
1Resour
e Optimization in CDMA based WirelessAd Ho
 NetworksSaurabh Srivastavay, Sa
hee Tripathiz, Dheeraj Sanghiy, Ajit Kumar ChaturvedizAbstra
t� The introdu
tion of the 
on
ept of ad ho
grouping of portable terminals to form a wireless networkspurred a large amount of interest in the �eld of wire-less data 
ommuni
ations. CDMA had been shown to out-perform other multia

ess s
hemes and IEEE spe
i�ed the802.11 set of standards for wireless LANs using a CDMAbased physi
al layer. But the la
k of proper provisions in802.11 to provide a 
ommuni
ation network without the ex-isten
e of an a

ess point resulted in extremely low datarates for truely ad ho
 networks. In this proje
t, we pro-pose an MC-CDMA based physi
al layer for wireless ad ho
networks and present te
hniques to e�
iently utilize net-work resour
es in a distributed manner.The network utilization in a CDMA system depends heav-ily on the 
odes being used. Using a graph theoreti
 ap-proa
h to the problem we model the 
ode allo
ation problemas a variant of graph 
oloring. When variable length orthog-onal 
odes are employed for spreading, the allo
ation prob-lem indu
es an interesting version of 
oloring whi
h we 
allthe range sum of a graph. We show the NP-Completeness ofrange sum and present an approximation algorithm for thesame. We then propose a distributed version of the approx-imation algorithm for use in ad ho
 networks and evaluateits performan
e by extensive simulations.I. MotivationTHE IEEE standards for wireless 
ommuni
ation net-works, the IEEE802.11 series, have provisions for theuse of Code Division Multiple A

ess for allowing multipleusers to 
ommuni
ate simultaneously. But a 
loser inspe
-tion reveals that the standards do not fully exploit the ad-vantages o�ered by a 
ode division physi
al layer. Theyhave given preferen
e to ease of implementation over e�-
ient use of network resour
es. Sin
e it has been observedthat in pra
ti
e a wireless data network employing the 
ur-rently available hardware, based on the IEEE standards,provides low data rates, their use is limited. In fa
t, theonly fa
tor that 
urrently inhibits the employment of wire-less networks for basi
 
ommuni
ation is the low data rateso�ered by them in 
omparison to wireline networks.In a wireless Ad Ho
 network the problems of lowthroughput are further exaggerated due to the distributednature of 
ontrol required. The standard makes heavy as-sumptions about the presen
e of an a

ess point infras-tru
ture and its proto
ols are in part 
ustomized for su
ha network. The fa
ility for `ad-ho
' operation is providedfor 
ompleteness. Thus, a study of the the physi
al layerfor alternative modulation te
hniques providing better bit-error-rates was required and proto
ols were required thatwould e�
iently exploit the lower layer to provide betterThe authors are at the Department of Computer S
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network throughput. In this proje
t, we aimed to exploitthe distributed nature of ad ho
 networks as an advantagesin
e it allows spatial reuse of resour
es and obtain betternetwork utilization.II. Introdu
tionA SET OF mobile terminals equipped with trans
eivers
onstitute a mobile ad ho
 network. Considerations of
onserving battery power ne
essitate the formation of amultihop network where the terminals limit their transmis-sion powers and hen
e 
ommuni
ate with only a small setof in-range terminals, whi
h are termed its one-hop neigh-bors. Pa
kets are stored and retransmitted for destinationsnot in this set. Multihop networks also fa
ilitate the reuseof resour
es at terminals whi
h are spatially separated.A. Physi
al Layer DesignFor multiple transmitters whi
h are unavoidably in rangeof ea
h other, multia

ess s
hemes are employed whi
h al-low multiple transmitters to share the spe
trum at the sametime. Fixed allo
ation s
hemes su
h as TDMA (Time Divi-sion Multiple A

ess) and FDMA(Frquen
y Division Mul-tiple A

ess) are impra
ti
al for implementation in mobilead ho
 networks be
ause of the absen
e of any 
oordinat-ing entity and be
ause they lead to resour
e wastage un-der low loads. Code Division Multiple A

ess (CDMA)on the other hand allows all terminals to use the entirebandwidth at the same time and provides �exibility andgra
eful degradation 
apabilities to the system. CDMAis proving to be the most promising te
hnique for the highdata rate, large user networks 
urrently demanded. CDMAtries to address the issues of robustness, multiplexing andresour
e sharing by allowing ea
h user to transmit at theentire available bandwidth.Many variants of CDMA have been proposed in the liter-ature. The major s
hemes giving good performan
e are Di-re
t Sequen
e (DS) CDMA, Multi
arrier Dire
t Sequen
e(MC-DS) CDMA, Multitone (MT) CDMA and Multi
ar-rier (MC) CDMA. We examine ea
h of these in Se
tionIV and 
ompare their relative performan
e with respe
t toea
h other.A design issue that greatly in�uen
es the performan
eof any parti
ular multi
arrier te
hnique is the 
ombiningte
hnique being used at the re
eiver of the CDMA sys-tem. Be
ause of the frequen
y sele
tive fading 
hannel,at the re
eiver, signals at all the sub
arriers of the multi-
arrier system have di�erent amplitude levels and di�erentphase shifts. Consequently, there is loss of orthogonality



2amongst the di�erent users. To 
ompensate for this distor-tion of orthogonality, in order to fully exploit the frequen
ydiversity, it is important to use an e�
ient 
ombining strat-egy. Various s
hemes proposed in the literature for a
hiev-ing this 
ombining are Orthogonality Restoring Combin-ing(ORC), Equal Gain Combining(EGC), Maximal RatioCombining(MRC), Minimum Mean Square Error Combin-ing(MMSEC). We study these te
hniques in Se
tion V-Cand evaluate their performan
e for the 
ase of a MC-CDMAre
eiver in Se
tion VI.B. Resour
e management and Throughput maximization ina CDMA systemIn a CDMA system, the set of 
odes is the resour
ethat is to be distributed. Spreading 
odes are sequen
esof pseudo random bits that are used to expand the band-width o

upied by a narrowband signal whi
h is termed asthe spreading operation in a CDMA system. Orthogonal
odes have good 
ross-
orrelation properties and hen
e areemployed for allowing simultaneous transmissions by vari-ous users. Instead of using �xed length 
odes for the entirenetwork, orthogonal 
odes of variable length have been pro-posed in [1℄. Sin
e the length of a 
ode also di
tates thebit rate designated to a user, using 
odes of smaller lengthprovides larger data rates and hen
e smaller length 
odesshould be preferred to a
hieve greater throughput. But thenumber of su
h mutually orthogonal 
odes de
reases withde
reasing length of the 
odes. Hen
e, there is a need tospatially reuse 
odes, i.e. 
odes need to be reused at ter-minals whi
h are not in hearing range of ea
h other. Butallo
ation of the same 
ode to multiple terminals gives riseto the possibility of spa
e and time overlap of two or morepa
ket re
eptions on the same 
ode, 
alled a 
ollision orinterferen
e, whi
h results in 
orrupted bits being re
eivedat the re
eiver.Collisions in
rease the number of retransmissions and de-
rease the throughput. In [2℄, interferen
e has been de-s
ribed as either being dire
t or se
ondary. Dire
t interfer-en
e o

urs when two nodes simultaneously initiate trans-missions to ea
h other. Su
h 
ollisions 
an be avoided byproper s
heduling at the MAC layer. Se
ondary interfer-en
e o

urs at a re
eiver due to simultaneous transmissionsby two transmitters who 
annot hear ea
h other. They pre-sented a proto
ol whi
h allo
ates a 
ode to ea
h terminalwhi
h is di�erent from the 
odes allo
ated to its two-hopneighbors. This 
an be seen to eliminate 
ollisions but re-quires a large number of 
odes in the worst 
ase.The 
ode allo
ation problem for eliminating se
ondary
ollisions has been shown to be NP-Complete[3℄ and there-fore several heuristi
 solutions have been presented [3℄,[4℄. Due to the known intra
tability of the problem therehas been little work on bounding the worst 
ase behav-ior of 
ode allo
ation te
hniques and none on the in
reasedthroughput obtained by using 
odes of smaller length whiledoing 
ode allo
ation.In fa
t, the use of variable length 
odes provides optimalallo
ation of the radio spe
trum allowing the 
ode allo
a-

tion to be independent of worst 
ase s
enarios that mightexist lo
ally. If we were to use �xed length 
odes, the small-est length of the 
ode would be dominated by the minimumrequired at any pla
e in the network. Suppose some partof the network had an abnormally high density of mobiles.Then the length of the 
ode used here would be extremelylarge and sin
e the 
odes are �xed length, the throughputin the whole network (whi
h is related to the length of the
odes), would be low. On the other hand, if we were to usevariable length 
odes then we 
ould allo
ate larger length
odes in this part of the network and use shorter lengthsin parts where the density was low, thus a
hieving higherthroughput.We introdu
e the 
on
ept of the Range Sum of a graphwhi
h is used to provide an analyti
al basis for design ofthe 
ode allo
ation s
heme whi
h maximizes throughput inan Ad Ho
 network.C. Organization of this reportThe rest of the report is 
omposed of two parts dis
ussingthe two 
omponents of the proje
t. The former part 
on-
entrates on the PHY layer aspe
ts of our investigation andthe latter on the issue of resour
e optimization proto
olsthat exploit the CDMA based PHY layer.In Se
tion III we present the preliminary de�nitionsand assumptions (The 
hannel model, spreading 
odesand network model are dis
ussed). Se
tion IV 
omparesthe various spreading te
hniques proposed in the litera-ture. Se
tion V explains the 
omponents of the MC-CDMAtrans
eiver system, the transmitter, the re
eiver and out-lines the 
ombining strategies employed at the re
eiver.The performan
e of an MC-CDMA system with empha-sis on the impa
t of the various 
ombining strategies on theBER is studied through simulations and the results are pre-sented in Se
tion VI. The four 
ombining s
hemes ORC,EGC, MRC and MMSEC are studied for di�erent 
han-nel 
onditions and di�erent number of users. Finally basedon the simulation results, the design of the PHY layer ispresented in Se
tion VII.In Se
tion VIII we dis
uss the unique problems thatan ad ho
 network indu
es followed by existing solutions.Then the problem of 
ode allo
ation is introdu
ed in Se
-tion IX and a stati
 
