� ) ' N �[� Endfor
For ( �.�!�#" 
 "&$%$&$&" � )

find B , suchthat '\>]�^'`_*";acb@�!�#" 
 "%$&$%$d"C� .
In theeventof a tie, chooseB randomly.

Allocate ��� on channel�e>
Update'\>f�g'\>?Hh���

Endfor
Compute

�
= JQikjml_Mn o '\_ ; � = �^p � - �98 � ���;�

End.

Figure 1. Contiguous allocation single priori-
ty (CASP) algorithm.

3.2 Contiguous allocation algorithm for single
priorities (CASP)

The contiguousallocationalgorithm for single priority
systems(CASP) maintainsthe allocation vector ' listed
earlier. For a given request,the schedulingalgorithm al-
locatesthe requestscontiguously(without any splitting of
the requests)on the channelwhich currentlyhasthe least
partialsumof allocation.If morethanonechannelhasthe
sameleastpartialsum,onechannelis chosenat randomfor
the next allocation. The algorithmis describedaspseudo-
codein Fig. 1.

Theorem2 Thetimecomplexity of theCASPalgorithmis
PQ� �WRMS �]� .
Proof. The � partialsumscanbemaintainedasamin-heap
datastructure,so that we have PQ�q�k� time for fetchingthe
minimumelementand PQ� RTS �<� for updatingthemin-heap.
Thetotal time spentin maintainingtheheapfor M requests
is PQ� �WRTS �]� .
Theorem3 Each channeloverflowsat mostonce. That is,
a`Br"/'\>DA^0 at mostonce.

Proof. If achannelis overflowingbecauseof requestalloca-
tion, thereis at leastoneotherchannelthatis underflowing.
Therefore,theoverflowing channelwouldnotbeamongthe
next �(s-� channelswhich will beconsideredfor resource
allocation,i.e. tuB , '@>]v^0 .

Theorem4 An upperboundfor the schedulelengthcom-
putedbyCASPalgorithmis 0wHh� .

Proof. Follows from Theorem3. Sincea\Bm"C'\>yx^0 atmost
once, the worst casewill correspondto the largestentry,
� . This impliesthat, '\>y�^0VH��z"qa`B . Therefore,schedule

lengthcomputedby thisalgorithmcanneverbegreaterthan
0wH{� .

Fromthetheorem,it followsthattheschedulelengthwill

begreaterthantheoptimalvalue,by a factorof atmost
�
0 .

If thestandarddeviation betweenthe requestsis small (all
mobilesin thesystemapproximatelyaskfor thesamenum-
ber of slot requests- say 4 ), thenthe percentageoverflow

will be
4

� 4 :#�
| � �� . This implies that if the number

of channelsis around} or ~ andthenumberof mobilesin
the systemis around �&��� , the percentageoverflow will be
around�%� | .

Algorithm NCASP

Calculate 0 = 13254 ���6"C8 � ����:#�<�
For (YD�!�#" 
 "%$&$&$&"C� ) ' N �[� Endfor
For ( ���!�Z" 
 "&$&$%$&" � )

find B , suchthat '\>y�-'`_*"qacb\�!�#" 
 "%$&$%$d"C� .
In theeventof a tie, chooseB randomly.
Allocate ��� onchannel�?>

If ( '\>?Hh����A^0 )
Split anearlierassignedrequest
in channel�e> s.t. '��> Hh�����(0 .
afterthesplit
Find b suchthat, '`_��-'+��"qar�����#" 
 "&$%$&$&"/�
and(t != k)
Relocatethesplit request(s)to �U_
Update'\>I�g0

Endfor
Compute

�
= JQiZjml_Mn o '`_

Compute � = �[p � - �98 � ����� .
End.

Figure 2. Non-contiguous allocation single
priority (NCASP) algorithm.

3.3 Non-contiguousallocation algorithm for sin-
glepriorities (NCASP)

The non-contiguousallocationalgorithmfor singlepri-
ority systems(NCASP) is very similar to the CASPalgo-
rithm except that the CASP algorithm allocatesa request
in contiguousslots, while NCASP algorithm usesnon-
contiguousallocations.Whenallocatingarequesttoachan-
nel, �?> , we compareit against 0 . If allocatingthis request
will cause'@> to exceed 0 by a certainamount(the over-
flow), we try to avoid thesituationby:

1. Allocating thecurrentrequestin its entirety.



2. Splittinganearlierassignedrequest(if it is big enoughto
yield asmuchslotsastheoverflow) in thesamechannelso
thattheoverflow in thecurrentchannelis reducedto zero.

3. If theaboveis notpossible,i.e. asinglerequestis notbig
enoughto yield asmuchslotsasthe overflow, we needto
walk backthroughthechannelallocationandpick multiple
relocatablerequests,until we getenoughslotsto eliminate
theoverflow.

4. Relocatingtheselectedrequeststo a next channelwhich
will not overflow.

Thealgorithmis describedaspseudo-codein Fig. 2.

Theorem5 Thetime complexity of the NCASPalgorithm
liesbetweenPQ� �WRMS �]� and PQ� �!�cRTS �<� .
Proof. Let � be the numberof splits. As before, the �
least partial sumscan be maintainedas a min-heapdata
structure,so that we have PV�q�7� time for fetchingthe min-
imum elementand PQ�=� � ��� ��RMS �]� for maintainingthe
min-heap. Therefore,the overall algorithm complexity is
betweenPQ� �WRMS �]� and PQ� � � RMS �]� . Theaveragecaseis
at presentnot derived,but we areusingempiricalevidence
from simulationsto derive this result.

One of the key requirementsof the NCASP algorithm
is that sub-requestsassignedto two different channelsdo
not overlapin time. This is neededbecausea mobile can-
not tuneto two differentfrequenciesat thesametimewhen
transmittingor receiving datafrom thebasestation.This is
the reasonfor thealgorithmto relocateanearlierassigned
request,insteadof splitting thecurrentrequestandassign-
ing it to a differentchannel. We now prove that, split re-
questsdonot overlapin time.

Theorem6 For a requestthat hasbeensplit acrosstwo d-
ifferent channels,the split sub-requestsdo not overlap in
time.

Proof. Fig. 3 (a) shows a systemwith three channels
��o%"/� � "/�e� . Theallocationvector ' atthisstageof thealgo-
rithm contains' o%"C' � "C'`� . Thenext incomingrequest��� is
beingassignedto � � asshown in Fig. 3 (b), since ' � v[' o
and ' � v�'`� . Let ' � H-����A�0 , sowe split anearlieras-
signedrequest.The split, � , will be the excessover 0 i.e.
' � H�����s{0 . � is relocatedto ��o and ��� is assignedto � �
asshown in Fig. 3 (c). Channel��o is chosenbecauseit has
thenext leastpartialsum.

Observe that, ' � v�' o when ��� wasassignedto � � . So
any region from where � wassplit, would only causethat
region to grow backwardsin time. Any region to where
� wasassignedwould be in oneof the otherchannelsand
would have beengreaterthan ' � ( ' o in this case)before �
wasassignedto it. So this region grows forward in time,
leaving no chancefor anoverlapto occur.

Thissectionpresentedthetwo algorithms,CASPandN-
CASP, for schedulingsinglepriority traffic requests.
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Figure 3. (a) Channels states before request
��� has been assigned. (b) Channel � � has
been chosen for assigning request ��� . (c)
An earlier assigned request has been split
in channel � � and the split region has been
relocated to �¤o .

4 Schedulingfor Multiple Priority Systems

In this section, we considerpriority amongstpacket-
s which competefor slots in the � channels. A mobile
may have multiple communicationsessionsfrom applica-
tions like telnet,ftp, email, InternetPhone,WebBrowsing
andVideoConferencing.Eachof theapplicationsmayhave
differentneedandservicecharacteristics.TheDifferentiat-
ed Services[1] model is currentlybeingstudiedfor Inter-
net, basedon sucha priority mechanism.In this section,
weextendtheschedulingalgorithmsof Section3 to accom-
modatemultiple priority sessionsof a mobile sharingthe
multiple channels.Eachsessiontraffic within a mobile is
organizedin theorderof priority.

Thedatastructuresusedare:

1. Let �¥�¦�§��� N � denotethedemandmatrix, andlet ��� N
denotetherequestmadeby mobile � for priority Y traf-
fic, �h�¨��� N �¨� , �<�)�#"%$&$&$&" � and Y©�W�#"&$%$&$&"�� ,
� representsthenumberof priorities. Theactualval-
ue of � dependsuponimplementationof the priority
schemechosen.