ode allo
ations s
heme is dis
ussed.We formulate the 
ode allo
ation problem in graph the-oreti
 terms in Se
tion X. The rest of the report is de-voted to modelling the problem of 
ode allo
ation in anMC-CDMA based ad ho
 network with a throughput max-imization 
riterion as a new variant of the graph 
oloringproblem and present graph-theoreti
 analysis of the prob-lem. In Se
tion XI we introdu
e the 
on
ept of the RangeSum of a graph and present its NP-Completeness alongwith an approximation algorithm for the same. In Se
tionXII we present te
hniques to allo
ate 
odes for maximizingaggregate throughput based on the approximation solutionto the range sum problem.Se
tion XIII presents the simulation parameter and re-sults for the se
ond set of simulations whi
h were performed
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Fig. 1. Tapped Delay Line Modelto evaluate the performan
e of our dynami
 variable length
ode allo
ation s
heme against the stati
 allo
ation 
ur-rently in use and as presented in Se
tion IX-B.Finally in Se
tion XIV and XV we present the 
on
lu-sions and future work respe
tively.III. Preliminaries and AssumptionsA. Channel ModelFor the �rst part of the investigations where we evalu-ate the performan
e of the modulation te
hniques we takethe 
hannel to be frequen
y-sele
tive and fast Rayleigh fad-ing. We 
onsider the equivalent low-pass impulse responseh(� ; t) whi
h is 
hara
terised as a 
omplex-valued randompro
ess in the variable t[5℄. We assume h(� ; t) to be wide-sense-stationary, with un
orrelated s
attering and havingL re
eived paths. As shown in Figure 1 we model the timevariant frequen
y sele
tive 
hannel as a tapped delay linewith tap spa
ing 1=W and tap weight 
oe�
ients fgl(t)g,where fgl(t)g is a set of time varying 
hannel 
oe�
ientsfor the lth path. gl(t) = 1w
( lw ; t) (1)whereW is the bandwidth o

upied by the real bandpasssignal.The low pass impulse response of the 
hannel ish(� ; t) = LXl=1 gl(t)Æ(� � �l) (2)where j is user index, t and � are the time and the delay,respe
tively, Æ(�) is the Dira
 delta fun
tion, �l is the prop-agation delay for the lth path. For the 
ase of Rayleighfading, as 
onsidered here, the amplitudes of the 
oe�-
ients are Rayleigh distributed and the phases �l(t) areuniformly distributed.The 
hannel also adds White Gaussian Noise (WGN) tothe output of the tapped delay line.B. Spreading Codes

B.1 Orthogonality of CodesTwo 
odes are said to be orthogonal when their innerprodu
t is zero. The inner produ
t, in the 
ase of 
odeswith elements values +1 and -1, is the sum of all the termswe get by multiplying two 
odes element by element. Forexample, (1, 1, 1, 1) and (1, 1, -1, -1) are orthogonal: (1 �1) + (1 � 1) + (1 � �1) + (1 � �1) = 0B.2 Walsh Hadamard CodesEa
h user is assigned a signature 
ode from an orthogo-nal set. In this study the 
odes are 
hosen from the Walsh-Hadamard 
ode set de�ned re
ursively asHn = � Hn�1 Hn�1Hn�1 �Hn�1 � (3)with the base value H0 = [1℄Ea
h row of the 2n � 2n matrix, Hn, gives the 2n bit
ode for a user.B.3 Orthogonal Variable Spreading Fa
tor CodesCDMA supports di�erent spreading fa
tors therefore itis possible for the 
hannelization 
odes to have di�erentlengths. Thus, to �nd a set of 
odewords (di�erent lengths)that are orthogonal, an algorithm based on the 
ode tree asshown in Figure 2 is used. Codes on di�erent levels of thetree have di�erent lengths. And during spreading, longer
odes result in lower bit rates. When two messages withdi�erent 
odewords and spreading fa
tors are transmittedat the same time, the shorter 
odeword, modulated by itsinformation message, will get repeated a number of timesfor ea
h transmission of one longer 
odeword. This wouldmean that to maintain orthogonality, the longer 
odewordshould not be derivable from the shorter one. Referring tothe tree stru
ture, it means that if a 
odeword is assigned toa 
ertain user, then all the 
odewords below that assigned
odeword 
annot be used, as they are not orthogonal to it[1℄.A tree stru
tured method for generating su
h orthogonal
odes with di�erent lengths was proposed in [1℄. The setof N 
odes, CN (i)0s, at one level of the tree are generatedfrom the previous level by generating two 
odes for ea
h
ode at level N � 1; i.e. CN (2i) = CN�1(i) � CN�1(i)and CN (2i � 1) = CN�1(i) � CN�1(i) , where � denotesthe 
on
atenation operation. The 
odes at level N have aSpreading Fa
tor of N and thus using OVSF 
odes we 
anprovide variable data rates by allo
ating 
odes at di�erentlevels. All 
odes are orthogonal to ea
h other ex
ept in the
ase when one is an an
estor of the other in the 
ode tree.The 
ode tree upto level 3, 
onsisting of a total of 7 
odes,is shown in Figure 2.OVSF 
odes allow us to allo
ate variable spread fa
tor
odes, resulting in variable data rate allo
ation to the ter-minals, while still maintaining orthogonality. A pair of
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SF=2 SF=4SF=1Fig. 2. Orthogonal Variable Spreading Fa
tor Code Tree shown upto level 3.(possibly di�erent length) 
odes in this set are orthogonalto ea
h other ex
ept when one is derived from the other.C. Network ModelWe 
onsider a multihop ad ho
 network of mobile ter-minals for evaluating the performan
e of 
ode allo
ations
hemes in the se
ond part of the investigation. All ter-minals 
ommuni
ate through a 
ommon wide-band trans-mission 
hannel using CDMA. A symmetri
 
onne
tivity
hannel is assumed, i.e. if i 
an re
eive a transmissionfrom j then it is assumed that j 
an re
eive any trans-mission from i. Variable length spreading 
odes are usedto spread the data bit over the entire spe
trum and ea
htransmitter-re
eiver pair mutually agree on a 
ode beforeinitiating 
ommuni
ation.Re
eiver terminals are equipped with the fa
ility tobroad
ast the 
ode on whi
h they are re
eiving their trans-mission. This is done on a broad
ast 
hannel (time slot)during the Medium A

ess Control layer ACK phase. Ifthe MC-CDMA[6℄, [7℄ is being used, then this 
an be doneeasily without extra hardware and without en
roa
hing onthe data transmission, as shown in [8℄.A CDMA system with 
ode reuse is prone to the problemof se
ondary interferen
e. Two possible situations in whi
hsu
h interferen
e 
an o

ur, as observed in [2℄, are shownin Figure 3. Here, A and C are transmitters transmittingon 
ode I to the re
eiver shown by their respe
tive arrowsand 
annot hear ea
h other's transmissions. In both situa-tions a 
ollision o

urs at B. In a dynami
 
ode allo
ations
heme if ea
h transmitter were to observe the 
odes be-ing used in its neighborhood before de
iding its own 
odethen there would have been no 
ollisions in both the 
asesillustrated above. Thus, for the situations in Figure 3, abroad
ast by the re
eiver B would have allowed the trans-mitter whi
h started transmitting later (A or C) to avoidthe 
ode I .

A B

C D

I

I

A

I

B C

I

(a)

(b)Fig. 3. (a) Interferen
e o

urring at the re
eiver by simultaneoustransmission by two senders using the 
ase 
ode I. (b) Interfer-en
e o

urring at a re
eiver due to overhearing of another trans-mission at the same 
ode I.
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Fig. 4. DS-CDMA Transmitter and transmitted power spe
trumIV. Comparison Of Spreading Te
hniquesBefore going on to des
ribe our physi
al layer in detail,we will do a 
ursory examination of other spreading te
h-niques and 
ompare them with our 
hoi
e: MC-CDMA.A. DS-CDMAThe DS-CDMA transmitter spreads the original datastream using a given spreading 
ode in the time domain.The system model is illustrated in Figure 4Bandwidth: (main lobe)8>>>>>><>>>>>>: BDS = 2KDS=TS; for re
tangular pulsewaveformBDS = (1 + �)KDS=TS; (0 � � � 1);for Nyquist waveformwith rolloff fa
tor �
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ture and power spe
trum for MC-DS-CDMAB. MultiCarrier-CDMAThe MC-CDMA system is des
ribed in Se
tion V.C. Multi
arrier DS-CDMAThis spreads the the S/P 
onverted data streams using agiven spreading 
ode in the time domain so that the result-ing spe
trum of ea
h sub
arrier 
an satisfy the orthogonality
ondition with the minimum frequen
y separation [9℄. Thesystem is shown Figure 5D. MultiTone-CDMAThe MT-CDMA transmitter spreads the S/P 
onverteddata streams using a given spreading 
ode in the timedomain so that the spe
trum of ea
h sub
arrier prior tospreading operation 
an satisfy the orthogonality 
onstraintwith the minimum frequen
y separation [9℄. The system isshown in Figure 6.E. BER performan
eThe BER performan
e of the di�erent spreading te
h-niques is shown in Figure. 7.F. System Performan
e ComparisonShown in Table I is the 
omparison of di�erent te
h-niques wrt. various parameters.V. MC-CDMA SystemMC-CDMA is a digital modulation te
hnique where asingle data symbol is transmitted at multiple narrowbandsub
arriers where ea
h sub
arrier is en
oded with a phase
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Fig. 7. BER Performan
e Comparisono�set of 0 or � based on a spreading 
ode, as opposed toa 
onvential OFDM whi
h sends di�erent data bits overdi�erent sub
arriers. The narrowband sub
arriers are sep-arated by a frequen
y 1=Tb at baseband, where Tb is thesymbol duration. This results in the sub
arriers being or-thogonal to ea
h other at baseband. At the re
eiver, bymultiplying with the parti
ular frequen
y of interest andsumming over a symbol duration, we 
an isolate the sym-bol 
omponent at that sub
arrier [10℄.MC-CDMA is a 
ombination of DS-CDMA (Dire
t Se-quen
e CDMA) and the OFDM (Orthogonal Frequen
y Di-vision Multia

ess) te
hniques and inherits all the good andbad properties of its parents[9℄. MC-CDMA transmits thesame symbol over a number of parallel sub
arriers, wherethe number of sub
arriers is determined by the pro
essinggain, su
h that the original baud rate remains un
hanged.The frequen
y diversity thus obtained is used to 
ombatfrequen
y sele
tive fading. Sin
e there is 
onsiderable re-dundan
y in the frequen
y domain the transmitter 
an af-ford to lower its power levels at ea
h of the sub
arriers.As CDMA systems have evolved from being noise limited



6TABLE IPerforman
e Comparison of different CDMA te
hniquesDS-CDMA MC-CDMA MC-DS-CDMA MT-CDMASymbol duration at sub
arrier TS NCTS=GMC NCTS NCTSNumber of sub
arriers (1) NC NC NCPro
essing Gain GDS GMC � GDS GMD = GDS GMT = GDSChip Duration TS=GDS NCTS=GMD NCTS=GMTSub
arrier separation 1=TS GDS=(NCTS) 1=(NCTS)Required Bandwidth GDSTS ? NC+1NC � GMCTS NC+1NC � GMDTS NC�1+2GMTNCTSto being interferen
e limited, this lowered energy at ea
hsub
arrier allows the system to admit more users than the
onventional s
hemes. To make full use of the re
eived sig-nal energy (s
attered in the time domain for DS-CDMA)the DS-CDMA re
eiver is limited by the number of Rake�ngers that 
an be deployed. However an MC-CDMA re-
eiver 
an always make full use of the re
eived signal energysin
e it is s
attered in the frequen
y domain.[9℄A. TransmitterThe MC-CDMA transmitter, as shown in Figure 8(a),repli
ates dji , the ith bit of the jth user, into N 
opies,where N is the number of sub
arriers. Ea
h 
opy thusobtained is multiplied by Cji , the ith bit of the signature
ode assigned to the jth user. This operation 
an be seenas spreading in the frequen
y domain of the data streamon to the available bandwidth W . These 
opies, in turn,modulate the N sub
arriers, where the sub
arrier separa-tion, �f , is 1=Tb. These N 
omponents are then addedtogether to obtain the transmitted signal, sj(t), for the jthuser.The transmitted signal for jth user, sj(t), is given by:sj(t) = +1Xi=�1N�1Xm=0Cjmdji ej2�m�f(t�iTb)pTb (t� iTb) (4)where pTb(t) is the re
tangular symbol pulse waveform.The power spe
trum of the transmitted signal, as shownin Fig. 8(b), 
an be seen to be a 
ombination of N narrow-band signals, at frequen
ies fo to fN�1, with the 
onstantfrequen
y separation �f .A.1 Determination of the Optimal Values for NC and �:As is intutively explained in Figure 9 there should existan optimal value in NC and � to minimize the BER [11℄.Number of sub
arriers: When the transmission rateis given, the transmission performan
e be
omes more sen-sitive to the time sele
tivity as the number of sub
arriers(NC) in
reases be
ause the wider symbol duration is lessrobust to the random FM noise, whereas it be
omes pooras NC de
reases be
ause the wider power spe
trum of ea
hsub
arrier is less robust to the frequen
y sele
tivity.Guard interval: On the other hand, the transmissionperforman
e be
omes poor as the length of the guard in-terval � in
reases be
ause the signal transmission in the

Fig. 9. Determination of optimal values of NC and �.guard duration introdu
es the power loss, whereas it be-
omes more sensitive to the frequen
y sele
tivity as � de-
reases be
ause the shorter guard duration is less robust tothe delay spread.Therefore, for a given transmission rate, doppler spreadand delay spread, there exists an optimal value to minimisethe BER in both NC and � .Nopt and �opt must maximise the auto
orrelation fun
-tion of the qth sub
arrier for the jth user, be
ause it meansa measure to show how mu
h the re
eived signal 
an be dis-torted in the time-frequen
y-sele
tive fading 
hannel.In the 
ase of the 
hannel 
hara
teristi
s being:� delay spread: 20ns� doppler spread: 10Hz� transmission rate: 3Msymbols/s (BPSK format)
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eiver Model� walsh hadamard 
odes with length=32 for MC-CDMAand gold 
odes of length 31 for DS-CDMAThe optimal values are [Nopt ,�=T 0S℄ = [256 , 0.015℄, whi
hmeans that the original data sequen
e is �rst 
onverted intoeight parallel sequen
es and then ea
h is mapped onto 32sub
arriers. The bandwidth required for MC and DS are97.8 and 186 MHz respe
tively: A fa
tor of 1.9 !!!B. Re
eiverThe re
eived signal is [11℄r(t) = JXj=1 Z +1�1 sj(t� �)
 hj(� ; t)d� + n(t)= +1Xi=�1N�1Xm=0 JXj=1 zjm(t)djiCjmps(t� iTb)ej2�m�ft+n(t) (5)where zjm(t) is the re
eived 
omplex envelope at the mthsub
arrier.The re
eiver model is as shown in Figure 10.The depsreading operation is the inverse of the spread-ing operation done at the transmitter. The individual 
om-

ponents, 
ontributing to the de
ision variable, 
an be ob-tained by demodulating with their respe
tive 
arrier fre-quen
ies, followed by multipli
ation by the 
orresponding
ode bit and the gain at that sub
arrier, Gjm, and inte-grating over one symbol duration. The gain Gjm is used to
ompensate for the distortion, in the amplitude and phase,introdu
ed by the 
hannel at the mth sub
arrier.Finally, the de
ision variable is given by�j(t = iTb) = N�1Xm=0Gjmy(m) (6)y(m) = JXj=1 zjm(iTb)dj
jm + nm(iTb) (7)where are y(m) and nm(iTb) are the 
omplex baseband
omponent of the re
eived signal and and the 
omplex ad-ditive gaussian noise at the mth sub
arrier at t = iTb,respe
tively.C. Combining S
hemesVarious 
ombining strategies have been proposed to de-termine the gain. The underlying rule of these te
hniquesshould be to redu
e the e�e
t of fading and the interfer-en
e while not enhan
ing the e�e
t of noise on the de
ision.The equalization te
hniques are not derived with respe
tto any optimization 
riterion but are essentially heuristi
s.[10℄They are desirable for their simpli
ity. In the follow-ing, we 
onsider EGC, MRC, ORC and MMSEC. Thesete
hniques 
an be asso
iated with 
lassi
al diversity the-ory as they involve multiplying ea
h 
opy of the signal bysome gain fa
tor. Ea
h of these te
hniques will a�e
t thedistribution of noise 
omponent di�erently.



8C.1 Equal Gain Combining (EGC)This te
hnique does not attempt to equalize the e�e
t ofthe 
hannel in any way. The gain fa
tor is given by [10℄Gjm = 
jmzj?m = ��zjm�� (8)whi
h implies that the multipli
ation with the re
eivedsignal's 
omplex envelope will result in the amplitude beingpassed as it is.C.2 Maximum Ratio Combining (MRC)We expe
t that the 
omponent signals with larger am-plitude will have a lesser noise 
omponent. Therefore bye�e
tively squaring the amplitude we will in
rease the in-�uen
e of these sub
arrier 
omponents on the de
ision vari-able. The gain fa
tor is given by [10℄Gjm = 
jmzj?m (9)C.3 Orthogonality Restoring Combining (ORC)In this s
heme we try to 
an
el the e�e
t of the 
hanneland restore the orthogonality amongst the users. The gainis given by Gjm = 
jmzj?m = ��zjm��2 (10)However in this s
heme noise ampli�
ation takes pla
eat the low level sub
arriers whi
h get mulitplied by highgains.C.4 Minimum Mean Square Error Combining (MMSEC)The gain in this s
heme is given byGjm = 
jmzj?m =0� JXj=1 ��zjm��2 + �21A (11)For small��zjm�� the gain be
omes small to avoid noise am-pli�
ation and for larger ��zjm��the gain restores orthogonal-ity by dividing by the sub
arrier envelope. This s
hememakes use of the 
omplex envelopes of all the users and sois prohibitively 
ompli
ated.VI. Simulations and Numeri
al Results for thePHY Layer DesignA. System DesignFor the simulations we have developed a simulator, thatmodels the trans
eiver system for J users as shown inFigure.11. We take a bit rate of 1Mbps, a pro
essing gainof 128 and 7-path delay pro�le, 
ommonly found in ur-ban areas [12℄, [13℄. At the re
eiver end, full knowledge ofthe 
hannel 
oe�
ients is assumed. The Doppler spread istaken to be 10Hz.

The 
omplexity inherent in the parallel system of sub-
arriers whi
h require the use of a number of �lters andmodulators, et
., is greatly redu
ed by eliminating anypulse shaping and by using the IDFT/DFT for modula-tion/demodulation pro
ess [14℄, [12℄.B. BER Performan
eB.1 BER 
omparison at di�erent loads on the system.At a Eb=No value of 10dB and BPSK modulation, theBERs obtained are shown in Figure 12.It 
an be seen that MRC performs satisfa
torily only forsmall number of users, thereafter it gives the worst BER ofall the s
hemes. This is due to the fa
t that at low loadsthe system is noise limited and by squaring the amplitude,MRC only 
ombats the noise while it destroys the orthog-onality. Therefore it is not suitable for interferen
e limited
hannels.MMSEC results in the best BERs of all the s
hemes, be-
ause it takes into 
onsideration the noise in the 
hanneland the number of interfering users. However this intro-du
es 
omplexity into the re
eiver implementation.EGC and ORC lie between MMSEC and MRC in thatorder. Sin
e in EGC the interferen
e is not multiplied,and ORC attempts to restore orthogonality they are bothsuitable for interferen
e limited 
hannel, and might be pre-ferred for their simpli
ity.B.2 BER 
omparison at di�erent 
hannel 
onditions.Figure 13 shows the performan
e at Eb=No values in therange of 0 to 20dB with 64 users and BPSK modulation.Performan
e of MRC does not show any improvementeven as Eb=No in
reases be
ause of the high interferen
e inthe 
hannel. ORC is able to su