2. Let '©���*'+��� denotetheallocationvectorasearlier.

Theideabehindtheschedulingalgorithmis to schedule
traffic of priority 1 first, followed by thatof priority 2 and



soon. More sophisticatedschedulingmechanismsmaybe
considered,whichwedeferto futurework.

Contiguous allocation algorithm for multiple priorities
(CAMP): Thecontiguousallocationalgorithmfor multi-
ple priority systems(CAMP) usesthe CASPalgorithmto
obtain the schedulefor priority � requests. Once this is
done,it computestheschedulelength,

�
, of thenew sched-

ule, initializes '+� =
�

, ( �.�!�#" 
 "%$&$%$d"C� ), andthencontinues
by allocatingtherequestsin thenext priority queue.

Theorem7 Thetimecomplexity of theCAMPalgorithmis
PQ��� �WRMS �]� .
Proof. The � partialsumscanbemaintainedasamin-heap
datastructure,so that we have PQ�q�k� time for fetchingthe
minimumelementand PQ� RTS �<� for updatingthemin-heap.
Thetotal time spentin maintainingtheheapfor M requests
(perpriority queue)is PQ� �WRTS �]� . So,for Ppriority queues,
wehave PQ��� �)RTS �<� .

Non-contiguousallocation algorithm for multiple prior -
ities (NCAMP): Thenon-contiguousallocationalgorith-
m for multiple priority systems(NCAMP) hastheNCASP
algorithmasthe basis,andis extendedto handlemultiple
priority queueswithin a mobile,aswith CAMP.

Theorem8 Thetimecomplexity of theNCAMPalgorithm
is betweenPQ��� �)RTS �]� and PQ��� �!�cRTS �<� .
Proof. Let � be the numberof splits. As before, the �
least partial sumscan be maintainedas a min-heapdata
structure,so that we have PV�q�7� time for fetchingthe min-
imum elementand PQ�=� � ��� ��RMS �]� for maintainingthe
min-heap. Therefore,the overall algorithm complexity is
between PQ� �WRMS �]� and PV� � � RMS �]� . Sincewe have P
priority queues,the algorithm complexity lies in between
PQ��� �WRMS �]� and PQ��� �!�cRMS �<� . The averagecaseis un-
known, but we areusingempiricalevidencefrom simula-
tionsto derive this result.

5 PerformanceAnalysis

We study the performanceanalysisof the algorithm-
s basedon C-languageimplementation.The performance
metrics studied include the actual schedulecomputation
time obtainedby executing the algorithms on an Ultra-
SPARC workstation. The following sectionsdescribethe
systemparametersvaried,themetricsstudied,andtheper-
formanceevaluation.

Thesystemparametersvariedinclude
�

: thenumberof
mobiles, � : the numberof channels,the transmissionrate
perchannel,and � the maximumvalueover all entriesin
thetraffic matrix.

The traffic matrix generationprogramis provided the
following parametersas input:

� "/� and the numberof
matricesto begenerated.Eachentry in thematrix is a ran-
dom numberbetween� and � (both inclusive). The pro-
gramgeneratesthespecifiednumberof matrices,whichare
thenappliedasinput to thealgorithms.Effectively, theper-
formancesimulationis conductedfor a systemwith heavy
load. In the studybelow, the metricsarecalculatedusing
1000matricespersystemparametercombination.

PerformanceParametersStudied:

ScheduleLength: representedby
�

, denotesthenumberof
slotsin thedataphaseasdeterminedby theschedulingal-
gorithm.

Scheduleefficiency:denotedby ª , is definedasthenumber
of slotsactuallyutilized for packet transmissionin asched-
ule. If a total of « slotswasrequestedby all mobiles,and

theschedulelengthis
�

, efficiency is givenby: ª(� «� pU�
ComputationTime: denotedby ¬ , is the time betweenthe
endof thereservationphaseandthestartof thedataphase,
spentin computingthe schedule.Time is reportedin mi-
croseconds,andis computedusinggettimeofday()functions
onanUltraSPARC/Solarisworkstation.