essfully restore orthogo-nality asEb=No in
reases, hen
e its BER steadily de
reases.EGC also shows a steady improvement in the performan
e.MMSEC outperforms the other s
hemes dis
ussed here be-
ause in addition to restoring orthogonality at high Eb=No,it also takes 
are of the noise dominant at low Eb=No.B.3 BER 
omparision for M-PSK modulation.In
reasing the order of modulation does not a�e
t the rel-ative merits of the 
onsidered 
ombining s
hemes as shownin Figure.14 for M -ary PSK, where M is the order of themodulation, taken at an SNR of 15dB, a pro
essing gainof 128 and number of users equal to 64. The BER perfor-man
e is satisfa
tory only for low values of M . In thesesimulations, the bit rate is taken to be 
onstant so thatas M in
reases the transmitted symbol duration in
reases,making it more sus
eptible to time sele
tive fading.The symbol 
onstellation obtained for 8-PSK is shownin Figure 15.B.4 BER 
omparison for M-ary Quadrature AmplitudeModulationThe BER graphs obtained by varying the order of mod-ulation is shown in Figure 16. The graph is similar to that
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Fig. 16. Simulation Results: BER performan
e at M-ary QAM. (L = log2(M))obtained for MPSK. For very high number of signallingpoints the probability of error in
reases and so BER shouldshow an in
rease as is the 
ase. The dip while going from2QAM to 4QAM 
an be explained by the de
reased bitratein 4QAM. VII. Summary of Physi
al Layer DesignBased on the simulations done in the proje
t, MC-CDMA was shown to be a most promising te
hnique.Therefore we propose the following physi
al layer design:� Spreading Te
hnique: MultiCarrier-Code Division Mul-tiple A

ess (MC-CDMA).� Modulation: Quadrature Phase Shift Keying (QPSK).� Combining Strategy: Minimum Mean Square ErrorCombining (MMSEC).MC-CDMA also happens to be one of the 
ontenders for 4Gwireless [15℄. In addition, the simple implementation of theMC-CDMA transmitter allows us to suggest modi�
ationsthat will help the MAC layer in its fun
tioning.
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eived Symbol Constellation for8PSKVIII. Resour
e Management in Wireless AdHo
 NetworksA major issue in wireless networks is developing e�
ientmedium a

ess proto
ols that optimise spe
tral reuse, andhen
e, maximize aggregate 
hannel utilization. Multiplea

ess based 
ollision avoidan
e MAC proto
ols work onthe prin
iple that the sender and re
eiver �rst `a
quire the�oor' before initiating transmission. We are using the term`�oor' in a very generi
 
ontext to mean the resour
es avail-able. This 
ould be the bandwidth being used by a trans-mission in a frequen
y allo
ating system, the number oftime slots in a time-slotted system or the amount of powerbeing used for a transmission in a power 
ontrolled MAC.Due to the la
k of a 
oordinating authority, the nodes in-volved will have to ensure that they a
quire this �oor in a
onsistent manner and the nodes in the vi
inity should beaware of all su
h allo
ations.But any kind of �oor a
quisition will inevitably lead toproblems whi
h we shall dis
uss in Se
tion VIII-A. We thenpropose our solution to the problem of optimizing resour
eusage in wireless ad ho
 networks by observing and ex-ploiting the advantages o�ered by using variable spreadingfa
tor 
odes. In Se
tion XI we introdu
e the Range Sumof a graph. If we use variable length orthogonal 
odes thenthe problem of 
ode allo
ation for maximizing throughputindu
es an interesting version of the graph 
oloring prob-lem. The 
ode allo
ation with this maximization 
riterionwill be formulated as an instan
e of range sum in Se
tionXII. This is used later for designing a distributed greedyalgorithm for wireless ad ho
 networks.A. ProblemsA.1 Hidden/Exposed node problemIn ad ho
 networks nodes have to 
ontend to resolve thehidden and exposed nodes problems. Consider the s
enarioof three mobile hosts in Figure 17. Hosts A and B arewithin ea
h other's transmission range and so are B andC. However A and C 
annot hear ea
h other. When A is

BA C A B C DFig. 17. Hidden and Exposed Node Problemstransmitting to B, sin
e C 
annot sense A's transmissionit may falsely 
on
lude that the medium is free and starttransmitting to B 
ausing a 
ollision. The problem that astation 
annot dete
t a potential 
ompetitor be
ause the
ompetitor is too far away is 
alled the hidden terminalproblem.In Figure 17, when B is transmitting to A, host C 
ansense the medium and will 
on
lude that it 
annot trans-mit. However if D is the intended re
ipient then su
h atransmission 
an a
tually be granted. Su
h ine�
ien
y in
hannel use is 
alled the exposed terminal problem.A.2 Ex
ess 
onne
tivityIn networks with high density of nodes, there 
an po-tentially be very high 
onne
tivity, ie ea
h node will havea large degree in the graph. This 
an lead to low 
han-nel utlization, sin
e any one node transmitting will shutdown all its neighbors (whi
h are are large) in the 
ase ofsingle 
hannel system. Moreover, su
h large degrees areunwanted in that the network 
ould fun
tion suitably evenin the presen
e of lesser number of neighbors for ea
h node,and so the nodes are essentially wasting their power by be-ing 
onne
ted to su
h a large number of relatively far awaynodes.B. Existing solutionsVarious solutions have been proposed to minimise theabove problems:B.1 RTS/CTS based 
ollision avoidan
eTo alleviate the problems of hidden terminals disrupt-ing ongoing transmissions the RTS/CTS me
hanism wasproposed. When a node wishes to transmit to its neigh-bor, it �rst transmits a an RTS (Request To Send). There
eiver then 
onsents to the 
ommuni
ation by replyingwith a CTS (Clear To Send) pa
ket. Any neighbors in thevi
inity will wait for the duration spe
i�ed on hearing theCTS. This shall prevent node C from disrupting the 
om-muni
ation and in essen
e eliminating the hidden terminalproblem. This is used in IEEE802.11 for redu
ing the pos-sibility of 
ollisions.B.2 RTS/CTS with busy tonesAlthough the RTS/CTS me
hanism 
an alleviate somehidden and exposed node problems, when propagation de-lays are long the CTS pa
kets 
an easily be destroyed. Thisshall result in disruption of data pa
kets when tra�
 load ishigh. Again 
onsider the Figure . If instead of a transmis-sion from C to D, D wanted to initiate a transmission to Cand at the same time A and B's RTS/CTS ex
hange took



12pla
e, There is the posibility of C not hearing pa
kets fromeither of the 
ommuni
ations be
ause of long propagationdelays. This would allow C to start transmitting later on,in the pro
ess disrupting the 
ommuni
ation at B. It hasbeen analysed that under heavy tra�
 loads the probabilityof 
ollisions 
an be as high as 60%. To resolve the problema proto
ol 
alled DBTMA (dual busy tone multiple a

ess)was proposed. The single 
ommon 
hannel is split into adata and a 
ontrol 
hannel. The 
ontrol 
hannel is usedfor RTS/CTS and 2 narrowband frequen
ies are reservedfor transmit busy tones and re
eive busy tones. The pur-pose of busy tones is to add 
apabilities of 
arrier sensingto trans
eivers. Hosts make sure that there are no BTsaround before initiating transmissions.IX. Issues in a CDMA based MACThe use of CDMA as the physi
al layer adds anotherdimension to the s
enario. In CDMA there is no expli
itsubdivision of the resour
es eg. bandwidth. All the usersuse the entire bandwidth at the same time. This allowsus to have multiple simultaneous transmission in the samespatial zone at the same time, and so the 
on
ept of �oora
quisition 
annot be dire
tly translated to the CDMA sys-tem.As we shall see later, the problems mentioned earlier,eg. Hidden nodes, will be automati
ally taken 
are of inCDMA sin
e multiple transmissions, overlapping in bothtime and frequen
y, are possible. But to do that e�
ientlywe need to properly allo
ate users with 
odes.A. Code Allo
ationIn the 
ellular CDMA system the 
ode allo
ation is 
en-trally monitored, while in mobile ad ho
 systems this hasto be done in a distributed manner. In a large network, thenumber of transmission 
odes is smaller than the numberof nodes, and senders and re
eivers must agree on whi
htransmission 
ode to use in a way that avoids interferen
eas mu
h as possible. In su
h networks, it is essential that
ode reuse be done, but in su
h a way that the same 
odeis used on nodes that are far apart.Interferen
e due to use of the same 
ode on nodes 
anbe of the following types:Dire
t Interferen
e: Two neighbors trying to transmit toea
h other at the same time.Se
ondary Interferen
e: Caused by interferen
e with senderstrying to transmit to re
eivers su
h that the senders' trans-missions interferes at at least one re
eiver. The two situ-ations in whi
h this 
an happen have been illustrated inFigure. Two stations unaware of ea
h others' existen
e
an try to transmit to the same re
eiver; giving rise to thetransmitter oriented 
ode assignment problem. The se
-ond 
ase of se
ondary interferen
e o

urs when a stationis transmitting to a neighbor and a third station's trans-mission to some other station 
auses interferen
e at withthe �rst transmission. This leads to the re
eiver oriented
ode assignment problem illustrated in Figure As 
an beseen from this, the 
ode assignment problem requires that

A B

C D

I

I

A

I

B C

I

(a)

(b)Fig. 18. Se
ondary Interferen
eno set of stations whi
h are two hops away have the same
ode.Several approa
hes have been proposed for 
hannel/
odeassignment using �xed length 
odes. We now des
ribe adistributed algorithm, whi
h uses message passing to arriveat a distributed solution to the 
ode allo
ation problem,given that the number of 
odes is at least d(d�1)+2.1 Thealgorithm [2℄ is designed to be part of the MAC and routingproto
ols of a multihop pa
ket radio network. It is basedon the asyn
hronous ex
hange of 
ontrol messages that arepart of the regular MAC and routing messages, and theinformation generated by any one node propagates up totwo hops away from the node. Code Assignment Messages(CAM) are used for 
ode assignment and are a
knowledgedby expli
it ACKs.B. Stati
 Code allo
ation using Message Ex
hangeInformation maintained at ea
h node:Priority List: Ea
h node has a unique priority numberassigned to it. This allows us to resolve 
lashes when twonodes dis
over to another one using the same 
ode and oneof them has to leave that 
ode and sear
h for a new one.The priority list 
onsists of priority number of the one-hopand two-hop neighbors and their 
odes.Neighbor List : List of immediate neighbors.Code Assignment Message Retransmission List(CAMRL): One or more retransmission entries, 
on-sisting of sequen
e number of the CAM, retransmission
ounter, and ACK bitmap of the size of the neighbor list.Unassigned Code List(UCL): Codes available.1The 
lustering approa
h 
an also be used for this problem, byredu
ing the task of global 
ode allo
ation to that of 
ode allo
ationwithin the 
luster.



13Information Ex
hanged:The CAMs propagate only from a 
ode to its neighborsand no further. Ea
h CAM 
ontains:1. Address of CAM sender along with its 
ode.2. The addresses of the nodes one hop neighbors along withtheir 
ode.3. ACKs to earlier CAMs. An ACK entry spe
i�es thesour
e and the sequen
e number of the CAM being a
-knowledged.4. A response list of zero or more nodes whi
h need to sendan ACK for this CAMCAMs are sent when:1. A new node 
omes up. Its priority list 
onsists of itsown address and its own 
ode. It broad
asts this to all itsneighbors.2. When a node i dete
ts a 
hange of 
ode by any of its one-hop neighbors, i makes the required 
hanges in its prioritylist and sends a CAM to all its one-hop neighbors in
ludingthe one that 
hanged the 
ode.3. When a node i �nds that a 
ertain one-hop neighbor jis no longer a
tive, it drops j from its priority list, Thisinformation is then 
onveyed to all its one-hop neighbors.Updating the priority list:A node updates its priority list either after dete
ting a
hange of 
ode in one of its one-hop neighbors or afterre
eiving a CAM about a two-hop neighbor.When a node noti
es a 
hange in 
ode of any of its one-hop neighbors, it makes a 
hange in its priority list andsends a CAM with its own address and the address of itsone-hop neighbor along with their 
odes. Three situations
an arise:1. If the new 
ode of the two hop neighbor is not the sameas this node 
ode, then the new 
ode is entered into thepriority list.2. If the new 
ode is the same and the neighbors priority ishigher then this node pi
ks up the new 
ode and updatesits priority list.3. If the new 
ode is the same as this nodes 
ode, thena temporary 
on�i
t o

urs and the new node will be in-formed by the intervening one-hop neighbor.In the �rst two 
ases, the UCLs have to be updates.Complexity of Code Assignment� Communi
ation Complexity: In the worst 
ase, a
ode 
hange might indu
e a 
ode 
hange in its two hopsneighbors 
ode whi
h 
an re
urse and 
ause a worst 
ase
omplexity of O(jV j � d2)� Computation Complexity:In the worst 
ase there ared+ 1 entries in the CAM, This in
ludes new entries whi
hdid not exist in the priority list earlier. The entries arepresumed to be in sorted order. A s
an of the priority listis done and new 
odes added to it. Updating the UCl basedon this s
an 
an take O(d2) whi
h is the 
omplexity.� Storage Complexity:Can be trivially shown to beO(d2)
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Fig. 19. Graphi
al illustration of the range set <2. Overlappingranges are shown 
onne
ted and form a 
omplete binary tree.For simpli
ity, the subs
ript 2 has been omitted.X. Graph Theoreti
 Formulation of the CodeAllo
ation ProblemA mobile ad ho
 network 
an be modeled as an undi-re
ted graph Gtopo = (V;E), 
alled the topology graph,where the set of verti
es V = f1; : : : ; ng represent the set ofmobile terminals with an edge between two verti
es i� the
orresponding mobiles 
an hear ea
h others transmissions.In su
h a 
ase, we 
all su
h mobile terminals adja
ent.In a mobile ad ho
 network, the problem of allo
atingvariable length 
odes with a throughput maximization 
ri-terion 
an be formulated as follows: Redu
e the topol-ogy graph of the network, given a set of 
ommuni
atingtransmitter-re
eiver pairs, to a new graph in whi
h ea
htransmitter-re
eiver pair is represented by a vertex andthere is an edge between two verti
es in the new graphif they have to be assigned orthogonal 
odes, i.e. theirtransmissions will interfere if they were to o

ur on thesame 
ode. The variable length 
ode allo
ation problem isthen redu
ed to assigning 
olors(
odes) to this new graphwith 
odes from the available OVSF 
ode set su
h that theaggregate throughput is maximized.Example Let us now 
onsider the topology graph asshown in Figure 20a. The bold lines 
onne
t 
ommuni
at-ing entities and the dashed lines 
onne
t terminals whi
h
an hear ea
h other. It 
an be easily veri�ed that the as-signment of orthogonal OVSF 
odes as shown in the �gurewill lead to the maximum throughput for this set of 
om-muni
ations. If we merge ea
h pair of transmitter-re
eiverpair as shown in Figure 20b, then the problem redu
es tothat of assigning 
odes to these verti
es su
h that through-put is maximized. In Se
tion XII, we shall show how thisthroughput maximization problem is redu
ible to the prob-lem of 
omputing a 
oloring of this new graph with a summaximization 
riterion.
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(a) (b)Fig. 20. (a)A set of 
ommuni
ation requests and an optimal as-signment of OVSF 
odes whi
h will maximize throughput. Thetransmitters are shown by �lled bla
k nodes and their 
orre-sponding re
eivers are hollow and 
onne
ted by bold bla
k lines.(b)Redu
ed graph.XI. The Range Sum of a GraphTo fa
ilitate the theoreti
al analysis of the variablelength 
ode allo
ation problem we �rst de�ne the RangeSum of a graph.A. Graph Theoreti
 De�nitions and NotationFor a given undire
ted graph G = (V;E), the order andsize of the graph are the number of verti
es and edges re-spe
tively. The degree of a vertex is the number of edgesin
ident on it and let � and �d denote the maximum andaverage degree of the graph.A 
oloring of a graph is an assignment of 
olors from aspe
i�ed set to the verti
es of a graph. A 
oloring is 
alledproper if no two adja
ent verti
es share the same 
olor.The 
hromati
 number of a graph is de�ned to be be theminimum number of 
olors whi
h are required to a
hieve aproper 
oloring of the graph from the set of natural num-bers. The 
hromati
 sum[16℄ of a graph is the minimumsum of the 
olors of the verti
es over all 
olorings of thegraph with natural numbers.B. The Range SumWe now introdu
e a new variant of the 
hromati
 sum ofa graph. Instead of 
oloring the nodes with 
olors from theset of natural numbers, we instead 
olor the verti
es withranges whi
h are obtained by equally subdividing the linesegment [0; 1) re
ursively into � equal parts su
h that notwo adja
ent nodes are 
olored with ranges having a nonzero interse
tion. More formally:De�nition De�ne the sets R�(k) with parameters �; k re-
ursively as:� R�(0) = f(0; 1℄g� R�(k + 1) = nhl(r) + (t� 1) � jrj� ; l(r) + t � jrj� ����t � �; 8r 2 R�(k)owhere l(r) denotes the left end of the range r.
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(b)Fig. 21. Two proper range 
olorings with the Range Sum beinga
hieved with more than the number of 
olors required to a
hievethe Chromati
 SumFor notational 
onvenien
e we shall refer to the ith elementof R�(k) as R�(k; i) and denote the set of R�(k)'s as <�i.e. <� = limk!1Ski=0R�(k).Example Figure 19 shows the hierar
hi
al organizationof the ranges in <2. The ith level in this range tree 
orre-sponds to the set R2(i). Moreover the parameter �(=2 inthis 
ase) 
an be visualized as the degree of bran
hing ofthis range tree.De�nition Let G = (V;E) be a graph with vertex setV and edge set E. A proper range 
oloring is a 
oloringof the nodes with adja
ent nodes being 
olored with non-interse
ting ranges from <� ; i.e. r : V ! <� su
h thatr(u) \ r(v) = � whenever (u; v) 2 E.We de�ne the Range Sum of the graph G, ��(G), to bethe maximum sum of the lengths of ranges over all properrange 
olorings of G.Example Consider the problem of range 
oloring thegraph shown in Figure 21 with <2. For <2, the lengthof a range in R(1;�) is 0.5 and in R(2;�) is 0.25.This example illustrates the di�eren
e of the range sumproblem from the 
hromati
 sum and 
hromati
 numberproblem. The 
hromati
 number of this graph is easilyseen to be 3 whi
h is also the number of 
olors required toa
hieve the 
hromati
 sum of 9(=1+2+3+1+2). As 
an beseen, both 
olorings shown in the �gure are proper range
olorings but the one in Figure 21b uses 4 
olors(ranges)while the one in Figure 21a uses 3 
olors(ranges) (= the
hromati
 number and also the number of 
olors for 
hro-mati
 sum 
oloring).The range 
oloring in Figure 21b a
hieves the Range Sumfor this graph whi
h is equal to 2.0 (=P jr(i)j = 0:25�2+0:5�3), even though it uses more ranges than the minimumrequired for proper 
oloring. Any range 
oloring using lessthan four 
olors 
annot a
hieve a sum greater than 1.75,one of whi
h is shown in Figure 21b.
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Fig. 22. An optimal range 
oloring for the 
lique K23. Here r = 4and 9 ranges are 
hosen from R(4) and 14 from R(5) summingup to 1:0.C. NP-Completeness of Range Sum ProblemConsider the following de
ision problem �:Instan
e: Graph G = (V;E) and positive integers k; �Question: Is there a proper range 
oloring, r, of G, fromranges in the set <� su
h that Pv2V jr(v)j � k.Theorem XI.1: The de
ision problem � is NP-Complete.Proof: It is easy to see that � 2 NP , sin
e given aninstan
e of �, a nondeterministi
 turing ma
hine need onlyguess an assignment of ranges to the verti
es of the graphand verify, in polynomial time, whether the assignment isproper and its sum is not less than k.Let �0 be known NP-Complete de
ision problem of 
ol-oring a graph with no more than k0 
olors. We 
onsiderthe spe
ial 
ase of the problem � with � = 2 and show itsNP-Completeness by redu
ing an arbitrary instan
e of �0,given by a graph G0 = (V 0; E0) and a positive integer k0, toan instan
e of �. The proof for any general � is a simpleextension.We use the same 
onstru
tion as was used for redu
ing aninstan
e of the 
hromati
 sum problem[16℄ to an instan
e ofthe 
hromati
 number problem. In parti
ular, we 
onstru
tthe new graph G = G0 � Kk0 , the Cartesian produ
t ofgraph G0 with a 
omplete graph Kk0 . That is, if V 0 =fv1; v2; : : : ; vng then V = fvij j1 � i � k0; 1 � j � ng and(vij ; vrs) 2 E whenever either (j = s and i 6= r) or (i =r and (vj ; vs) 2 E0). Also let k = n and � = 2. Sin
ek0 � n this 
onstru
tion 
an be done in polynomial time.We know that a 
lique of size t, ie Kt, 
an be range
olored from <2 by 
onsidering 2r+1� t ranges from R2(r)and 2t � 2r+1 ranges from R2(r + 1) where r = blog2 t
as shown in Figure 22 for the 
ase of K23. Additionallythe sum, �2(Kt), is always 1. Let Ot = fr1; r2; : : : ; rtg, bean arbitrary ordering of one su
h set of t ranges, used foroptimally 
oloring Kt.Example We envision the graph G, as a k0-exploded ver-sion of the original graph and with ea
h vertex in G0 beingrepla
ed with a k0-
lique in the new graph. An example ofthis 
onstru
tion is shown in Figure 23.We 
an obtain a range 
oloring R for G given a 
oloringC 0 for G0 by the following method: For ea
h vertex, vj 
ol-ored with 
olor 
(vj), 
olor the verti
es, vij , of its asso
iated
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Fig. 23. The 
onstru
tion for showing the NP-
ompleteness of theRange Sum problem.
lique with the ith 
olor in the 
(vj)-shifted(
y
li
ally) ver-sion of Ok0 i.e r(vij ) = Ok0((
(vj) + i0)modk0 ). Thus, ea
h
lique in the graph 
ontributes a sum of 1.0 and the totalsum over all verti
es equals n. Therefore G has a rangesum of n.Conversely, suppose there exists a proper range 
oloringof G with sum not less than n. Sin
e ea
h 
lique, Kk0 ,
orresponding to one vertex in the original graph G0 
annot be 
olored with less than k0 ranges and ea
h su
h set ofverti
es 
ontributes not more than 1.0 to the range sum, atleast k0 
olors are required to 
olor ea
h 
lique and not morethan k0 
olors will be required. Hen
e, G is k0-
olorable andso is its subgraph G0.Using the polytime redu
tion above we 
an redu
e ea
hinstan
e of �0 to an instan
e of �. Sin
e �0 is known to beNP-Complete, � is also NP-Complete.D. Approximating the Range SumThe range sum problem for arbitrary graphs has beenshown to be NP-Complete in the previous se
tion. There-fore, we now look at approximate algorithms for 
omputingthe range sum. In this se
tion we 
onsider the family ofsparse graphs with average degree �d. The ith range in thelexi
ographi
 ordering on the index, (k; t), of the ranges in<� shall be referred to as Range�(i).We 
onsider the following greedy algorithm.Algorithm Greedy-Range-Color(G; �):Input: A undire
ted graph G = (V;E) and integer pa-rameter �.Output: A proper range 
oloring r : V ! <� of G.For ea
h node v 2 V maintain:� r(v), the range(
olor) assigned to v, initialized to �� Unused(v), the subset of [0; 1) not being used to 
olorany node u adja
ent to v; or more formallyUnused(v) = [0; 1)� [8u;(u;v)2E r(u)