Throughput:calculatedin Megabitspersecond,is defined
as the averagenumberof useful bits transmittedper data
frame,summedoverall datachannels.If ­��C®q¯�° denotesthe
sizeof thereservationpacket in bits, ­ thesizeof thedata
packets,and ' thetransmissionratein Mbps,throughputis

givenby: ±²� '�«³­�´/µd�¶µ
� � ­��C®q¯9°?Hh¬y'6H � ­U�

All the performanceanalysisdescribedbelow hasbeen
donefor varying

� ·[¸ }5~O"/¹Z}u"/~#�º"/»�¹O"%��� 
 "7� 
 ~O"7�d}�}u"%�7¹#�O¼
and �W��½ .
5.1 SinglePriority Systems

Thissectionprovidestheperformanceanalysisof theal-
gorithmsfor single-prioritysystems.

Fig 4 shows thecomputingtime in microseconds,of al-
gorithmsMULTI-FIT, CASPandNCASP, for �¾�!} . The
graphsshow thatCASPandNCASPrequirelesstime than
theMULTI-FIT algorithm,asexpectedfrom thetheoretical
analyses.This is mainlybecausetheMULTI-FIT algorithm
sortsthe input requests.BetweenCASP andNCASP, N-
CASPtakesa longertime to computetheschedulebecause
of the extra computingrequiredto processsplitting of re-
quests.

Fig 4 also presentsthe scheduleefficiency of the al-
gorithms. The graphsshow that the efficiency achieved
by thesealgorithmsincreasewith increasingvaluesof M,



showing that the architectureand the algorithmsare best
suitedfor systemswith large

� :#� ratios.As expected,the
NCASPgivesmuchbetterutilizationthanbothMULTI-FIT
andCASPbecauseof non-contiguousallocation.Thisleads
to amorepackedschedulewith lesswastedslots.
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Figure 4. A comparison of the computation
time and schedule efficienc y in micr osecond-
s for MULTI-FIT, CASP and NCASP algorithm-
s.
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�W��½ .
Theaboveexperimentswererepeatedfor � ·Á¸Z
 "/~5¼ and

showed similar performancetrendsamongthe algorithms.
Increasing� resultedin increasedcomputationtime, and
slightly reducedschedulingefficiency. For higher values
of � , MULTI-FIT resultedin almostthesameefficiency as
NCASP. This is dueto the inherentnatureof the MULTI-
FIT algorithmto performbetterwhenthe numberof bins
(here- thenumberof channels)increases.

Theachievedthroughput( ± ) for transmissionratesof 2

Mbps and 10 Mbps is shown in Fig 5. The graphsshow
the throughputachieved for varying data packet lengths
­ ·Â¸ ¹Z}u"%� 
 ~�¼ and similar parametersas before. For 2
Mbps and �Ã�¥} , the highestthroughputis achieved by
NCASPandis around6.6 Mbpsand7.2 Mbpsfor ­^�À¹Z}
and ­Ä�Å� 
 ~ respectively. This may be comparedto the
theoreticalmaximumof


,� },�(~ Mbps. This stressesthe
importanceof the size of the datapacket length to better
utilize theavailablebandwidth.In thiscase,NCASPgener-
atesthehighestthroughputbecauseof its betterscheduling
efficiency.
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Figure 5. A comparison of thr oughput for
MULTI-FIT, CASP and NCASP algorithms for� ·)¸ }5~O"/¹Z}u"/~#�º"/»�¹O"%��� 
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�Ç�À½ , Channel Speed ' ·{¸Z
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 ~5¼ bytes.



For 10 Mbpsand �È��} , thehighestthroughputis still
achievedby NCASPalgorithm.Thisis around32Mbpsand
35 Mbps for ­(�¾¹Z} and ­g�È� 
 ~ respectively, compared
to a theoreticalmaximumof �%� � },��}�� Mbps. At higher
speeds,thepacket transmissiontime reducesandthecom-
putationdelaybeginsto dominateoverall throughput.This
is observedfor ���^} whereCASPperformsrelatively bet-
tercomparedto MULTI-FIT algorithmfor

� A-~#� . This is
becauseof thehighercomputationtime of MULTI-FIT for
���^} .
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Figure 6. A comparison of the computation
time (in micr oseconds) and scheduling ef-
ficienc y for CAMP and NCAMP algorithms.� ·Â¸ }5~O"/¹Z}u"/~#�º"/»�¹O"%��� 
 "%� 
 ~O"%�&}�}º"7�7¹Z�O¼ , �É�Ã½ ,
and � ·6¸Z
 "=}u"C~�¼ .