16Algorithm:Step 1: Determine an ordering of the verti
es v 2 V ,v1; v2; : : : ; vn.Step 2: Consider the verti
es in the order determinedabove. Let the 
urrent vertex be vr. Find the least valueof t su
h that� Range�(t) \ Unused(vr) = Range�(t) and� Unused(u)�Range�(t) 6= �; 8u satisfying (u; vr) 2 Eand r(u) = �Color vr with Range(t), i.e r(vr) = Range�(t) and updateUnused(u) = Unused(u)� r(vr) 8u; (u; vr) 2 E. Repeatuntil there is some un
olored vertex.Example Consider again the graph shown in Figure 21.The lexi
ographi
 order of the ranges in <2 is R(0,0),R(1,0), R(1,1), R(2,0), R(2,1), R(2,2), R(2,3), R(3; 0) : : :.And 
onsider the ordering of the verti
es as shown in the�gure itself. It 
an be easily veri�ed that the range 
olor-ing that is produ
ed by Greedy-Range-Color is the sameas shown in Figure 21b whi
h is 
oin
idently optimal.E. Performan
e of Greedy-Range-Color on Sparse graphsTheorem XI.2: For ea
h G with average degree �d, al-gorithm Greedy-Range-Color is a � �+ �d��1 -approximation to��(G).Proof: Given a spe
i�ed ordering of the verti
es of agraph, we de�ne the lower degree li to be the number oflower indexed neighbors of vertex i, while the higher degree,hi, is the number of higher indexed neighbors. Of 
ourse,this means that li + hi = di, where di is the degree of vi.Sin
e ea
h edge is 
ounted only on
e in the sequen
e li (hi),we have the size of the graph, e =P li =Phi = 12P di.Let n = jV j be the order of the graph G and v 2 V ,v1; v2; : : : ; vn be the verti
es of G listed in the order spe
-i�ed by the algorithm in Step 1. At most li 
olors andtheir indu
ed subranges are forbidden 
olors for the vertexvi. Therefore vi is 
olored with a range that 
ontributes atleast 1�d 1+li��1 e if hi 6= 0 and 1�d li��1 e if hi = 0, to the sum.Therefore jr(vi)j � 1�d 1+li��1 eSumming over all verti
es, the sum of the range 
oloringprodu
ed by Greedy-Range-Color, �greedy� (G), is given by�greedy� (G) = Xv2V jr(v)j� X 1�d 1+li��1 e � nnqQ�d 1+li��1 e= nnq��d 1+li��1 e � nnq�n+n+�li��1= n�1+ 1+ �d��1 � ��(G)�1+ 1+ �d��1 = ��(G)� �+�d��1

The se
ond step is the geometri
 mean � harmoni
 meaninequality and the last inequality follows from the trivialn � ��(G) bound, whi
h is a
hieved for the null graph.Hen
e Greedy-Range-Color �nds a � �+�d��1 -approximation tothe range sum of G. For the spe
ial 
ase of � = 2 the
eiling fun
tion is removed and we get a better bound of21+�d.XII. Code Allo
ation for MaximizingThroughputAs was dis
ussed in Se
tion III, the problem of 
ode al-lo
ation su
h that there are no 
ollisions redu
es to 
ol-oring (allo
ating a 
ode) a pair of 
ommuni
ating entitiessu
h that their immediate neighbors are not using the same
olor (
ode). We model this problem by 
onstru
ting anew graph, 
alled the 
ommuni
ation graph, based on the`snapshot' 
ommuni
ations in progress at some parti
ularinstant.A. The Communi
ation GraphLet us denote by Gtopo = (V;E), the topology graph.Then the 
ommuni
ation graph, G
omm = (V 0; E0), forsome set of transmitters and re
eivers, equal in number,is de�ned as below. We ex
lude any nodes whi
h are not
ommuni
ating at that instant.� V 0 = fv(u;v) j u and v are a transmitter-re
eiver pair inthe set of 
ommuni
ating entities g� E0 = f(v(u;v); v(p;q)) j if (u is within 
ommuni
ating rangeof q) or (p is within 
ommuni
ating range of v) gExample It 
an be easily seen that the graph in Figure 21is the 
ommuni
ation graph for the set of 
ommuni
ationsand topology shown in Figure 20 with the dotted lines beingthe edges in the new graph and ea
h pair of transmitter andre
eiver being merged into a single node in the new graph.For OVSF 
odes, the following lemma holds:Lemma XII.1: The problem of maximizing the aggre-gate throughput by optimal 
ode allo
ation is equivalent to�nding the range sum of the 
ommuni
ation graph, G
omm.Proof: Consider the mapping whi
h overlays ea
h ele-ment of the 
omplete binary tree <2 with the 
orrespondingelement in the OVSF 
ode tree i.e. the one-to-one mappingf(CN (i)) = R2(logN; i�1) from the set of OVSF 
odes tothe set of ranges in <2. The data rate a
hieved by a trans-mission using 
ode CN (i) is given by B=length(CN(i)),where B is the bit rate for a spreading fa
tor of 1. Theaggregate throughput per node, 
, in a network 
onsistingof M nodes, is given by
 = 1M X Blength(CN(i)) = 1M X BN (12)For the mapping f(�), this sum is equal to B=M �P jrj,sin
e the length of a range in R(logN) is 1=N . Hen
e maxi-mizing 
 is the same as �nding an allo
ation of ranges from<2 whi
h maximizesP jrj, whi
h is the same as 
omputing�2(G
omm).



17B. Distributed Code Allo
ation using Greedy Range Col-oring (DCA-GRC)We present a distributed version of the greedy range 
ol-oring algorithm presented in Se
tion XI-D. In this se
tionwe shall refer to 
odes and ranges (� [0; 1)) inter
hangeblyusing the one-to-one mapping from the OVSF 
ode tree tothe range tree for <2 referred to Lemma XII.1.B.1 Maximizing Throughput by Optimal Code Allo
a-tionA major issue in wireless ad ho
 networks is develop-ing e�
ient medium a

ess proto
ols that optimize spe
-tral reuse and hen
e maximize aggregate 
hannel utiliza-tion. Several distributed a

ess s
hemes have been pro-posed whi
h allo
ate spe
trum or time or 
ode[17℄ or a
ombination of these. The ideal CDMA system with per-fe
t syn
hronization and perfe
tly orthogonal 
odes doesaway with the need to allo
ate spe
trum/time bands tothe users and hen
e any issues in 
o-ordinating the allo-
ation of su
h resour
es. But the problem of perfe
t 
odeallo
ation is a simple instan
e of the graph 
oloring whi
his known to be extremely hard. Thus for instan
e, 
on-sider the simpler problem of allo
ating equal length 
odesto the mobiles in an ad ho
 network. Sin
e a larger num-ber of 
odes implies a larger spreading fa
tor and hen
ede
reased bit-rate we need a 
oloring with the minimumnumber of 
olors - i.e. 
omputing the 
hromati
 number!Therefore, most resear
hers ignores 
omputing the opti-mal (sin
e it is a known intra
table problem). Thus in [2℄,the authors assume the existen
e of �(�� 1) 
odes. Su
han allo
ation 
an lead to extremely poor performan
e inthe worst 
ase, whi
h o

urs when there is a single nodewith a dominating edge degree. Moreover, there has beenno attempt to 
onsider throughput as a parameter whendoing 
ode allo
ation. OVSF 
odes have been dis
ussedpreviously for optimizing WCDMA but only in regard tode
reasing the 
all blo
king probability[18℄ and algorithmshave been presented[19℄. In WCDMA, there is a provisionto support mutliple user data rates by assigning spreading
odes of di�erent lengths. Sin
e they also spe
ify a mini-mum data rate that shall be alloted, the proto
ol 
annotassign 
odes greater than some spe
i�ed depth in the 
odetree. Thus, 
odes might be blo
ked sin
e their an
estor is inuse. The probability of this happening is the 
all blo
kingprobability.With OVSF 
odes it is possible to 
on
eptually aggre-gate multiple 
odes into a 
ode of smaller length, 
ompro-mising on the number of of orthogonal 
odes left for useby others, but in the pro
ess in
reasing throughput. Thisis reasonable when a parti
ular node has small number ofneighbors. We now present a distributed 
ode allo
ationproto
ol based on the range sum of the 
ommuni
ationgraph, as dis
ussed in Se
tion XI. By Lemma XII.1, thisamounts to �nding an allo
ation whi
h maximizes through-put.

B.2 Proto
ol Idea and OverviewThe main idea of the proto
ol is to prevent two neigh-bors from 
hoosing their 
odes at the same instant as this
an lead to in
onsistent 
ode allo
ation. Consider, for ex-ample, the situation in Fig3b. If B and C re
eived mes-sages to initiate 
ommuni
ations at exa
tly the same timethen both 
ould potentially 
hoose non-orthogonal 
odes,be
ause ea
h will be unaware of ea
h others' 
ode. To pre-vent su
h possibilities we introdu
e a lo
king pro
edure thatis exe
uted by ea
h pair of transmitter-re
eiver to `lo
k' allof their neighbors onto their 
urrent 
ode. A lo
ked ter-minal is prohibited from making any 
hanges to the 
odeit is using and does not reply to any 
ontrol messages thusensuring that no other nodes 
an su

essfully 
omplete alo
k on their neighbors. In the proto
ol terminals make a
hange in the 
ode allo
ation only when all their neighborsare lo
ked. Thus a lo
ked node does not noti
e a 
hange inthe lo
al allo
ation of 
odes ex
ept at the terminal whi
h
aused the lo
k.Ex
ept for the states in the lo
king pro
edure ea
h termi-nal is in either of the following states: Transmitting, Idle,Code-Negotiation. Whenever the MAC layer of a terminal,in the Idle state, re
eives a signal to start a 
ommuni
ationsession, from either the higher proto
ol layers or from a dif-ferent terminal, it initiates an attempt to 
hoose a 
ode forthis transmission/re
eption. It always su

eeds in �ndinga 
ode, either due to availability or by sending appropriatemessages to neighbors to 
hange the 
ode they are 
urrentlyusing.The lo
king phase: On re
eiving a COMMUNICATEmessage the MAC sublayer attempts to lo
k all neighborsonto their 
odes by sending LOCK messages. If the ter-minal itself was lo
ked when it re
eived the message, it
hanges state to Waiting for Code, and initiates lo
kingas soon as it is unlo
ked. The terminal then waits forall neighbors to a
knowledge re
eipt of the LOCK mes-sage by an ACK-LOCK. The terminal sends a LOCK-COMPLETED message along with relevant details aboutthe 
odes being used in its neighborhood to the terminalwhi
h is to be 
ommuni
ated with. After the 
ode hasbeen 
hosen an UNLOCK message is sent to all neighbors.Ea
h lo
ked terminals maintains a priority list of neighborswhi
h have requested a LOCK, and servi
es LOCK-ACKsin that order. This ensures a neighbor re
eives a LOCK-ACK after a bounded number of retries.B.3 Formal Des
ription of DCA-GRC.We formally des
ribe the proto
ol in terms of the statetransition diagram as shown in Figure 24. A node in somestate 
an be either Lo
ked or Unlo
ked. The Lo
ked vari-ant of the state is shown by a darkened 
ir
le in the di-agram. The 
omplex state Code-Negotiation is des
ribedlater. The Start State is the Idle(Unlo
ked) state. Thetransition events E1 : : : E10 are:
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Code
Negotiation

Waiting for ACKs

Initiate Locking

Neighbors’ Locked

Waiting for Code

Transmitting IdleFig. 24. State Transition diagram for 
ode allo
ation. (For des
rip-tion of ea
h transition, E1 � E10, see text)E1: Re
eived LOCK message; Sent LOCK-ACK.E2: Re
eived UNLOCK message.E3: Broad
asted LOCK message to all neighbors.E4: Re
eived LOCK-ACK messages from all neighbors.E5: Sent and Re
eived a LOCK-COMPLETED message.E6: Broad
asted RESERVE-CODE(C) and UNLOCKmessage to all neighbors.E7: Timed-out waiting for LOCK-COMPLETED.E8: Timed-out waiting for ACK message, i.e. at least oneneighbor failed to reply with LOCK-ACK to the LOCKmessage; Sent LOCK-FAILED message.E9: Finished transmitting/re
eiving; Broad
asted a RELEASE-CODE(C) to all neighbors.E10: Re
eived a COMMUNICATE message from higherproto
ol layers or from a prospe
tive transmitter.The Code-Negotiation phase shown in the transition di-agram is not a simple state and denotes the following algo-rithm:Both the terminals whi
h want to initiate a transmis-sion send 
ontrol pa
kets 
ontaining information about the
odes that are being used in their vi
inity. Given a set of
odes being used in the neighborhood, a 
ode for 
ommu-ni
ation is 
hosen as follows:Algorithm Code-Negotiation:1. Constru
t a tree, T
ode, of the 
odes that are being used,i.e. for ea
h 
ode that is being used in the neighborhood
onstru
t the appropriate leaf in the tree along with anynodes required in the path to the root 
ode. Label all nodesin T
ode as used2. Binarize Tused, i.e. for ea
h used node in the tree, addunused 
hildren until all used nodes have two 
hildren andall unused nodes are leaves.3. For ea
h leaf node, l, (whi
h is unused) 
al
ulatesuitability(l) = 1
ode_length(l) �X n2 � 
ode_length(v)(13)

1

2 2
1

1Fig. 25. Constru
tion of T
ode. The number beside ea
h node denotethe number of neighbors using the 
ode 
orresponding to thisnode.where the sum is taken over all nodes in the tree whi
h arean
estors of l and n is the number of neighbors using the
ode 
orresponding to that node in the OVSF 
ode tree.4. Find the leaf nodes, lmax, with largest value ofsuitability(l). Resolve ties in a left to right manner.5. In the 
onservative version of the proto
ol if there existsa neighbor whi
h is `Waiting for Code' then 
hoose the 
ode
orresponding to one of the des
endants of lmax.In the purely greedy version the 
ode 
orresponding to lmaxwill be 
hosen. By not 
hoosing the des
endent, there ex-ists the possibility that a terminal that is allo
ated a 
odelater will not have a empty subtree to 
hoose its 
ode from.Therefore it will need to send SPLIT messages to neighborsthat are obstru
ting its path to the root. The terminal willsend a SPLIT message to all neighbors whi
h are using
odes 
orresponding to an
estors of lmax in the 
ode tree.The new 
ode that the neighbors will use will depend onthe dire
tion of split required to va
ate the path to theroot.Example Consider the 
odes in use to be the ones whi
hare shown as dark nodes in the OVSF 
ode tree in Figure25. The hollow nodes are the ones added to 
reate a pathfrom ea
h used node to the root. Figure 26 shows the treeafter leaf nodes have been added. Node 5 is then 
hosenas lmax and the neighbor using the 
ode 
orresponding tonode 2 will start using 4.B.4 Throughput Performan
e of the Proto
olWe now present a bound on the throughput resultingfrom a 
ode allo
ation produ
ed by DCA-GRC. We 
on-sider the 
ase of a idle network in whi
h no transmissionsare in progress at time t = 0 and a set of 
ommuni
ationrequests arrive at time t = t0. For su
h a s
enario thefollowing lemma holds:Lemma XII.2: Given a set of 
ommuni
ations, algorithmDCA-GRC produ
es a proper 
ode allo
ation whi
h is a22 �d�1-approximation to 
max, where �d is the average de-gree in the topology graph, Gtopo, and 
max is the max-imum possible aggregate throughput for the given set of
ommuni
ations.
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Fig. 26. T
ode after binarizing. All unused leaves have been popu-lated with their suitability values.Proof: Due to the lo
king proto
ol, there is a uniqueordering in time whi
h 
an be assigned to two nodes whi
hare neighbors. Sin
e a node will 
hoose a range whi
h hasa zero-interse
tion with all its neighbors, the proto
ol pro-du
es a proper range 
oloring of the 
ommuni
ation graph.Moreover given a set of initial 
ommuni
ations, initially,ea
h terminal will be 
ontending for a 
ode and thereforeStep 5 of the Choosing Code phase will always leave a 
odesubtree for ea
h neighbor not yet having a 
ode.Sin
e there exists a unique ordering in time between ea
hpair of adja
ent verti
es in G
omm, we 
an 
onstru
t aglobal ordering, O, of the verti
es as follows:� u<v if u and v are adja
ent and u 
hooses before v.� arbitrarily 
hoose an ordering between p,q whi
h are notadja
ent.We 
an visualize a run of the proto
ol as a run of Greedy-Range-Color with the ordering in Step 1 being O. Observ-ing that the degree of ea
h node, v(u;v), in G
omm satis�esdeg(v(u;v)) � deg(u)+deg(v)�2, therefore the average de-gree in the new graph, �d0 is upper bounded by the 2( �d�1).