The experimentsabove were repeatedfor � ·�¸Z
 "/~5¼ ,
andthetrendsweresimilarto ���^} . Forhigher � , theratio
of achievedthroughputto theoreticalmaximumreducesdue

to increasednumberof wastedslots.

5.2 Multiple Priority Systems

Thissectionprovidestheperformanceanalysisof theal-
gorithmsfor multiple-priority systems.

Fig 6 shows thecomputingtime in microseconds,of the
CAMP andNCAMP algorithmsfor � ·Ê¸Z
 "=}u"/~5¼ andoth-
er parametersasearlier. Thegraphsshow that the running
time of CAMP is almostsimilar to thatof NCAMP. This is
similar to theearliercaseof singlepriority systems.

Fig 6 indicatesthatthescheduleefficiency of theCAMP
algorithmis muchlower thanthatachievedby theNCAMP
algorithm. The problemof morewastedslotswith CAM-
P is compoundedwhenmultiple priorities areconsidered.
Allocation usingCAMP tendsto follow a cascadingeffect,
i.e. thewastageof slotsat onestageof thealgorithmcom-
putationis carriedover to the next stage. SinceNCAMP
givesa morepackedschedulefor every stage,wastedslots
areminimizedwhenusingNCAMP thanwhenusingCAM-
P. Thegraphalsoshows that increasing� resultsin lower
schedulingefficiency dueto morewastedslots,especially
for CAMP.

Fig 7 presentsthe achieved throughput( ± ) for both al-
gorithmsfor transmissionratesof 2 Mbpsand10Mbpsand
varying packet lengths ­ ·Ë¸ ¹Z}u"%� 
 ~5¼ . For 2 Mbps and
���g} , thehighestthroughputis achievedby NCAMP and
is around7.5Mbpsand7.7Mbpsfor ­��(¹k} and ­��À� 
 ~
respectively, comparedto atheoreticalmaximumof 8 Mbp-
s. For largervaluesof

�
, the throughputof CAMP seems

to asymptoticallyapproachthatof CAMP becauseschedul-
ing efficiency increaseswith

�
. For 10 Mbps, NCAMP

again performsbetterthantheCAMP algorithm.However,
theratio of highestthroughputto maximumthroughputde-
creaseswith increasingtransmissionspeeds.For example,
this ratio is 0.94 for '�� 


Mbps with NCAMP and0.90
for '��W�%� Mbps. This shows that for increasingspeeds,
therelative impactof computationtime will increase.

6 Conclusion

This paper describes scheduling algorithms for a
reservation-basedmediumaccessprotocol for scheduling
traffic in wirelessdatanetworkswith multiple channelsper
cell. The time complexity of the MULTI-FIT algorithm
adaptedto this problemwas PV� �)RTSU� H � �<� . Thetime
complexitiesfor CASPandNCASPwere PQ� �WRTS �]� while
CAMP andNCAMP executedin ��� �)RTS �<� time, where
P is the numberof priority queueswithin a mobile. Sim-
ulation studiesthat measuredcomputationtime on an Ul-
tra SPARC station are usedto study the performanceof
theabovealgorithms.Thehigherscheduleefficiency of the



non-contiguousalgorithmsresultin higheroverall through-
put asshown in theperformanceanalysis.The throughput
achieved increaseswith the numberof mobilesin the net-
work, indicating that thesealgorithmsaresuitedfor larg-
er sizednetworks. Also, the systemwith eight channels
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Figure 7. A comparison of thr oughput perf or-
mance of CAMP and NCAMP algorithms for� ·Â¸ }5~O"/¹Z}u"/~#�º"/»�¹O"%��� 
 "%� 
 ~O"%�&}�}º"7�7¹Z�O¼ , �É�Ã½ ,
Channel Speed ' ·Ì¸k
 "7�&�O¼ Mbps, �Í��} , and
­ ·Á¸ ¹Z}º"7� 
 ~5¼ bytes.

haslower efficiency utilization than the systemwith four
channels.This indicatesthatthereis no linearimprovement
in performancewith increasingnumberof channels.The
resultsalsodemonstratethat thenon-contiguousallocation
algorithmsperformbetterthanthecontiguousonesin most
cases.This is despitethe higheraveragerunning time of
thenon-contiguousalgorithms.Also, network transmission
speedwas varied to show the relative impact of schedule
computationtime in higherspeednetworks.

A full versionof thepaperis availablein [4].
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