With Lemma XII.1 and Theorem XI.2 the result follows.DCA-GRC is an in
remental proto
ol in the sense that itdoes not re
ompute the 
ode allo
ation on ea
h new Com-muni
ation Graph, whi
h will happen when a 
ommuni
a-tion terminates and/or a new one starts. For a snapshot
ommuni
ation graph Lemma XII.2 holds whi
h boundsthe throughput. But this 
ode allo
ation will be di�er-ent from the one obtained by DCA-GRC whi
h will be anin
remental modi�
ation to the already existing 
ode allo-
ation.Sin
e the number of su
h 
hanges in the network is ex-tremely large, it is reasonable to expe
t that the through-put obtained by the in
remental proto
ol will not di�ersigni�
antly from the one obtained by doing the greedy
ode allo
ation all over again for ea
h new 
ommuni
ationgraph. This 
onje
ture was veri�ed through simulations ofa network of 50 nodes and a plot of the aggregate through-put per node vs the range of the terminals is plotted inFigure 27. For 
omparison, we assume that for ea
h new
ommuni
ation graph (ie at ea
h transmission request) anentity with full knowledge of the network state, will re
om-pute an allo
ation greedily and terminals will start usingthis new allo
ation from that instant. This 
entral allo
a-tion ensures that, at any instant, the 
odes are allo
atedas per Lemma XII.2. Conservative and non-
onservativeversions of both the proto
ols have been plotted. It 
an beobserved that the throughput obtained are virtually simi-lar with non-
onservative version giving the better values.This is be
ause in the 
onservative versions ea
h node in-
urs the overhead of leaving 
odes for its neighbors. Sin
ethese 
odes do not ne
essarily 
oin
ide, a new node willhave multiple free parts in the tree, whi
h 
annot be uti-lized. The non-
onservative versions save this overhead atthe 
ost of sending a small 
ontrol pa
ket to a few neigh-



20bors. Moreover, as expe
ted the 
entralized version outper-forms the distributed implementation but the performan
edegradation is within a

eptable limits to be used.B.5 Pra
ti
al Implementation of DCA-GRCSin
e the probability of two adja
ent nodes, from dif-ferent 
ommuni
ation pairs, initiating sear
h for a 
ode atexa
tly the same moment is extremely small, the lo
kingpro
edure prevents in
onsistent allo
ation but only in somerare worst 
ase s
enarios. Thus, in a pra
ti
al system we
an a�ord to have some in
onsistent allo
ations. Nodeswill in su
h a 
ase omit the lo
king pro
edure, ex
hangetheir knowledge of the 
odes being used in their neighbor-hood and 
hoose a 
ode by a simple traversal of the 
odetree. This would signi�
antly redu
e the number of 
on-trol pa
kets in the broad
ast 
hannel at the 
ost of a few
ollisions.XIII. Simulation Model and Results for theDynami
 Code Allo
ation S
hemeSimulations were done using random topologies for DCA-GRC and the throughput obtained were 
ompared to the
ase when an o�ine stati
 
ode allo
ation had been done.For the o�ine stati
 allo
ation, we 
onsider the greedy al-gorithm presented in [4℄ and presented in Se
tion IX-B andassume that a 
entralized entity de
ides the 
odes whi
h are
ommuni
ated to the nodes without any overhead. For astati
 topology, this means that we are ignoring the net-work setup time; for a network with mobile nodes, thismeans that the throughputs obtained are an upper boundon the throughput that 
an a
tually be a
hieved.The simulation were done with the following parameters:� Pa
ket burst arrival pro
ess is Poisson with mean arrivalrate �.� Pa
ket burst size is uniformly distributed between 1-5pa
kets, ea
h of size 1Kb.� The physi
al layer is assumed to provide a 
ommuni
a-tion 
hannel with a maximum bit rate of 11Mbps.� The nodes are randomly distributed in a square region ofunit area and their range of 
ommuni
ation is representedas a fra
tion of the length of the side.Using an event driven simulator we simulated the pa
kettransmission for the above parameters. For DCA-GRCea
h pa
ket burst transmission is pre
eeded by a 
odenegotation phase in whi
h the nodes exe
ute Code-Negotiation to de
ide the 
ode to use. No su
h overheadis in
urred in the 
ase of stati
 allo
ation. A pa
ket is as-sumed to be 
orrupted and lost if any other transmitter inthe range of the re
eiver transmitted in the duration of thepa
ket using a non-orthogonal 
ode.

A. Throughput Performan
e of the Code Allo
ation un-der varying network densityFigure 28 shows the drasti
 degradation in the through-put as the number of nodes in the network in
reases whi
his obtained when terminals are assigned 
odes stati
ally.The `steps' in the graph 
an be explained by observingthat as the number of nodes in
reases, with the range ofea
h node reaining 
onstant, the maximum degree in thenetwork in
reases 
ausing stati
 
ode allo
ation s
hemes torequire an in
reasing number of 
odes. Sin
e the numberof 
odes determines the speading fa
tor used by the termi-nals the throughput de
reases by a multipli
ative fa
tor asthe threshold for a given spread fa
tor is 
rossed. More-over the number of 
odes at some level in the 
ode tree istwi
e that in the previous level, hen
e, we see an in
reasein the step size as more and more nodes are added to thenetwork. On the other hand, our dynami
 
ode allo
ations
heme is never really e�e
ted in its performan
e sin
e itis dependent on the number of 
ommuni
ations in progresswhi
h is independent of the maximum degree in the net-work. The slight downward 
urve is expe
ted sin
e a largernumber of nodes implies larger interferen
e.A similar result is seen in Figure 29 when we in
rease therange of the terminals while keeping their number 
onstant.When the range is too small nodes are isolated or have toofew neighbors. This 
auses pa
ket loses and hen
e we see arise in aggregate throughput as we in
rease the range. Butthereafter the same e�e
t as observed in the previous plot
omes into play and 
auses the throughputs to de
rease;only marginally for DCA-GRC, but drasti
ally for stati

ode allo
ation s
hemes.The same 
an be seen with better granularity in Figure30 whi
h has been plotted for a network of 50 nodes. We
an see a more pronoun
ed in
rease followed by a step-like de
rease for stati
 allo
ation and gradual de
rease forDCA-GRC. It is interesting to observe that the right partof this plot is almost entirely similar to Figure 28. Thisis due to the relation between the number of nodes(with
onstant range) and the range(with 
onstant nodes), sin
eboth are related to the average degree of ea
h node.B. Fairness of the proposed Allo
ationSin
e dynami
 
ode allo
ation 
an possibly lead to widelyvarying date rate allo
ation, unfair distribution of resour
es
an o

ur. Hen
e, in Figure 31 and Figure 32 we plot thevarian
e of the bit rate vs the range and the number ofnodes. It 
an be seen that there is a marked maxima inthe plots. Initially when 
onne
tivity is low there are lessernumber of neighbors to deal with and hen
e the bit rateallo
ated is 
lose to the maximum possible and the varian
eis low. On the other hand as 
onne
tivity in
reases, bit rateallo
ation moves to the other stable point where all nodesuse 
odes whi
h are larger in length and hen
e the varian
eagain is low.
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Fig. 28. E�e
t of network density.
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Fig. 29. E�e
t of range of the nodes.XIV. Con
lusionsIn the �rst part of this investigation, we studied vari-ous multi
arrier CDMA te
hniques and evaluated the per-forman
e of an MC-CDMA system for various 
ombin-ing te
hniques. The simulations done for this part of theproje
t illustrated the superior performan
e of MMSECsin
e it takes into a

ount the number of users as well asthe noise as a parameter. Based on the extensive simula-tions, we proposed a design of the physi
al layer based onMC-CDMA.In the latter part of the investigation we introdu
ed avariant of the graph 
oloring problem 
alled the RangeSum of a graph. We have illustrated its di�eren
e fromthe Chromati
 Sum problem and have shown its NP-Completeness. We further gave an approximation algo-

rithm for the range sum problem whi
h was later used fordesigning a 
ode allo
ation s
heme for CDMA based adho
 networks. The distributed version of the approxima-tion algorithm was shown to provide a 
ode allo
ation fromthe OVSF 
ode set whi
h is within a spe
i�ed bound of theoptimal.Based on the results of the simulations of the dynami

ode allo
ation, we �nd that it substantially outperformsstati
 
ode allo
ation when the network density is high.The only overhead in
urred is the ex
hange of 
ontrol in-formation required to negotiate the 
ode. This, we ex-pe
ted, would de
rease the performan
e of our proto
ol.But simulation results show that the in
rease in through-put obtained by variable length 
odes far outweighs theloss of bandwidth due to 
ontrol message ex
hange.
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Fig. 31. Varian
e of the Data Rate allo
ated.We would also like to mention that in high mobility s
e-narios, our s
heme as well as stati
 allo
ation based onminimizing the number of 
odes used [4℄ (see Se
tion IX-B), will in
ur some 
ollisions. Stati
 re
eiver/transmitteroriented 
ode allo
ation has also been proposed in the lit-erature where ea
h terminal is assigned a separate 
odeand 
ommuni
ation to a terminal o

urs on the re
eiver'sand transmitter's 
ode in re
eiver and transmitter oriented
ode allo
ation respe
tively. Su
h s
hemes will never havethis drawba
k but will use O(n) 
odes and hen
e the lengthof ea
h 
ode will be mu
h larger than the aggregate lengthused in our s
heme and hen
e is expe
ted to a
hieve dras-ti
ally low throughput.
XV. Future WorkIn the �rst part of the investigations we assumed syn-
hronization. However, in pra
ti
al networks syn
hroniza-tion needs to be a
hieved by some me
hanism and thereforefurther work is required to address this issue.For the 
ode allo
ation s
heme, the performan
e hasbeen evaluated for stati
 ad ho
 networks while mobility inreal senarios will introdu
e 
hanges in the 
hannel model.Further suppose two nodes, whi
h were assigned the same
ode due to their spatial separation, might 
ome withinwireless range of ea
h other and 
ause 
ollisions. In retro-spe
t, it will be interesting to see the bene�ts of this 
odeallo
ation at the MAC layer and how dynami
 
hanges inthe network due to mobility will e�e
t the validity and per-forman
e of the in
remental solutions generated.
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e of the Data Rate allo
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